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[bookmark: _Toc122295670]1 Introduction

This technical report aims to present a study carried out using finite element analysis in a rear suspension of a motorcycle using Ansys Workbench. For this, the rear suspension of a racing motorcycle used at the University of Wales trinity Saint David, Honda VFR 400, was chosen. Among the main objectives, it is expected to demonstrate, through an analytical and computational way, results obtained from the modelling of the rear suspension made in the SolidWorks, along with the optimization of the rear spring, and the results for stress, direction deformation.
A motorcycle's shock absorbers are an essential part of absorbing the impact from the road. Therefore, when used for a long time or subjected to heavy impact, repeated actions can damage the shock absorber, such as a weak spring or a cracked oil seal, and leak oil. Another factor that can cause shock damage is vibration. Therefore, shock absorber vibration damage analysis is very necessary. In the production of shock absorbers, a variety of materials are selected and have different material properties. Therefore, a shock absorber deformation analysis study was chosen. It will compare and compare the materials used to make 3 types of shock absorbers: carbon steel, stainless steel, aluminium alloy.
[bookmark: _Toc122295671]2 Literature Review

A detailed review of the literature is carried out to know the recent practices and theories in shock absorber design. This one will also help to gain a superior understanding of internal components and internal flows were designed and modelled in the past. According to (Cossalter, 2002), the classic rear suspension is made up of a large fork formed by two trailing arms with two spring-damper units, one on each side, inclined at a certain angle in relation to the swinging arm. Cossalter even makes a summary of the main advantages and disadvantages of a traditional rear suspension, such as:

Table 1 Advantages and Disadvantages of rear suspension point out by Vittore Cossalter.
[image: ]
However, in the early 1980s, modern GP racing machines began to feature rear suspensions classified as 'cantilever monoshock'. [image: ]
Figure 1  Rear suspension being used in MotoGP 1980. (Foale, 2006)
The most efficient way to eliminate these defects presented above is to triangulate the fork and connect the apex to the spring half, as patented by Vincent-H.R.D in 1928 (Foale, 2006).
Virtually every motorcycle built in recent years relies on coil springs to provide the 'stiffness' element in the suspension. If the springing system consisted of just one vertical spring above the wheel, then the spring stiffness required would be equal to the desired wheel rate. This is rarely the case. Most rear suspension involves one or two springs which are rarely upright. Some twin shock bikes use four springs, two on each suspension unit. In virtually every case a swinging arm is used, the actual wheel motion is not vertical, and the mechanism provides varying leverage between the spring(s) and the wheel (Bradley, 1996). 

[bookmark: _Toc122295672]2.1 Springs
The key feature of coil springs is the relatively large amount of elastic deflection they produce for a given load. Assuming the spring is correctly designed, and heat treated it is capable of being loaded up thousands of times before some of the elastic deformation becomes plastic and a permanent shortening of the spring takes place.
Coil springs provide this large deflection by arranging the wire in a form where it is twisted by the load. The more wire there is to twist the greater the total deflection will be for a given load. More coils (i) will therefore give a lower stiffness as will a greater mean diameter (D). The cross-section of the wire offers a resistance to being twisted that will increase as the wire diameter (d) becomes greater and different materials offer differing degrees of elasticity for the same cross-section. Putting these observations together more formally, the general expression for coil spring stiffness in compression is, 
	[bookmark: _Hlk122218143]Stiffness =   

	(1)


Where: 
· G = shear modulus of the material.
· d = wire diameter.
· D = mean coil diameter.
· N = number of coils being twisted.
This formula shows that the stiffness is particularly sensitive to changes in wire diameter and mean coil diameter. The modulus is a property of the material that describes its elastic behaviour. Mass-produced compression springs for 'general engineering' are made from a variety of preconditioned steels specially developed for the purpose. However, top quality suspension springs need to be made from slightly better materials for two reasons. Firstly, if a higher strength material is employed then it is possible to use a thinner wire and hence reduce the weight. Reductions are not particularly great because other factors need to be changed to reinstate the desired stiffness with a thinner wire. Nevertheless, it is a consideration in these days of optimal design. The second and generally more important aspect concerns fatigue.
The coil spring is continually subjected to the conditions that cause fatigue failure and the fatigue resistance of the more general spring steels is marginal for our applications when the spring design is optimal. For these reasons suspension springs are generally made from steels which contain significant amounts of alloying elements, in particular chromium-vanadium or chromium-silicon alloys (e.g., AISI6150 and AISI9254 respectively). Inserting this figure into the general formula given earlier produces the following working formulae for spring stiffness.
[bookmark: _Toc122295673]2.1 Analytical Solution
One of the important aspects regarding any finite element software, whether it is for structural analysis or for analysing fluid dynamics for example, is the validation. Whether the software is working accurately and whether the user knows how to configure the software and what inputs to give it and what influence some of those inputs will have on the output is extremely important to understand, then it is known that it will be produced a realistic result. One of the first and easiest things to start with is validation studies, and generally began using simple case studies that are straightforward and then it is possible to obtain analytical solutions. Making possible the comparison of the computational output to this analytical solution.
[image: ]
Figure 2 Spring dimensions used for analytical solution (Dreher, 2022).
Closely coiled helical spring is loaded by a compression force F according to Figure 2. The spring has a middle diameter D, the wire diameter d and consists of i turns. The total length of the spring is L. 
Table 2 Properties and dimensions of the analytical solution.
[image: ]

