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[bookmark: _Toc512247696]1. Introduction 
This project will be looking at the universities MCR motorsport car; this car runs in the Sports 2000 Duratec Championship. Specifically, this project looks into how the weight of the set of uprights could be reduced while retaining sufficient structural integrity, using different designs. Uprights are also known as wheel hubs or steering knuckles, to eliminate any confusion they will be referred to as uprights for the duration of this paper.
This project used the CAD (Computer Aided Design) programme Solidworks to create three alternative designs and one final design for both the front and rear uprights. Due to the car being front wheel drive, the designs for the front and rear uprights needed to be made individually. The driven and non - driven wheels undergo slightly different forces so they both needed a suitable design in regards to structural stability. These designs were then analysed using FEA (Finite Element Analysis) to determine whether each design could withstand the forces that are acting on them. The forces working on the uprights were found using a simulation package called Motec and a series of calculations. 
In addition to the designs being assessed using Cad, live testing and hand calculations were also undertaken to verify that the CAD and FEA has been used properly. Initially the project was going to also investigate the use of different materials however it was found that the current material, Aluminium – 7075, was the most suitable in this particular application. It was decided that having changes in design as the main focus of the project would be more beneficial to reducing the weight of the upright.
When looking at the forces acting on the uprights there will be three different scenarios that will be assessed, these scenarios will be, the car traveling at speed in a straight line, the car undergoing harsh cornering, and, the car experiencing heavy breaking.
The following chapter seeks to provide an overview of the concepts, aspects and elements related to the research.
 
[bookmark: _Toc512247697]2. Background 
[bookmark: _Toc512247698]2.1. Uprights
The uprights can be called many things which causes confusion when conversing about them as it is easy to misunderstand what is being spoken about. They can also be referred to as wheel carriers, steering knuckles, wheel hubs, or spindles. For the purpose of this report, they will herein forth be referred to as uprights. 
The upright (figure 1) is where the wheel connects to the suspension, with the wishbones connected to the top and bottom of the uprights and the steering rod connected at the side of the upright, the wishbones and steering rod then connect to the cars chassis. The wheel is attached to the outside of the upright, this is important as it means the wheel can rotate but is also held in a single plane of motion to provide stability to the wheel. 
[image: ]
[bookmark: _Toc512247663]Figure 1: Schematic of upright (Ong & Huang, 2017)
There are two different types of upright, those for a driven wheel and those for a non- driven wheel. The difference is due to the driven wheels also being connected to the drive shaft, whereas the non – driven wheels are not. This means that the driven and non – driven uprights have different forces acting on them. With a driven wheel the forces acting on the upright include forward and reverse propulsion, and breaking and turning forces. However, the forces acting on the upright of a non-driven wheel only include breaking and turning forces. Uprights can come in all sorts of shapes and sizes. The designs can therefore differ to help fit many different styles of applications and suspension types.
[bookmark: _Toc512247699]2.2. 3D scanning
3D Scanning is a methodology used to make a virtual model of a physical object in order to permit analysis of factors such as surface colour, geometry, ambient light, resolution and glossiness (Zaimovic-Uzunovic & Lemes, 2010). A plethora of differing methodologies are available, some of which are listed below: 
· Non-contact active 
· Hand-held laser scanners
· Structured light scanners
· Modulated light scanners
The 3D scanning method allows for mechanical equipment’s geometric makeup to be transferred onto computer simulation software for further structural analysis. 
[bookmark: _Toc512247700]2.3. Finite Element Analysis
The Finite Element Analysis (FEA) method is a numerical computing method which solves for mathematical problems associated with analysis of structural integrity, fluid flow, electromagnetic properties, transfer of mass, thermodynamics and hydrodynamics of mathematical problems within a boundary based on partially differentiated equations (Meng, Le, Rizvi, & Grove, 2015). This provides the option to analyse through implementation of geometrical node data points the physical qualities of a range of objects in a realistic manner (Schwarz, Richardson, & Formenti, 2007). 
In their paper “Finite element analysis of shear punch testing and experimental validation”, Goyal et al (2010) focusses on using FEA (Finite Element Analysis) to solve contact problems and other material processing techniques. The utilisation of FEA when comprehending the distortion behaviour was investigation and related to the shear-tensile correlation procedures. 
When testing a sample, they found that there was increased deformation with displacement in a non-uniform and complex manner, this was attributed to extra stresses acting on the sample, instead of just shear stresses there was compressive stresses and bending stresses. Using FEA they were able to make a new fixture, this helped measure how much the punch top was moving. 
The work they are currently concentrating on is to use FEA to simulate the shear punch testing, then use the findings from FEA to relate some initial loading curves to the experimentally produced curves. This study illustrated the relevance of FEA when investigating contact problems. 

[bookmark: _Toc512247701]2.4. Materials
Young’s modulus is a composite metric defining the structural integrity of a specific material; it is derived from the longitudinal stress divided by the strain of an object and thereby defines it’s degree of elasticity (Nitzan Kol et al., 2005). This metric is other used when determining the viability of components in systems such as the upright. 

