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[bookmark: _Toc122097610]1. Introduction
Computer-aided engineering, or CAE, according to Chang (2014) and Saxena & Sahay (2007), is a process used in most industries that traverses from the design stage to the start of the prototype stage. It is used to determine whether a part or assembly can be built and if it will work correctly. 
CAE is done in multiple stages. In this report, the first stage is the validation stage to check if the software is capable of calculating the forces on the part accurately within an error margin. The second stage is the design process using computer-aided design, or CAD, to model the part or assembly. Hence, there is a visual representation of the part/assembly for the analysis stage. Whilst the first 2 stages are interchangeable, the final step is the digital analysis which is done using CAE software to determine how the part/assembly will act under different conditions. 
CAE is often used because Bi (2018) states that it allows designers to see how a part or assembly will act under different conditions, such as high pressures, high/low temperature, kinetic motion and several others. It also helps determine whether adjustments need to be made without making a prototype, saving money and time. CAE also can help extend the lifetime of the part/assembly by showing future problems that could occur that can then be prevented. The process additionally helps manage the risks the part may have and show student engineers how parts work and the relevance of the current designs.
As stated previously, computer-aided design (CAD) is used during the CAE process to model the drawn design to determine if the measurements theorised for the part are accurate and how the parts will fit together in an assembly and adding changes to the design without adding costs to the project (Bidra, Taylor, & Agar, 2013). 
However, as with most software, there are limitations and disadvantages to CAE and CAD, the main one being human input. For example, if the information the user inputs is incorrect, the output will also be wrong. Another disadvantage is that if the hardware crashes or is damaged, data may be lost or corrupted with viruses. A third problem is the cost of new equipment, whether the investment is worth it to reduce the need for multiple prototypes, and how much money that saves over time. An additional problem with computers is the requirement for regular updates.
This report will show how CAE can be applied to a design. By calculating the validation data, an error margin can be generated to show the accuracy of the results. This data will show whether the information has been inputted correctly. Next, CAD software Solidworks has been used to create an assembly. The CAE software Ansys has then been utilised to model a kinetic, thermal and dynamic test to see how the assembly/part reacts under different conditions and whether the design of the assembly/part needs to be altered to minimise any possible concerns.
[bookmark: _Toc122097611]2. Validation
İrsel (2021) states that validation is required before any testing can be done and is arguably the most vital part of the procedure as it sets the parameters for the experiment. This means that when the computer experiments are done, there is an analytical answer to evaluate to test the accuracy of the experiment and see whether the computer's answer is within an acceptable error margin. 
Before calculating the validation, it is vital that the different types of analysis that can be used and why different ones are used and the chosen one for this scenario.
Computational Fluid Dynamics (CFD), according to Rundle (2011), is used primarily when calculating the fluid flow of a part/assembly and is a vital part of fluid mechanics. The validation for this method usually includes partial differential equations to generate the parameters. This method is mainly used in aerodynamics and aerospace analysis, hypersonics, weather simulation, natural science and environmental engineering and many more. This method will not be used to calculate the validation for this assembly as it does not contain any fluid within the structure.
Another method is the Boundary Element Method (BEM). According to Payne, Taylor, Bruce, & Parkin (2008) and Eller & Carlsson (2003), this can be used to calculate the edge of the part/assembly only and is often used when the part is complicated or overly detailed. This technique is often used on electrical machines, antennas, waveguides, actuators, and other electromagnetic challenges. This method will not be used as the part used is simplistically designed and requires the whole part to be measured, not just the edges of it.
Finite Element Analysis (FEA) is the final type that, according to Hambali, Celik, Smith, Rennie, & Ucar (2010) and Szabó & Babuška (2021), is used to quantify structural or fluid behaviour, wave propagation, heat transport, and other processes using mathematics as the validation. This method is often used to detect problems and concerns with prototypes in the design process so that designers can eliminate them before building a physical prototype. It is commonly seen in mechanical, aerospace, automotive, and civil engineering applications and biomechanics. FEA is done by employing the Finite Element Method (FEM), which analyses each component individually and generates nodes to generate the equations. However, this method has limitations, such as incorrect boundaries/human input or incorrectly generated meshes giving anomalies in the readouts.
However, FEA is the method that will be used to analyse the tests that the user in this scenario requires, as it can conduct the necessary tests for the part and will take measurements from the whole part. However, while validating the answer is beneficial in helping predict how the part/assembly will react under different conditions, it is limited as the validation can only state what will happen in a controlled environment, so results might not represent real-world scenarios. Despite this, validation can still be used to confirm that the readings from the simulation are accurate within an error margin. The validation will be done in three parts in Sections 2.1-2.3. The first part is the mechanical validation, followed by the thermal validation and finally, a thermomechanical validation.
These validations are used to check that the system is functioning correctly and will give out the correct results within an error margin


