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[bookmark: _Toc30934136]Introduction

A motion study of a 160mm travel full suspension mountain bike was created in SolidWorks. The bicycle’s frame geometry was based off a Trek Slash 160mm travel bike, using Active Braking Pivot (ABP) suspension design. It is fundamentally a four-bar linkage with a concentric pivot at the rear axle. 
Accurate dimensions were used to create each component of the bicycle. An assembly was created and mates were defined in order to create a motion simulation of the bike riding over bumpy terrain (see Figure 1). Springs and dampers were added to the forks and shock in order to simulate the effects of the suspension.
The loads from the motion analysis were imported into the chainstay part file and used to conduct Finite Element Analysis (FEA) on the bicycle’s chainstay. The aim of the assignment was to use the FEA results to optimize the chainstay design by reducing mass whilst maintaining stiffness.


[image: ][bookmark: _Toc30935857]Figure 1 - Bicycle model used for simulation
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Finite Element Analysis is a computational technique based off the Finite Element Method (FEM); a mathematical approximation method for calculating partial differential equations. Many engineering phenomena can be expressed as partial differential equations. The application of FEA began in the aerospace and aviation industry in the early 1960s. Today FEA is used in all sectors of industry. Motion simulation and FEA are Computer Aided Engineering (CAE) methods. CAE allows engineers to reduce the cost of the design process, replacing expensive prototypes with cheaper simulations in order to evaluate a designs performance. Often designs created with CAE will be higher performance, produced faster, and more cost effective. 

SolidWorks has a built in FEA solver. This solver is based off Nastran, the original solver developed by NASA. Dietsche & Reif (2018) state, FEA solvers consists of a pre-processor, a post-processor and the actual FEA solver. The pre-processor defines the material properties, loads, boundary conditions and creates the mesh. The data is then imported into the solver, where algorithms calculate the unknown variable. The post-processor then plots the data. 

In order to conduct FEA, initially the body is discretized, meaning it is split up into a number of smaller elements; the more elements created, the higher the accuracy of approximation. 

‘Meshing (nodes and elements) is nothing but the discretization of a continuous system with infinite degrees of freedom to a finite degrees of freedom.’										(Altair University, 2015) 

At the corners of each element there are nodes, these are the points at which the solver will calculate the unknowns. 







Linear static analysis was used on the chainstay, meaning the solver assumes all linear deformation, all deformations are in the elastic range (see Figure 2). The force is assumed to be static and the sum of forces on the chainstay equal to zero. Since the solver will assume linear deformation, it will obey Hooke’s law:
Where:
 = Stiffness 
 = Displacement
 = Load	






For linear static analysis the equilibrium equation below is calculated at each node in order to find the unknown.
Where:
 = Resulting matrix	            = Unknown nodal field distribution
 = Global force vector






[image: ][bookmark: _Toc30935858]Figure 2 - Stress against strain graph (J. Ed Akin, 2009, p. 34)
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SolidWorks motion study has three different types of study; animation, basic motion and motion analysis. Motion analysis was used for the bike simulation, and is the most advanced type of study. Along with forces, motion analysis is capable of simulating springs and dampers, which were needed for the bike simulation, and friction. SolidWorks motion assumes all bodies in the assembly are rigid, therefore there will be no deformation taking place.

‘Motion simulation provides complete, quantitative information about the kinematics—including position, velocity, and acceleration, and the dynamics— including joint reactions, inertial forces, and power requirements, of all the components of a moving mechanism.’								(SolidWorks, n.d.)
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[image: ][bookmark: _Toc30935859]Figure 3 - Bicycle frame
















Firstly, the frame was created (See Figure 3). The sketch picture feature was used in order to base the frame geometry off a Trek Slash. The front triangle was created first, using the sweep feature. A sweep cut was used in order to create the hollow frame tubes. The material selected for the frame, chainstay and seatstay was 201 annealed stainless steel, with frame tubes of 0.5mm thick. 6061 aluminium was used for the suspension rocker. A topology study was conducted on the rocker, as the initial design was heavy. 

Equations were used in the forks upper and lower part (see Figure 4) in order to determine the thickness of the stations and lowers. An equation was added to the wheels to ensure the spokes fixed to the hub at the centre of the flange.