Material for validation:
Aluminium 5251 Mg-Alloyed is a highly ductile material comprising medium strength qualities and is ofthen utilised for its ideal formeability, wealdability, and high corrosion resistivity properties (aalco, n.d.). The structural intergrity qualities of the material is elabourated on in table
[bookmark: _Toc512247673]Table 1: Structural properties of Aluminium 5251 Mg-Alloy, data gathered from aalco
	Elastic Modulus
	7 e+010
	N/m^2

	Poisson's Ratio	
	0.34
	N/A

	Tensile Strength
	2.3e+008
	N/m^2

	Yield Strength
	1.3e+008
	N/m^2

	Thermal Expansion Coefficient
	2.5e-005
	/K

	Mass Density	
	2690	
	kg/m^3

	Hardening Factor
	0.16
	N/A

	Young’s modulus
	70
	GPa



A materials stress can be calculated through using the reciprocal reformulation of the Young’s modulus as described in the equation below: 


Upright material:
7075 (O) is the template material utilised in the FEA software Solid Works to represent as good as achievable the aforementioned Aluminium 5251 Mg-Alloys qualities. The structural integrity qualities of 7075 (O) is set out in table 2.
[bookmark: _Toc512247674]Table 2: 7075 (O) structural metrics
	Elastic Modulus
	7.17e+010
	N/m^2

	Poisson's Ratio
	0.33
	N/A

	Shear Modulus
	2.69e+010
	N/m^2

	Mass Density
	2810
	kg/m^3

	Tensile Strength
	2.28 e+008
	N/m^2

	Yield Strength
	1.45 e+008
	N/m^2

	Thermal Expansion Coefficient
	2.4e-005
	/K

	Thermal Conductivity
	173
	W/(m·K)

	Specific Heat
	960
	J/(kg·K)

	Young’s modulus
	71.1
	GPa



7075 (O) is an ideal material for the representation of generic upright materials and holds a Young’s modulus of 71.1 (Chayong, Atkinson, & Kapranos, 2005).


[bookmark: _Toc512247702]3. Methodology
[bookmark: _Toc512247703]3.1. 3D Scanning 
The Point cloud data was produced by David Cooper using a Next Engine 3D optical scanner, the original plan was to use the university’s CMM (Coordinate Measuring Machine) however the machine was unfortunately broken. Due to the CMM being broken it was not available to be used and instead the 3D optical scanner had to be used. Additionally the upright was unable to be fully stripped due to stuck parts, therefore the image won’t be able to produce accurate enough designs that could be realistically manufactured. However if the CMM was fixed later on the designs could be altered to have more accurate dimensions, and then could be used to manufacture new uprights. 
The Next Engine 3D optical Scanner is a machine that uses Scan Studio software. The Scanner takes roughly eight hours to do a full scan of each part. The scanner uses predetermined height and distance markers, and rotates the part 360 degrees to give pictures from each side of the part, this is usually done in eight segments.
The machine flashes a bright light and takes an optical image, then the machine uses between five and seven different lasers to help gauge the depth within the image, this process is repeated eight times with the part being reoriented three to four times in order to obtain as many reference points on the part as possible.
An OBJ and XYZ document was created from this as a raw data point cloud. This point cloud can then be used as a reference for the shape and size of the part, and also for the size and positioning of holes when building a 3D model. 


[bookmark: _Toc512247704]3.2. Computer aided design
[bookmark: _Toc512247705]3.2.1. Creating the model
When the data cloud was put into Solidworks the point cloud was made into a solid mesh, which acted as a guide when it came to creating the uprights as solid parts by extrude shapes around the mesh. This was achieved by using the Boss extrude, Cut extrude, Fillet, and Chamfer features along with the use of many additional planes. 
Once the original designs were created for both the front and rear uprights the designs could then be analysed using FEA and then the results of that testing can be analysed to find the best way to alter the uprights, the next design can then have FEA testing run and then be re-analysed. The table below shows the different stages of the initial model making process.
[image: ]
[bookmark: _Toc512247664]Figure 2: Progressional overview of the development of the rear and front upright
[bookmark: _Toc512247706]3.2.2. Design evolution
3.2.2.1. Front upright
The first edit made to the design of the front upright was minimal, with a small section cut out where the original design showed little to no stress in the initial FEA test. The size of this initial cut was then increased in the second edit to find what effect this alteration would have on the stress experienced by the upright. 
The third edit to the piece was designed to assess the effects of removing as much material from the part as possible, with the intention of pushing the part to stress beyond the yield point and break. 
Using the information found by stress testing each edit, a final design was made with the fourth edit. This edit was designed to combine the best aspects of the previous edits, this was achieved by keeping material in certain areas to reduce the stress and taking more material away from other areas to boost the weight reduction efficiently.
3.2.2.2. Rear upright
The rear upright already had a small cut out at the back of the upright which was accentuated into a much larger cut out in the first edit of the design. 
This edit produced a large amount of stress in the back of the upright so in the second edit this was split into three separate smaller cut outs. More material was removed from the existing holes at the top of the upright to try to continue weight reduction. 
The third edit of design was similar in theory to the third edit on the front upright, in that the edit was designed to remove as much material as possible to find where, on the upright, would reach a high enough level of stress to break the yield point.
The fourth and final design edit took note of where the stress was seen in the previous edits and combined the designs to produce an upright with minimal additional stress while reducing the overall weight significantly. 