These validations test mechanical, thermal and thermomechanical parameters and are based on calculations done using Dlubal Software 2018. The examples below are for a cantilever bending with an axial force (section 2.1), a gap filling thermal expansion (Section 2.2) and a bimetallic strip (Section 2.3).
2.1 Mechanical validation:
Table 1: Material properties for mechanical testing of a bending cantilever with axial force using Dlubal Software 2018
	Material 
	Steel
	Modulus of Elasticity
	E
	210000.000
	MPa

	
	
	Poisson's Ratio 
	𝜈
	0.300
	-

	Geometry 
	Cantilever
	Length
	L
	10.000
	m

	
	
	Cross-section width
	w
	0.080
	m

	Load 
	Transversal Force
	Fz
	7.650
	kN

	
	Axial Force
	Fx
	1.600
	kN



In Table 1, A is the cross-section area and Iy is the quadratic moment of the cross-section to the y-axis
A = 0.08 X 0.08 = 6.4x10-3 m X 100 = 6.4 mm
Iy= 0.08 X 0.083 /12= 3.413(recurring) x 10-6 kgm2 X 100000 = 3.413(recurring) kgmm2
ux,max = FxL/EA = 0 .012 mm
uz,max = FzL3/3EIy = 3557.478 mm
Where uz, max is the deflection at the point x = L. My (the bending moment) can be calculated using Equation 1.
My = −Fz (L − x) + Fx (uz,max − uz (x))  	(Equation 1)

The solution can be found using the Euler-Bernoulli differential equation.
d2uz/ dx 2 = − My /EIy 		 (Equation 2)

with equation 1 being substituted into equation 2 to give equation 3:
d2uz/ dx2 − 𝛼2uz = − (1/ EIy ) Fz x + (1/EIy) (Fz L − Fxuz,max)	(Equation 3)
with α being calculated by equation 4
𝛼 = √ Fx EIy = 4.72 	 (Equation 4)
uz has then been calculated using equation 5 with constraints C1 to C2, which can be found from the boundary conditions shown below and C3 and C4 are found using Equations 6-8.
uz = C1 e u-αx + C2 e −uαx + uzP 	(Equation 5)
uzP = C3 x + C4	(Equation 6)
C3 = Fz/ Fx	 (Equation 7)
C4 = − (Fz L/ Fx)+ uz,max 	(Equation 8)
Boundary conditions give
uz (0) = 0  (condition 1)
u ′ z (0) = 0  (condition 2)
uz (L) = uz,max  (condition 3)
from the boundary conditions above, the constraints C1 and C2 can be shown with 
C1 = −( C4𝛼 + C3)/ 2𝛼 	 (Equation 9)
C2 = − (C4𝛼 − C3)/ 2𝛼	(Equation 10)
The constant uz, max, which is the desired solution, results from condition 3 
uz,max = Fz (L𝛼e𝛼 L + L𝛼e − 𝛼 L − e𝛼 L + e −𝛼 L) Fx𝛼 (e  𝛼 L + e − 𝛼 L) = 3266.136 mm or 3.27 m

2.2 Thermal validation:
Table 2: Material properties for thermal test of a gap filling thermal expansion using Dlubal Software 2018
	Material 
	Steel
	Modulus of Elasticity
	E
	210000.000
	MPa

	
	
	Poisson's Ratio 
	𝜈
	0.300
	-

	
	
	Coefficient of Thermal Expansion
	Α
	1.200 ×10 − 5
	oC-1

	Geometry 
	Cantilever
	Length
	L
	300
	mm

	
	