The 3D sketch feature was used to create the spokes for the wheels (see Figure 5). This allowed a sweep to be created from one of the hub flanges to the centre of the rim. The circular pattern feature was then used to create a further 16 spokes on that side. This process was repeated for the other hub flange and the spokes were at the same angle as the other side. This mimics a three cross lacing pattern. 


















[bookmark: _Toc30935860]Figure 4 - Bike forks

[bookmark: _Toc30935861]Figure 5 - Front and rear wheel and tyre

[bookmark: _Toc30934140]Topology optimization

Topology optimization is a CAE method which can produce an optimized design under certain constraints.  

‘A typical topology optimization problem can be stated as follows: Given a design domain, and a valid (structural, thermal, fluid, ...) problem, find an optimized design within the design domain, that minimizes an objective (such as volume), such that certain performance constraints (such as stiffness, strength, …) and manufacturing constraints (such as minimum feature size) are met.’ 															(Mirzendehdel & Suresh, 2017, p. 33)

Topology optimization often creates very organic designs that would take an engineer a long time to envisage. It is often used in the early stages of a design development, and FEA is used alongside to verify the results.

[image: ][image: ][bookmark: _Toc30935862]Figure 6 - Updated suspension rocker design
[bookmark: _Toc30935863]Figure 7 - Initial suspension rocker design







                                                                                                           

Figure 6 and 7 show the original and redesigned rocker based off the topology optimization results. The original rocker weighed 361.9g and the updated rocker 252.1g. The mass of the rocker was reduced by approximately 30%. By reducing the bikes unsprung mass, the inertia forces under compression would be lower, meaning the suspension would be more subtle. Reducing the unsprung mass also decreases the change in temperature of the damper oil, resulting in more consistent damping.

[image: ][bookmark: _Toc30935864]Figure 8 - Suspension rocker topology optimization

Figure 8 shows the results from the topology optimization. A force of 200N was assumed and applied at the seatstay attachment point of the rocker. A force of 150N was assumed and applied at the suspension attachment point. The goal of the optimization was to reduce mass by 30%, with the best stiffness to weight ratio constraint. A De-mold control was set ensuring that the optimized design is manufacturable and can be extracted from a mold. Using these results the updated rocker was created. 
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[bookmark: _Toc30934142]Motion analysis
[image: ][bookmark: _Toc30935865]Figure 9 - SolidWorks motion analysis study


Figure 9 shows the features and mates used to create the motion study. Gravity was added to simulate the loads on the bike during operation. Without gravity in the motion analysis the loads imported from the simulation would be inaccurate. 
Solid body contacts were added to the terrain and front and rear tyres. The solid body feature allows the interactions between the tyres and terrain to be accurately represented. The materials selected were dry rubber for the tyres and dry aluminium for the terrain. To include in the simulation, friction and static friction were selected. The elastic properties were selected as ‘impact’, however, by choosing ‘restitution coefficient’ the stiffness of the tyre could be simulated improving results.
A linear motor was applied to the terrain traveling at 14m/s, with the frame fixed. The performance of the suspension could have been simulated more accurately if the frame was floating, as it would have shown how the forks and shock affect the balance of the bike over the bumps. Mates were added to keep the bike in place, however, the suspension did not work as well when the frame was free to float.  
A linear spring force of 40N/mm with a damping constant of 4.5N/mm was selected for both the forks and shock. For a linear spring, the force increases linearly as displacement increases.
Twenty mates were used to construct the assembly and ensure it worked with the motion simulation. A total of twelve redundancies were present in the motion analysis. Redundancies are when multiple mates remove the same Degrees Of Freedom (DOF) on a part. Figure 10 shows which mates are redundant. If these mates are removed then the motion analysis will fail. The number of redundancies could be reduced by replacing them with bushings, however, this would increase the solve time. Adding bushings can represent mates and part stiffnesses into the assembly, increasing accuracy of the results. Since the stiffnesses of each part were unknown, bushings were not used.  

[image: ][bookmark: _Toc30935866]Figure 10 - Degrees of freedom and redundancies for motion analysis
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[image: ][bookmark: _Toc30935867]Figure 11 - Mesh used for FEA

Figure 11 shows the mesh used for the FEA. The curvature-based mesh was selected which creates smaller elements at high curvature regions, meaning more accurate results. The mesh used for the FEA used maximum element size of 3mm and minimum element size of 1mm. Draft quality mesh was deselected, and four Jacobian points were used. By deselecting draft quality mesh, parabolic elements were used for the mesh, which represent high curvature regions much more accurately than linear elements. 