The table below shows the progressional development of this design process in the Solid Works 3D Computer aided design software. 
[image: ]
[bookmark: _Toc512247665]Figure 3: Progress of development of rear and front uprights.



[bookmark: _Toc512247707]3.3. Motec 
[image: ]The computer program Motec was used to find information from data of the car going around the Oulton Park circuit. Andrew Noble, who had been running many different simulations with the universities simulator and had collected a lot of Motec data, gave some of that data to be used within this project. This data was used to find the peak forces and loads acting on the uprights at different points around the Oulton park track. This data is important and was used to carry out FEA testing on both front and rear uprights. 
[bookmark: _Toc512247666]Figure 4: FEA analysis data derived from Motec

The information collected from this data includes, the static tyre loads, the loads acting on the wheels at speed and the lateral forces acting on the tyres, as well as the longitudinal acceleration. This data was then used to calculate the maximum vertical and horizontal forces acting on the front and rear uprights in three different scenarios:
· The forces acting on the uprights when the car is traveling at speed in a straight line.
· The forces acting on the uprights during harsh cornering. 
· The forces on the uprights when the car is under heavy breaking with consideration to longitudinal weight transfer (LWT).
LWT = (mass * Longitudinal acceleration* height of centre of gravity) / wheel base
Front force at contact patch = front static load + LWT + front aerodynamic load
Rear force at contact patch = rear static load - LWT + rear aerodynamic load
Total Aero load = Front Aero load + Rear Aero load
Front Aero load = Front load - Front static load
Rear Aero load = Rear load - Rear static load
Table of information needed for LWT calculations.
[bookmark: _Toc512247675]Table 3: LWT calculations
	Mass (kg)
	688

	height of CoG (m)
	0.22

	wheel base (m)
	3.112

	Longitudinal Acceleration
	7.082380952

	LWT
	344.4695312







This table shows the values found in the Motec data and those that have been calculated with the equations above.
[bookmark: _Toc512247676]Table 4: Motec data for calculations of laod forces.
	
	front static load
	rear static load
	front load
	rear load
	Velocity (m/s)
	Front Aero load
	Rear Aero load
	Total aero load
	Front lateral force
	Rear lateral force
	Time (s)

	Linear
	1280
	1580
	1720
	2420
	53.4316
	440
	840
	1280
	1580
	1590
	28.5

	Cornering
	1280
	1580
	6205
	4930
	22.24
	4925
	3350
	8275
	4210
	4180
	49.2

	Breaking start
	1280
	1580
	1560
	2150
	51.2632
	280
	570
	850
	1450
	1710
	32.7

	Breaking end
	1280
	1580
	1530
	1980
	21.5172
	250
	400
	650
	2005
	2205
	36.9



	 
	Vertical Force
	Horizontal Force

	Fcp Linear Front
	1720
	1580

	Fcp Linear Rear
	2420
	1590

	Fcp Cornering Front
	6205
	4210

	Fcp Cornering Rear
	4930
	4180

	Fcp Breaking Front
	1904
	2005

	Fcp Breaking Rear
	1806
	2205


The table below shows the initial forces acting at the front and rear contact patches for each scenario.
[bookmark: _Toc512247677]Table 5: Initial forces acting on front and rear contact pathes







The vertical forces can be applied directly to the uprights, however the horizontal forces found are only the forces that would be acting at the contact patch between the tyre and the road, these numbers therefore need to be changed to the numbers that would be seen acting on the uprights where the wishbones are attached to the upright. 

[bookmark: _Toc512247708]3.4. Calculations
Figure 5 depicts an overview of the constituting forces that act upon the upright when in motion. The nomenclature of the acting forces are elaborated below. 
[image: ][bookmark: _Toc512247667]Figure 5: Schematic of momentum forces acting on upright

A = Bottom of upright, where the upright connects to the wishbones.
B = Top of upright, where the upright connects to the wishbones.
Fcp = Force acting at the contact patch.
FT = Top force acting laterally.
FB = Bottom force acting laterally.
x = Bottom section of the upright measured from the centre of the axle down to the edge of the upright.
y = Top section of upright, measured from the centre of the axle up to the edge of the upright.
a = Distance between the bottom of the upright and the floor.
b = Distance between the top of the upright and the floor.
h = distance between the top of the wheel and the floor.
	Distance
	Front (mm)
	Front (m)
	Rear (mm)
	Rear (m)

	h
	330.2
	0.3302
	330.2
	0.3302

	a
	48.1
	0.0481
	51.1
	0.0511

	b
	271.6
	0.2716
	275.7
	0.2757

	x 
	117
	0.117
	114
	0.114

	y
	106.5
	0.1065
	110.6
	0.1106


Table 6 provides an overview of all distances correlating to the aforementioned diagram in figure 5. 
[bookmark: _Toc512247678]Table 6: Overview of the displacement of upright