	Cross-section width
	W
	10
	mm

	
	
	gap
	δ
	0.1
	mm

	Load 
	Thermal loading
	Tc
	100
	oC



The thermal expansion can be calculated by the equation 11 below:
𝛥L = 𝛼L𝛥T 	(Equation 11)
However, the desired temperature difference for the gap δ has to be found:
𝛥 T = 𝛿𝛼L = 0.1 X 1.200x10-5 X 300 = 27.8 ° C (Equation 12)
Then this temperature difference is inserted into equation 11.
Because the temperature difference is lower than the thermal loading, it can be assumed that the beam is loaded by an axial force and cannot be deformed further. From this, the axial force N can be calculated using the global condition for the deformation. This condition states that the rod's total deflection must be zero because of the temperature and axial force.
𝛥LT + 𝛥LN = 0 	(Equation 13)
𝛼L(Tc − 𝛥T) + NL/EA = 0	 (Equation 14)
Rewriting  equation 14 with N as the subject gives equation 15 as follows
N = −𝛼EA(Tc − 𝛥T) ≈ −18.200 kN 	(Equation 15)

2.3 Thermomechanical validation
Table 3: Material properties for thermomechanical validation of a bimetallic strip using Dlubal Software 2018
	Material 
	Invar
	Modulus of Elasticity
	Ei
	137000.000
	MPa

	
	
	Poisson's Ratio 
	𝜈i
	0.280
	-

	
	
	Coefficient of Thermal Expansion
	αi
	1.200 ×10 – 6
	oC-1

	
	Copper
	Modulus of Elasticity
	Ec
	130000
	MPa

	
	
	Poisson's Ratio 
	𝜈c
	0.354
	-

	
	
	Coefficient of Thermal Expansion
	αc
	2x10– 5
	oC-1

	Geometry 
	Cantilever
	Length
	L
	100
	mm

	
	
	Cross-section width
	w
	5
	mm

	
	
	Layer thickness
	ti = tc = ts
	1
	mm

	Load 
	Thermal loading
	Tc
	100
	oC



Before using the main equation (equation 17) to calculate the deflection, the coefficient K1 must be calculated using the equation 16.
K1 = 4+6(tc/ti)+ 4(tc/ti )2+(Ec/Ei) (tc/ti)3 +Ei ti/Ec tc (Equation 16)
K1 = 15.898
The following equation then calculates the maximum deflection of the bimetallic strip
uz,max = [6(𝛼i−𝛼c)(ti+tc)Tc/ts2 K1] L2/2 ≈ −7.049 mm	(Equation 17)
[bookmark: _Toc122097612]3. Assumptions
When doing any calculations or experiments, assumptions must be made for the results to apply to the real world. The first assumption is that all riders have the same weight of 745N (Carson & Hall, 2014) and that the bike weight is 4.9N (Hull & Stone, 1995) so that the force on the part is the same. This prevents the dynamic results from being affected by changing weight. The second assumption made is that the ground is smooth and no variation in friction is generated which would affect the kinetic readouts. The third assumption is that the thermal condition is applied equally to the contact area to prevent any variation from affecting the thermal results.
[bookmark: _Toc122097614]4. CAD modelling and assembly
Before simulating the part/assembly, it has to be built digitally using computer-aided design (CAD) software. Solidworks was used to model the parts and the assembly in this report in preparation for the CAE analysis, as it enables the accurate representation of the measurements down to the millimetre while being easy to use and understand. However, while it is a helpful piece of software, Solidworks has flaws and limitations, one being that the software requires high processing  power and storage from the computer used. Another limitation is the simulation software, which is simple and only works on simple parts due to the meshing (Section 5 below) not being fine enough to handle more complex pieces.
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Figure 1: Assembly of front bike fork and wheel generated in Solidworks
Figure 1 shows the entire assembly of the design that will be used in the simulation. This bike's front fork and tyre design has been chosen due to the kinetic, thermal and dynamic properties between the axel and the fork. 
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Figure 2: Bike fork generated in Solidworks
Figure 2 shows the bike's front fork. While this part will suffer mechanical force, no thermal problems could be simulated because there is no kinetic force, so this part will not be used.
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Figure 3: bike wheel generated in Solidworks
Figure 3 shows the bike wheel. Much like the last part, this part also has points where force is applied but no temperature point, so this piece will not be used either.
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Figure 4: Wheel axle generated in Solidworks
Figure 4 shows the axle for the wheel. This part does have points where both force and temperature are applied, but with it surrounded by the wheel, it makes it harder for the software to determine how it will act, so this part will not be used.
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Figure 5: Fork prong generated in Solidworks

Figure 5 shows the prong of the bike fork that fixes the axle to the bike wheel. This piece is the chosen part for the thermal and mechanical testing in the simulation as it has one of the bike's highest force and thermal points.