‘Parabolic elements can map curved geometry much more accurately than linear elements of the same size.’						(SAE CAD, 2018)
[bookmark: _Toc30934144][image: ]FEA results 

The motion loads for frames 27-28 were imported from the motion analysis into the chainstay part file. Figure 12 shows the loads on the dropouts used for FEA. The fixtures applied were at the front triangle/chainstay pivot point. A fixed hinge was applied on both sides to accurately represent the type of fixture on the bike.  


[bookmark: _Toc30936144]Table 1 - FEA results for different chainstay designs
[bookmark: _Toc30935868]Figure 12 - Loads exported from motion analysis

[image: ]

Table 1 shows the FEA results for each of the chainstay designs and their weight. The Von Mises stress is not a true stress, however, it is used in FEA to establish if a part will yield. 
‘The von Mises stress is not a true stress. It is a theoretical value that allows the comparison between the general tridimensional stress with the uniaxial stress yield limit.’									(SimScale, n.d.)
[bookmark: _Hlk30357610]Provided the maximum Von Mises stress is lower than the yield strength of the material, the deformation will be in the elastic range. For each of the designs, maximum Von Mises stresses are lower than N/m2, the yield strength for 201 annealed stainless steel. Therefore, the chainstay is only experiencing elastic deformation, so will return to its original state after the load has been removed. 
Interestingly, for the final design, the maximum Von Mises stress and strain were reduced by 13% and 19%, however, displacement increased by 7%. Despite the new design having a higher displacement, overall it is an improvement over the original design since stress and strain are reduced, and weight is decreased by 6% from 2.80kg to 2.63kg. 
[bookmark: _Toc30934145]FEA of original chainstay design
[image: ][bookmark: _Toc30935869]Figure 13 - Von Mises stress of original chainstay design


Figure 13 shows Von Mises stress for the original chainstay design. Maximum stress occurs at the rear dropouts. The maximum stress is smaller than the yield strength, therefore the chainstay will be experiencing elastic deformation. There is a high stress concentration on the sharp edge where the chamfer ends. According to Thomas (2017), in order to reduce stress concentrations, sharp corners along a load path should be avoided. Therefore, reducing the severity of the edge should decrease maximum stress.

[image: ]
[bookmark: _Toc30935870]Figure 14 - Displacement of original chainstay design

Figure 14 shows displacement for the original chainstay under load. The displacement is relatively small and since the chainstay will be connected to the seatstay, axle and hub this displacement will be smaller during actual operation. As expected maximum displacement is at the end of the dropouts. In order to reduce displacement a different material could be selected with a higher elastic modulus. The Young’s modulus is a dimensionless quantity that measures a materials resistance to being deformed elastically. 

‘Young’s modulus is equal to the longitudinal stress divided by the strain.’									(Hosch, 2006)



[image: ]
[bookmark: _Toc30935871]Figure 15 - Strain of original chainstay design

Figure 15 shows strain of the chainstay. Strain is a dimensionless quantity described as the change in length divided by the original length. 














[bookmark: _Toc30934146]FEA of final chainstay design
[image: ][bookmark: _Toc30935872]Figure 16 - Von Mises stress of final chainstay design


Figure 16 shows Von Mises stress of the final chainstay design. Most of the edges have chamfers or fillets to reduce sharp corners. The maximum stress at the dropouts is in a slightly different place compared to the original design. Overall, there is less stress at the rear dropouts. Since material has been removed all over the chainstay, there is slightly higher stress on some areas of the part compared to the original design. However, the increase in stress over the whole chainstay is outweighed by the reduction of 13% for maximum stress. The point of maximum stress is likely where the part would fail, therefore the design has been improved. 


[image: ]
[bookmark: _Toc30935873]Figure 17 - Displacement of final chainstay design

Figure 17 shows how the maximum displacement is higher for the final design than the original. This is likely because material has been removed from the chainstay. The increase in displacement is 0.0526mm compared to the original design. This deformation is a negligible increase, and won’t affect the performance. 
[image: ]
[bookmark: _Toc30935874]Figure 18 - Strain of final chainstay design

Figure 18 shows how strain is larger over the whole design compared to the original design, since material has been removed. Maximum strain is located at the rear dropouts, where the load is being applied, and is lower than maximum strain for the original design.