To work out the forces acting laterally on the uprights the distances of a and b must be found so that moments can be taken about points A and B. This is described by the following calculations: 

Front: 


Rear:



Vertical force will be applied to the top and bottom of the upright vertically in the same downwards direction, horizontal will be applied at the top and bottoms with force found from calculations. 
Moments about point A:



Where:
FB = force acting at point B
Fcp = force acting at the contact patch
Moments about point B:




Where:
FA = force acting at point A
Fcp = force acting at the contact patch

Linear test on front upright:



Linear test on rear upright: 



Cornering test on front upright:


Cornering test on rear upright:


Breaking test on front upright:


Breaking test on rear upright:


	Force at contact patch  
	Horizontal force @ Top 
	Horizontal force @ Bottom

	Linear Front
	340
	1920

	Linear Rear
	360
	1950

	Cornering Front
	905
	5115

	Cornering Rear
	950
	5130

	Breaking Front
	430
	2435

	Breaking Rear
	500
	2705


This table shows the forces which will be applied in the FEA analysis of each upright design.

[bookmark: _Toc512247679]Table 7: Forces applied to upright in FEA Analysis.




[bookmark: _Toc512247709]4. Experimental work 
[bookmark: _Toc512247710]4.1 Practical testing & validation
To validate the accuracy of the CAD and FEA testing, live strain testing was carried out on a piece of aluminium bar, in this testing a bar was clamped in a vice 59mm from one end and then had weights hung off of the other end. A strain gauge was attached to the bar at the point that would see the most strain, leaving 249mm between the strain gauge and the point of force. The information collected from this testing was put through some calculations in order to find what exactly was happening to the bar, these results were compared to the findings of the theoretical testing done using FEA and CAD. See table 9 in results section below. 
[image: ]For the validation of the CAD and FEA work, calculations needed to be made to determine the stress experienced by the bar when the acting forces are applied. A CAD model of the tested bar was made, the same forces that were applied to the bar in live testing were then applied within Solidworks, a series of FEA stress analysis tests were then carried out and the results were noted next to the expected results calculated from the strain testing. This comparison of results found via live testing and the FEA testing carried out in SolidWorks, show that the results are similar, this proves that the CAD and FEA was correct and also proves that the future results gained via CAD and FEA for the uprights are accurate.[bookmark: _Toc512247668]Figure 6: FEA analysis of bar from live validation testing

[bookmark: _Toc512247711]4.2 Solidworks FEA

When running FEA testing on the designs, the fixture points where applied to the centre of the uprights where it would be attached to the wheel. The loading forces were applied at the points where the upper and lower wishbones would be. Three different forces were then applied to the designs, these where the horizontal forces acting at the top and bottom of the upright and the vertical force acting at both ends of the upright. These numbers varied for each of the three different scenario, refer to sections 3.3 and 3.4 for the values used. 
Once the forces have been applied the test was ready to be run, and the results could be viewed. When it came to noting down results for each design, the designs were probed at the points which showed stress acting, these node placements were then kept the same when testing the other designs, this enabled the collected data to be easier to compare, and more clearly show the effects of different designs. 
When testing the first three edits to the designs only the forces of the cornering scenario were applied as these were the most aggressive forces and would clearly show if the design would be able to handle the forces acting on the upright as it travelled around the circuit. 
These designs were probed in the same fashion as the original to create a table of data that would help to build an idea of what was happening to the stress acting on the uprights at each point of the design process. 
For the fourth and final designs, each of the three scenarios were run on both uprights to gain a view on how they acted in comparison to the original design
The table below shows the different areas of node probing for the front and rear uprights for the original designs only, the other pictures of the node placements can be found in the appendix.




[bookmark: _Toc512247680]Table 8: Overview of front and rear upright node placements
	
	Front Upright original
	Rear Upright original

	Front view
	[image: ]
	[image: ]

	Rear view (bottom half)
	[image: ]
	[image: ]

	Top view
	[image: ]
	[image: ]

	Bottom view
	[image: ]
	[image: ]

	Bottom (corner) view
	n/a
	[image: ]





[bookmark: _Toc512247712]5. Analysis and Results 
[bookmark: _Toc512247713]5.1 Practical testing
 The table shows that there is a very close correlation between the calculated expected stress and the stress values found using Solidworks. These results are similar but are not exactly the same, this could be down to human error in live testing or most likely can be put down to error with the initial material selection for the aluminium bar that was used in the testing.
[bookmark: _Toc512247681]Table 9: Comparison of expected stress between live test and Solid Works simulation
	Test no.
	Weight (g)
	Weight (N)
	Live strain test results (Millivolts)
	Volts
	Expected stress (x70GPa)
	Solidworks stress results (N/M^2)
	Difference in results