[bookmark: _Toc122097613]5. Meshing
Zheng et al. 2015, state that meshing is a process done during the simulation and before the testing process and that meshing is the process that defines the accuracy of the results. Meshing is used to generate nodes onto the assembly/part, and this is where the mechanical, thermal and thermomechanical results are taken from, as the computer cannot read all points of the assembly/part at all times. This does create the limitation of only taking results from specific points on what might be a complicated shape, so the behaviour of the assembly/part is averaged from these points. However, despite this, meshing is a vital part of the software, as it can help simplify assemblies/parts so that the computer can solve the simulations.

[bookmark: _Toc122097615]6. Findings
When doing the computer-aided analysis, Solidworks was used to analyse the mechanical, thermal and thermomechanical parameters against the validations. a beam fThe results were found to be incorrect by a large margin. So ANSYS was used for the simulation instead, as it was accurate compared to the validations.

First, the Dynamic test was carried out as shown in Figure 6, where the wheel was set into motion and force readouts were taken from the point where the axle and prongs are together. This was exported as a readout from a chosen point into a different format to be used in the structural study. This test was beneficial for checking if the part had been built, and was behaving, as intended. The test does have a flaw; it does not simulate acceleration or deceleration, so it is still unknown how it would act in those scenarios. Despite this, the test provided data for the structural test that otherwise would not have, making it more accurate.
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Figure 6: Dynamic test of the assembly using Ansys software

After this, the thermal test was done on the fork's prong, as shown in Figure 7. The temperature was taken from Chagas et al. (2013) and Manjunath & Suresh (2013), with a film coefficient of 1.2x106W/m2 and the chosen temperatures of 27-22oC. From this, the following result was generated, showing that while the highest temperature (as shown in red) is within the hole where the axle is, there is little requirement for concern for the rest of the part.
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Figure 7: Thermal test of prong showing the meshing used in the Ansys software

Finally, the structural test was done on the prong, as shown in Figure 8, where the data from Carson & Hall (2014) as well as Hull & Stone (1995) was taken, and an extra force of 749.9N was added to the existing results from the dynamic test. The results show that the highest force (shown in red) was found to the right of the hole while the lowest (shown in blue) was below the hole. This result shows that some of the material below the hole could be removed, and it should not compromise the structure of the part, while the point to the right of the hole should have more material added to it to reduce the stress that is currently there.
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Figure 8: Structural test of prong using Ansys showing areas of high force in red and low force in blue

[bookmark: _Toc122097616]7. Evaluation
From the results of the previous tests, a new prong was designed, as shown in Figure 9. This replaced the old prong in the existing assembly, as shown in Figure 10. The new prong has removed the unnecessary material from the bottom while adding support for the edge that Figure 8 showed was weaker than the rest.
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Figure 9: New prong design re-designed in Solidworks

[image: Graphical user interface, application
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Figure 10: New assembly with redesigned prong, shown in Solidworks

After the redesign, the assembly was reanalysed to confirm whether the change had made a difference or not. The dynamic test shows little change as all forces follow similar paths, only a little closer together. This is good as it prevents the part from deforming if the forces are all going different ways.
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Figure 11: Dynamic test with the new assembly in Ansys


The thermal test of the new part (Figure 12) shows no change in the results, which is good as the previous thermal results were promising for the part.
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Figure 12: thermal test of the redesigned prong shown in Ansys

Finally, the second structural test and the results from Figure 13 show that the alteration was successful as the only high point of stress is within the hole where the axle will sit and that is the desired result of the part.
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Figure 13: structural test with redesigned prong shown in Ansys

[bookmark: _Toc122097617]8. Conclusion
In conclusion, this report answers the question is computer-aided engineering practical despite the limitations of the software? As Figures 8 and 13 show, alterations can be made that impact the results that would otherwise have had to be found through prototypes and cost far more than this method.  Figures 6 and 11 give an estimation of how the assembly will move so the user can confirm whether the assembly will work before trying to manufacture it. So, despite any software limitations, this report shows that CAE is a valuable tool in the design process.
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