[bookmark: _Toc30934147]FEA of original suspension rocker

[image: ]
[bookmark: _Toc30935875]Figure 19 - Von Mises stress of original suspension rocker

Figure 19 shows the results of Von Mises stress on the original rocker. 150N was applied at the chainstay attachment point and the rear suspension attachment point. The pivot point was fixed. The maximum stress is below the yield strength of 6061 aluminium, therefore, the deformation is elastic. The results show how there is very little stress in the section perpendicular to both parallel sides, so material can be removed. Also there is very little stress on both parallel faces close to the pivot point.
The same mesh and loads were used to compare the original rocker and updated rocker.
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[bookmark: _Toc30935876]Figure 20 - Displacement of original suspension rocker

Figure 20 shows how maximum displacement occurs close to where the shock mounts to the rocker. The displacement is very small, so won’t affect the performance of the rocker.















[bookmark: _Toc30934148]FEA of updated suspension rocker

[image: ]
[bookmark: _Toc30935877]Figure 21 - Von Mises stress of updated suspension rocker

Figure 21 show Von Mises stress of the updated rocker, which was designed using topology optimization results. The maximum stress has increased from N/m2  to  N/m2. 
Maximum stress has increased by 37% compared to the original design. The maximum stress is still below the yield strength therefore, the rocker will return to its original shape after the load has been removed.
[image: ][bookmark: _Toc30935878]Figure 22 - Displacement of updated suspension rocker

Figure 22 shows how maximum displacement has increased from 0.002494mm to 0.003444mm. This change in displacement can be neglected, as the values are so small. More material could likely be removed from this rocker, to further optimize the part.
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[bookmark: _Toc30936145]Table 2 - Mesh independence study results
[image: ]

Table 2 shows FEA results using different mesh element sizes. As mesh size decreases, there should be a point where decreasing the mesh no longer has an effect on the results. This is the optimum mesh to use, as it will have the quickest solve time, and be accurate. 
The final chainstay design was tested using the loads imported from the motion analysis. The stress and strain increases overall, as the mesh size decreases. Displacement decreases as mesh size decreases. Solve time increases as the mesh size decreases, as more calculations are completed by the solver. 

[bookmark: _Toc30935879]Figure 23 - Von Mises stress against mesh element size











Figure 23 shows how Von Mises stress decreases as the mesh size increases. The decrease in stress is maximum from the first to the second mesh size. From the second to fourth mesh the results are almost a flat line, with a reduction from the fourth to fifth mesh. Had more smaller meshes been tested, a flat line would be observed on the left of the graph. It would stop at a point and then the results would decrease. 


[bookmark: _Toc30935880]Figure 24 - Displacement against mesh element size











Figure 24 shows how displacement appears to increase linearly as mesh size increases. Doubling the maximum and minimum element size changes the displacement from 0.44mm to 0.65mm, an increase of over 30%. This highlights how FEA results are only as good as the engineer who set up the solution. Since it is an approximation, the mesh selection is very important.

[bookmark: _Toc30935881]Figure 25 - Strain against mesh element size












Overall, strain decreases as mesh size increases. Figure 25 shows how the results decrease non-linearly, from  with the minimum element size mesh, to  with the maximum element size mesh. The strain decreases by 8% when the mesh size is doubled. 



[bookmark: _Toc30935882]Figure 26 - Solve time against mesh element size











Solve time decreases as the mesh element size increases. Figure 26 shows how the decrease is non-linear. Mesh independence studies are used to find the optimum mesh to use. A graph of accuracy against solve time can be used to find the best mesh size, as the rate of increase of accuracy will be highest to start, and then it will flatline. Where the results begin to approach 100% accuracy will be the best mesh to use. Since the results for this study are unknown, this method cannot be used. 
















[bookmark: _Toc30934150]Motion analysis results

[image: ][bookmark: _Toc30935883]Figure 27 - Forks linear displacement against time

Figure 27 shows the linear displacement of the forks as it travels over the terrain. The large spikes in the displacement are where the bike travels over the kicker style ramps. Increasing the spring rate would decrease the amount of displacement of the forks.
[image: ][bookmark: _Toc30935884]Figure 28 - Forks linear velocity against time


Figure 28 shows linear velocity of the forks as it travels over the terrain. The large spikes in velocity are due to the kicker style ramps. Maximum fork velocity is 4.98m/s. 