	1
	1000g 
	9.81N 
	0.0569 
	5.690 e-5
	3.983 e+006
	4.114 e+006
	1.31 e+005

	2
	2003g 
	19.6N 
	0.11407
	1.141 e-4
	7.985 e+006
	8.219 e+006
	2.34 e+005

	3
	3003g
	29.4N 
	0.1709  
	1.709 e-4
	1.196 e+007
	1.233 e+007
	3.70 e+005

	4
	4097g
	40.2N 
	0.2329  
	2.329 e-4
	1.630 e+007
	1.686 e+007
	5.60 e+005

	5
	5097g
	50.0N 
	0.2893 
	2.893 e-4
	2.025 e+007
	2.097 e+007
	7.20 e+005



The difference in stress can be contributed to the material selection within Solidworks, as even though a custom material was selected and applied, the initial selection of the material properties may not have been 100% accurate. This is due to the original material being unknown and the properties and values for the material were found using the Vickers hardness test and then selecting a suitably appropriate material from those available in the category established by the hardness test. This is believed to be the material most similar to the original material used.


[bookmark: _Toc512247714] 5.2 Solidworks FEA 
[bookmark: _Toc512247715]5.2.1. Front upright

[bookmark: _Toc512247682]Table 10: Stress metrics for original front upright design 
	node
	Linear front value (N/m^2) 
	Cornering front value (N/m^2) 
	Breaking front value (N/m^2) 

	15454
	4.682E+06
	1.179E+07
	6.053E+06

	11802
	6.137E+06
	1.561E+07
	7.909E+06

	11792
	4.595E+06
	1.174E+07
	5.913E+06

	16336
	4.220E+06
	1.206E+07
	5.235E+06

	16226
	4.329E+06
	1.231E+07
	5.382E+06

	14946
	4.042E+06
	1.091E+07
	5.102E+06

	9370
	3.389E+06
	9.254E+06
	4.260E+06

	9352
	3.767E+06
	1.016E+07
	4.756E+06

	9271
	3.375E+06
	9.066E+06
	4.267E+06

	9177
	3.208E+06
	8.640E+06
	4.052E+06

	16554
	1.979E+06
	6.936E+06
	2.234E+06

	16455
	2.002E+06
	6.934E+06
	2.275E+06



[bookmark: _Toc512247683]Table 11:  FEA Stress test results for the original front uprights design
	
	Linear
	Cornering 
	Breaking

	Front view
	[image: ]
	[image: ]
	[image: ]

	Rear view
	[image: ]
	[image: ]
	[image: ]

	Top view
	[image: ]
	[image: ]
	[image: ]

	Bottom  view
	[image: ]
	[image: ]
	[image: ]


Table 10 and 11 show the VonMises stress results for FEA testing on the original design of the front upright as it undergoes three different force scenarios.
The highest levels of stress in the part can be seen in table 10 these numbers have been highlighted in orange. The yield strength of the front upright is 1.393e+008 throughout all the designs. Using this value it can be seen if the designs have a good factor of safety or not, a good factor of safety ratio being of 1 or more. The factor of safety can be worked out by dividing the yield strength by the stress. 
Factor of safety for the original design undergoing the linear force scenario,

Factor of safety for the original design undergoing the cornering force scenario,

Factor of safety for the original design undergoing the breaking force scenario,

When the original design of the upright is undergoing the linear force scenario it can be found to have a factor of safety of 22.7, this is very good and shows the design is safe however the factor of safety reduces when looking at the other scenarios as there are stronger forces acting upon the upright. For example the cornering scenario sees the largest amount of force being applied to the upright and this results in a factor of safety of 8.92. The factor of safety for the cornering scenario is not as large as the linear scenario but it is still a good margin of safety. the factor of safety for the breaking scenario is 17.61 which sits between the previously mentioned values, this is unsurprising as the factor of safety is correlating directly with the amount of stress the upright is under and the breaking scenario is more forceful than the linear scenario but has not got as much force acting on the upright as the cornering scenario. 
Table 11 shows the print screens of each FEA test run for the different scenarios with different views of the upright. The stresses seen in these pictures are all very similar in size and proportion. With this original design it can be seen that the majority of the stress is found to be in the bottom half of the upright, while very little stress can be seen acting in the top half. This means there is more opportunity to remove material from the top half of the upright to start in weight reduction of the piece without putting additional stress on the already stressed lower section.
[bookmark: _Toc512247684]Table 12: Stress metrics for the front upright original and edited designs
	Original 
	Front edit 1
	Front edit 2
	Front edit 3
	Front edit 4

	value (N/m^2) 
	value (N/m^2)
	value (N/m^2)
	value (N/m^2)
	value (N/m^2)