The analytical solution is based on spring theory when close windings are assumed (small pitch angle α) and relatively thin wire, see (Drotsky, 2013). Thus, the only loading is the torque of the wire:

	M =   

	         (2)



The deflection u of the loaded spring by the concentrated force F can be found using Castigliano's first theorem:
	u =  .

	(3)



Where U is the deformation energy. For torque loading, strain energy equals:

                                   .                                                                               (4)
 
Considering the wire length L = 𝜋Di, the shear modulus G, and the torsion constant J = 
The spring deflection is then equal to:
	u =  .

	(5)


As stipulated in equation 5, the base value for the maximum deflection given the parameters in table 2 is 27.50 mm. If we find values above or below this, it will obviously be considered as a percentage of error on the analytical solution. According to the author (Bradley, 1996) a normal proportion tolerance is ± 10%, the specified tolerance will only be held over 10% - 85% of the total compression, i.e., the first 10% and the last 15% of compression are grey areas in which no deflections will be specified.
[bookmark: _Toc122295674]2.2 FEA Solution
It is essential that there is a validation of the model obtained through the Ansys software, and for that it is necessary to understand how the parameters of the mesh options can influence the results. 
[image: ]
Figure 3 Results Validation (Dreher, 2022).
In figure 3, a deformation in the y direction of 5.74 mm was obtained. This result was using the default parameters of the software, which represents 13% more than the analytical value, however when using a finer refinement mesh it is possible to obtain a y directional deformation of 4.97 which means a margin error of just over 1.77% (Figure 4). As most situations in engineering are situations where you gain something but compromise another area, the more detailed the mesh is, the longer it takes to generate the mesh and the longer it takes to mathematically solve the problem.

[image: ]
Figure 4 Results Validation mesh refined (Dreher, 2022)
(Haq, 2022)The need for mesh refinement in a structural analysis module such as Static or Transient is quite clear, if it is necessary the overall results such as displacement and stresses to be more accurate within the elements, then by refining the mesh size we should be able to achieve this. This happens because the mesh refinement improves the quality of the mesh elements and hence the shape functions (of each element) also becomes more accurate and closer to its ideal form, which in turn improves the accuracy of the results within the elements (Haq, 2022) .
[bookmark: _Toc122295675]2.3 Results
The results obtained from FEM are in close agreement with the analytical solution showing that modelling technique used represents the actual spring and its end supports correctly.

Table 3 Error table obtained between analytical and computational simulations.
	
	FEM
	Analytical
	

	Force N
	Deflection mm
	Directional Deformation mm
	Error %

	50
	1.242
	1.265
	1.86

	100
	2.4841
	2.530
	1.85

	150
	3.7261
	3.795
	1.85

	200
	4.9682
	5.060
	1.85



FEA results follow same trend as the actual and analytical results, thereby suggesting that FEA that with the right relationship between the method used and the applied mesh, it is possible to obtain very close to the analytical obtained in equation 5. This allows us to certify the software used as reliable and close enough when it comes to simulations.
[bookmark: _Toc122295676]3 Methodology

[bookmark: _Toc122295677]3.1 Assembly
The author chose to use a VFR 400 rear suspension, to obtain plausible results, one of the prerequisites is a modelling of the components with a high degree of fidelity of the set.