[image: ][bookmark: _Toc30935885]Figure 29 - Shock linear displacement against time

Figure 29 shows shock linear displacement as the bike travels over the terrain.

[image: ][bookmark: _Toc30935886]Figure 30 - Shock linear velocity against time


Figure 30 shows shock linear velocity as the bike travels over the terrain. Maximum shock velocity is 2.64m/s. Linear displacement against time graphs, and linear velocity against time graphs can be used to tune the suspension. This was not needed for this report, however, increasing the damping constant would decrease the gradient on the velocity graphs. Increasing the spring rate would decrease the amount displacement. These graphs along with suspension histograms are used to tune suspension in industry. 






[bookmark: _Toc30934151]Conclusion

To conclude, this report highlights the importance of different CAE methods in the design process. FEA is a useful tool for analysing the performance of a component. Despite making small changes to the chainstay, large improvements to the performance were achieved. By using FEA and topology optimization, a superior part can be designed in a shorter time. Accurate FEA needs careful selection of constraints and mesh, this report highlights how advanced engineering knowledge is needed to produce accurate results. 

‘Although a most exciting field of activity, engineering analysis is clearly only a support activity in the larger field of engineering design. The analysis process helps to identify good new designs and can be used to improve a design with respect to performance and cost.’								(Bathe, 2016, p. 12)

If this study was repeated, to increase the accuracy of the motion analysis results, the redundant mates could have been replaced with bushings. As described by SolidWorks, bushings are equivalent to a flexible mate. Bushings can be used to represent mates and part stiffnesses, however, the stiffness of parts were unknown, therefore this wasn’t used in the analysis. 
By allowing the frame to float, and therefore allowing the bike to pitch, the front and rear suspension balance could have been visualised. This would have been beneficial to see the relationship between fork and shock.
For the solid body contact feature, the elastic properties of the tyres could have been included in the analysis, since in reality there would be some damping coming from the tyres. 

Finally, SolidWorks assume all bodies are rigid, which in reality is not the case. The results produced by the simulation therefore would have small discrepancies. Overall, the results are as expected, and the simulation was a beneficial tool to optimize the chainstay. 
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[bookmark: _Toc30934153] Original hub design
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[bookmark: _Toc30935887]Figure 31 - Rear hub design based off Hope Pro2 Evo
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[bookmark: _Toc30935888]Figure 32 - Rear hub design based off Hope Pro2 Evo view 2


Figure 31 and 32 show the original hub created for the bike. Since a non-asymmetric wheel was going to be created for simplicity this hub could not be used.  
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< Hinge7, Rotation about X

S Concentric10, Translation along X

« Concentric10, Rotation about Y

« Concentric10, Rotation about X

< Distancel, Rotation about Y

< Distancel, Rotation about X

« Parallell, Rotation about X

« Parallel2, Rotation about X

< LimitDistancel Generalized constraint equation
< LimitDistancel Generalized constraint equation
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| Connection Type: Distributed
| Weighting Factor: Default (Constant)
Location:
X=0m
Y=0m
7 = -0.08638534 m
Translational Components:
X = -342.12266239 N
Y = 728227772 N
Z=-0N
Rotational Components:
X = 5.98097675 N.m
Y = -31.62925909 N.m
Z=0Nm
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FEA

Design Von Mises (M/m?) | Displacement (mm) Strain Mass (kg)
Original 1.434E+08 0.7891 4.647E-04 2.80
Updated 1 1.424E+08 0.8300 4.823E-04 2.73
Updated 2 1.427E+08 0.8848 4.742E-04 2.62
Updated 3 1.302E+08 0.7581 4.215E-04 2.67
Final 1.253E+08 0.8417 3.758E-04 2.63
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Mesh Von Mises (M/m?) | Displacement (mm) Strain Solve time (min.sec)
Max-1/Min-0.2 1.683E+08 0.3980 5.094E-04 7.57
Max - 1.2 /Min-0.24 1.449E+08 0.4424 4.726E-04 5.16
Max - 1.44 / Min - 0.288 1.377E+08 0.5040 4.774E-04 3.04
Max - 1.728 / Min - 0.3456 1.412E+08 0.5701 4.263E-04 1.54
Max - 2.0736 / Min - 0.41472 1.340E+08 0.6518 4.351E-04 1.12
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