	1.410E+02
	1.560E+06
	1.471E+06
	9.220E+06
	1.933E+06

	1.410E+02
	6.565E+06
	1.107E+07
	1.778E+07
	7.093E+06

	1.410E+02
	6.821E+06
	1.056E+07
	1.650E+07
	8.073E+06

	1.410E+02
	5.947E+06
	8.493E+06
	 -
	- 

	1.410E+02
	4.826E+06
	6.248E+06
	 -
	-

	1.091E+07
	1.042E+07
	1.143E+07
	5.285E+07
	1.011E+07

	8.640E+06
	9.188E+06
	9.173E+06
	3.305E+07
	1.006E+07

	9.066E+06
	8.767E+06
	9.096E+06
	3.471E+07
	9.765E+06

	1.016E+07
	1.000E+07
	1.023E+07
	8.030E+07
	1.087E+07

	9.254E+06
	8.799E+06
	9.613E+06
	4.917E+07
	1.010E+07

	1.174E+07
	1.096E+07
	1.079E+07
	4.048E+07
	1.288E+07

	1.561E+07
	1.571E+07
	1.035E+07
	8.778E+07
	1.135E+07

	1.179E+07
	1.550E+07
	1.077E+07
	3.682E+07
	1.126E+07

	1.206E+07
	1.204E+07
	1.163E+07
	2.825E+07
	1.855E+07

	1.231E+07
	1.286E+07
	1.324E+07
	2.793E+07
	1.999E+07

	6.936E+06
	7.347E+06
	7.535E+06
	1.288E+07
	7.224E+06

	6.934E+06
	6.828E+06
	6.578E+06
	7.852E+06
	7.822E+06



[bookmark: _Toc512247685]Table 13: FEA Stress test results for the edited front uprights design
	
	Edit 1
	Edit 2
	Edit 3
	Edit 4

	Front upright 
Front view
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	[image: ]
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	Front upright 
Rear view
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Table 12 and 13 show the VonMises stress results for FEA testing on the different designs of the front upright as they undergo the forces of the cornering scenario. 
The highest levels of stress in the different designs for the front upright can be seen in table 12, these numbers have been highlighted in orange. The factors of safety for each design can be calculated as follows.
First edit design undergoing the cornering force scenario,

Second edit design undergoing the cornering force scenario,

Third edit design undergoing the cornering force scenario,

Final design undergoing the cornering force scenario,

These values for the factor of safety clearly show a correlation between the results of the FEA testing and the safety factor ratios. The first edit shows a small amount of increase from the original design, this can be seen in both the table of data and the FEA screen shots. In spite of this there is only a small decrease in the safety factor between the original design, when it is undergoing the cornering forces scenario, and the first edited design when undergoing the same forces. The second design shows a decrease in stress acting within the upright and in turn shows a rise in the factor of safety when compared to the first edited design. The third design shows a drastic decrease in the safety factor ratio as the stress is pushed near to the limit of the yield strength.  The final design balances the amount of stress that is being applied and the benefits of weight reduction.

[bookmark: _Toc512247686]Table 14: Stress metrics final edit design for front upright
	node
	Cornering Front edit 4 value (N/m^2)
	Breaking Front edit 4 value (N/m^2)
	Linear Front edit 4 value (N/m^2)

	6161
	7.822E+06
	2.502E+06
	2.222E+06

	12561
	7.224E+06
	2.367E+06
	2.082E+06

	13120
	1.855E+07
	8.510E+06
	6.763E+06

	13007
	1.999E+07
	8.978E+06
	7.179E+06

	9135
	9.691E+06
	4.388E+06
	3.506E+06

	9723
	7.272E+05
	2.715E+05
	2.304E+05

	762
	1.133E+07
	5.123E+06
	4.105E+06

	11548
	1.288E+07
	6.498E+06
	5.049E+06

	770
	1.135E+07
	5.813E+06
	4.494E+06

	11509
	1.126E+07
	5.683E+06
	4.412E+06

	10490
	8.073E+06
	2.091E+06
	2.013E+06

	10101
	1.933E+06
	7.357E+05
	6.160E+05

	10184
	7.093E+06
	1.716E+06
	1.692E+06

	12177
	1.011E+07
	4.781E+06
	3.775E+06

	12171
	1.269E+07
	5.995E+06
	4.736E+06

	10318
	9.927E+06
	4.687E+06
	3.705E+06

	1125
	1.006E+07
	4.769E+06
	3.765E+06

	6801
	1.087E+07
	5.108E+06
	4.042E+06

	6835
	9.765E+06
	4.644E+06
	3.663E+06

	6810
	1.010E+07
	4.710E+06
	3.733E+06




[bookmark: _Toc512247687]Table 15: FEA Stress test results for the front uprights final design
	Final design 
	Linear
	Cornering 
	Breaking

	Front Upright Front view
	[image: ]
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	[image: ]

	Front Upright Rear view
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Table 14 and 15 show the VonMises stress results for FEA testing on the final design (forth edit) of the front upright as it undergoes three different force scenarios.
 The maximum stress can be seen in table 14 highlighted in orange, these stresses follow the same pattern as the original design with regards to most extreme stress amount of stress happening when the upright is undergoing the cornering forces scenario, and the linear force scenario having a lower maximum stress than both the cornering and breaking forces scenarios.  The safety factors for this design are as follows.
Final design undergoing the cornering force scenario,