[image: ]
Figure 5 SolidWorks Shock Absorber.
 The modelling of the rear suspension is given containing 8 individual parts:
· 1. Lower Shock
· 2. Rubber Pad
· 3. Spring nut
· 4. Spring retainer nut
· 5. Spring seat
· 6. Spring washer
· 7. Upper shoch
· 8. Main spring
As any problem, it is necessary to solve analytically, it needs to define the solution domain, physical model, boundary conditions and physical properties.
In the computational methods, the main difference is an extra step called mesh. This is the step that breaks the complex model down into smaller elements that become solvable in a very complex situation. Ansys can carry out studies in the most diverse areas such as structural, static analysis, transient dynamic analysis, buckling analysis, thermal analysis, and acoustic/vibration analysis, despite being detected several types of analyses that can be performed by software,
[image: ]
Figure 6 procedure to obtain the results.
it is worth mentioning that not all the possibilities are presented in the software yet, it is clear how powerful this tool can be when it comes to simulations, in figure 6 a simple sketch is shown in the procedure to obtain the results.
[bookmark: _Toc122295678]3.2 Material Properties 
Considering a scenario where the rider weighs 80 kg and the motorcycle weighs 150 kg, the author found that the weight distribution on the motorcycle is 55% at the rear. Assuming that the dynamic loads will be doubled, a force of 2480 N will be input into Ansys. 
Table 4 Material properties added in Ansys.
	Material
	Young’s modulus (N/m2)
	Density (Kg/m3)
	Poisson’s ratio
	Coefficient of thermal expansion ()

	Carbon steel 1020
	212.4 × 
	7850
	0.29
	1.143 ×

	Titanium alloy
	111.2 × 
	4429
	0.3387
	8.789 ×

	Copper alloy
	110 × 
	8300 
	0.34
	1.8 ×



The rear suspension assembly will be tested with three different types of springs, for simplification of its properties table 4 offers all the information that was added in Ansys.
[bookmark: _Toc122295679]3.3 Carbon Steel Spring Result
The images of the simulations can be found in Appendix A.
Table 5 Results of Carbon Steel Spring
[image: ]

[bookmark: _Toc122295680]3.4 Titanium Alloy Spring Result
The images of the simulations can be found in Appendix A.
Table 6 Results of Titanium Alloy Spring.
[image: ]

[bookmark: _Toc122295681]3.4 Copper Alloy Spring Result
The images of the simulations can be found in Appendix A.

Table 7 Results of Copper Alloy Spring
[image: ]

[bookmark: _Toc122295682]3.5 Discussion 

Table 8 Results of all the springs
[image: ]
Structural analysis of coil spring has been performed by varying different spring materials such as 1020 steel, titanium alloy and copper alloy. The stress intensity factor is used in fracture mechanics to predict the stress state near the tip of a crack caused by remote loading or residual stresses, as a material with a high total strain value will obtain a low stiffness value, for this we consider stress intensity values.  Based on stress intensity values, copper is suitable between the spring materials, as shown in Table 8. Titanium presents slightly better results than the copper alloy, but the cost involved certainly disqualifies it from being the best used, not so much better if you consider the price of each metallic alloy. Specifically, the copper alloy mentioned above is Phosphor bronze, which is resistant to chemical corrosion, wear, and fatigue, makes it an ideal material choice for springs.

[bookmark: _Toc122295683]3.6 Modification

Table 9 Modification Copper Allow vs Copper Alloy
[image: ]
As explained in section 3.5, the copper alloy was chosen among the options presented in the simulations carried out. With the choice of this material for the spring, a new simulation was performed, increasing the spring wire diameter by 2 mm. It is clear from the result shown in Table 9 that increasing the spring makes it stronger, making it more difficult to compress. The way this affects spring design elasticity is because springs with reduced spring rates are under more stress than springs with medium or large rates.
[bookmark: _Toc122295684]4 Conclusion

This report concludes the importance of validation when it comes to any simulation performed in a virtual environment. Given the analytical solution, it was possible to obtain an error of less than 2% adjusted to the software mesh.
The author presented 3 possible springs for the rear shock absorber of a motorcycle, considering the average weight of a rider, including assumptions of the dynamic load and the geometry of the motorcycle, it was possible to perform 4 simulations to verify which is the best spring for the rear shock absorber assembly. It was found that among the options, the best spring for the set modelled in SolidWorks was the modified Phosphor bronze, which brought the lowest value for equivalent stress.
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Figure 7 Table of design material properties for structural steel (eurocodeapplied, 1993).
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[image: Diagram

Description automatically generated]

[image: A screenshot of a video game

Description automatically generated with low confidence]


[bookmark: _Toc122295688]Titanium Alloy
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The low reaction forces transmitted to the chassis.
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