Final design undergoing the breaking force scenario,

Final design undergoing the linear force scenario,

The factors of safety on the original design ranged from 8.92 to 22.70, with the final design the safety factor ranges from 6.97 to 19.40, these are good values and are not too dissimilar to the original designs safety factor. 
[bookmark: _Toc512247688]Table 16: Weight changes to front upright through design changes
	upright
	weight (g)
	weight (kg)
	change in weight (g)

	front  original
	2236.4
	2.24
	n/a

	front edit 1
	2010.69
	2.01
	225.71

	front edit 2
	1762.16
	1.76
	474.24

	front edit 3
	894.32
	0.89
	1342.08

	front edit 4
	1332.08
	1.33
	904.32



This table shows the variation in weights between the different designs, here it can be seen that the final design isn’t reducing the most weight but it is still a vast improvement upon the original design and as seen in the FEA results this is due to accounting for a suitable factor of safety in the part.
[bookmark: _Toc512247716]5.2.2. Rear upright
[bookmark: _Toc512247689]Table 17: Stress metrics for original rear upright design
	node
	Linear rear value (N/m^2)
	Cornering rear value (N/m^2)
	Breaking rear value (N/m^2)

	13893
	1.997E+06
	4.092E+06
	1.529E+06

	15258
	2.116E+06
	4.438E+06
	1.730E+06

	20148
	3.174E+06
	7.763E+06
	3.754E+06

	20239
	3.074E+06
	6.958E+06
	3.037E+06

	323
	4.732E+06
	1.236E+07
	6.030E+06

	342
	4.845E+06
	1.278E+07
	6.774E+06

	1012
	4.929E+06
	1.317E+07
	7.053E+06

	13224
	4.747E+06
	1.276E+07
	6.879E+06

	19742
	7.052E+06
	1.870E+07
	9.943E+06

	19757
	9.397E+06
	2.489E+07
	1.322E+07

	1397
	9.099E+06
	2.345E+07
	1.210E+07

	1403
	9.948E+06
	2.575E+07
	1.335E+07

	1420
	7.399E+06
	1.921E+07
	9.989E+06

	10894
	5.005E+06
	1.307E+07
	6.837E+06

	11079
	8.442E+06
	2.187E+07
	1.134E+07

	11086
	1.127E+07
	2.922E+07
	1.517E+07


	
	Linear
	Cornering 
	Breaking

	Front view
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	Rear view
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	Top front view
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	Top rear view
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	Bottom view
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[bookmark: _Toc512247690]Table 18: FEA Stress test results for the rear uprights original design
Table 17 and 18 show the VonMises stress results for FEA testing on the original design of the rear upright as it undergoes three different force scenarios. The highest levels of stress in the rear upright can be seen in table 17, these numbers have been highlighted in orange. 
Similar to the front uprights, the rear uprights also see the main amount of stress acting on the part to be in the lower half region of the upright. This trend can be seen in both table 17 and 18. The yield strength for all of the rear upright designs is 1.450e+008, this is used to find the rear uprights safety factor for each design or scenario.
The factors of safety for each different forces scenario can be calculated as follows.
Original rear design undergoing the linear force scenario,

Original rear design undergoing the cornering force scenario,

Original rear design undergoing the breaking force scenario,

The safety factors for the original design of the rear upright ranges from 4.96 to 12.87, this is a reasonable range of safety factor ratio. This upright also follows the same pattern of having the smallest factor of safety when the rear upright is undergoing the harsh cornering forces.


[bookmark: _Toc512247691]Table 19: Stress metrics for the rear upright original and edited designs
	original 
	rear edit 1
	rear edit 2
	rear edit 3
	rear edit 4

	Value (N/m^2) 
	value (N/m^2)
	value (N/m^2)
	value (N/m^2)
	value (N/m^2)

	4.092E+06
	3.630E+06
	3.293E+06
	3.825E+06
	3.714E+06

	4.438E+06
	3.892E+06
	4.349E+06
	3.109E+06
	3.144E+06

	7.763E+06
	7.467E+06
	7.668E+06
	 2.912E+04
	8.034E+06

	6.958E+06
	7.305E+06
	8.137E+06
	 2.912E+04
	 -

	1.236E+07
	1.217E+07
	1.181E+07
	1.975E+07
	1.844E+07

	1.278E+07
	1.185E+07
	1.151E+07
	1.842E+07
	1.857E+07

	1.317E+07
	1.599E+07
	1.580E+07
	1.193E+08
	2.506E+07

	1.276E+07
	1.540E+07
	1.242E+07
	6.721E+07
	1.646E+07

	1.870E+07
	2.682E+07
	1.767E+07
	1.208E+08
	2.687E+07

	2.489E+07
	2.938E+07
	2.488E+07
	4.780E+07
	3.250E+07

	2.345E+07
	1.805E+07
	2.968E+07
	 -
	2.512E+07

	2.575E+07
	2.012E+07
	2.753E+07
	1.428E+08
	1.989E+07

	1.921E+07
	1.962E+07
	1.902E+07
	7.251E+07
	1.706E+07

	1.307E+07
	 -
	2.237E+07
	7.082E+07
	1.774E+07

	2.187E+07
	1.957E+07
	3.462E+07
	5.052E+07
	2.649E+07

	2.922E+07
	 -
	2.776E+07
	1.472E+08
	1.965E+07



[bookmark: _Toc512247692]Table 20: FEA Stress test results for the edited designs for rear uprights
	
	Edit 1
	Edit 2
	Edit 3
	Edit 4

	Rear upright 
Front view
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	[image: ]

	Rear upright 
Rear view
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Table 19 and 20 show the VonMises stress results for FEA testing on the different designs of the rear upright as they undergo the forces of the cornering scenario. 
The variety of edited designs seen in table 20 all show that the majority of the stress is being applied to the bottom of the rear upright regardless of design. When looking at table 19 however it can be seen that there is a drastic difference in the amount of stress acting within the third design in comparison to the rest. The factors of safety for each design can be calculated as follows.
First edit design undergoing the cornering force scenario,

Second edit design undergoing the cornering force scenario,

Third edit design undergoing the cornering force scenario,

Final design undergoing the cornering force scenario,


When looking at the factor of safety it becomes apparent that the third design has a larger stress acting on it that the yield strength and this means the part would break under loading. The final design removed this problem in the same fashion as the previous final design for the front upright, in that the area seeing the most stress had more material left on it so that material could be taken from less stressed areas to aid in structural integrity and weight reduction.
[bookmark: _Toc512247693]Table 21: Stress metrics final edit design for rear upright
	rear edit 4
	Cornering rear value (N/m^2) 
	Breaking rear value (N/m^2) 
	Linear rear value (N/m^2)

	4124
	3.714E+06
	1.439E+06
	1.785E+06

	4104
	3.144E+06
	1.340E+06
	1.453E+06

	363
	1.844E+07
	9.686E+06
	7.045E+06

	382
	1.857E+07
	9.816E+06
	7.046E+06

	10370
	2.687E+07
	1.435E+07
	1.009E+07

	10381
	3.250E+07
	1.733E+07
	1.222E+07

	7609
	2.506E+07
	1.339E+07
	9.401E+06

	751
	1.646E+07
	8.823E+06
	6.154E+06

	8135
	1.318E+07
	6.996E+06
	4.954E+06

	8184
	1.243E+07
	6.561E+06
	4.696E+06

	8034
	8.034E+06
	7.031E+06
	4.653E+06

	5632
	1.706E+07
	8.867E+06
	6.578E+06

	1071
	1.965E+07
	1.024E+07
	7.549E+06

	1054
	2.649E+07
	1.379E+07
	1.020E+07

	5677
	1.774E+07
	9.205E+06
	6.846E+06

	5276
	1.989E+07
	1.036E+07
	7.646E+06

	1057
	2.512E+07
	1.307E+07
	9.675E+06




[bookmark: _Toc512247694]Table 22: FEA Stress test results for the rear uprights final design
	Final design 
	Linear
	Cornering 
	Breaking

	Rear Upright Front view
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	Rear Upright Rear view
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Table 21 and 22 show the VonMises stress results for FEA testing on the final design (forth edit) of the rear upright as it undergoes three different force scenarios.
The factors of safety for each different forces scenario can be calculated as follows.
Final design undergoing the cornering force scenario,

Final design undergoing the breaking force scenario,

Final design undergoing the linear force scenario,

The maximum stress acting in the original design was 2.922e+007, the maximum stress in the final design is 3.250e+007. This is not a massive change as it results in a safety factor of 4.46 for the final design compared to 4.96 as the lowest factor of safety from the original design. 
[bookmark: _Toc512247695]Table 23: Weight changes to rear upright through design changes
	upright
	weight (g)
	weight (kg)
	change in weight (g)

	rear original
	2814.89
	2.81
	n/a

	rear edit 1
	2453.15
	2.45
	361.74

	rear edit 2
	2536.15
	2.54
	278.74

	rear edit 3
	1260.83
	1.26
	1554.06

	rear edit 4
	1568.46
	1.57
	1246.43



This table shows the variation in weights between the different designs, here it can be seen that the final design isn’t reducing the most weight but it is still a vast improvement upon the original design and as seen in the FEA results this is due to accounting for a suitable factor of safety in the part.

[bookmark: _Toc512247717]6. Conclusion 
In conclusion, it has been found that it is possible to substantially reduce the weight of automotive uprights while also retaining structural integrity. During this project two uprights were redesigned for the front and rear of the vehicle, the final designs for each managed to reduce the weight of the uprights by almost half while also being within safe parameters for factor of safety. With the exploration of different designs a full picture was built of what the uprights could and could not take with regards to active forces and stresses acting on and within the uprights. 
To further this more designs could be investigated, also other force scenarios could be investigated and applied within the FEA testing on each part. Additionally different types of materials could be applied, this was not suitable to investigate this aspect of modification in this particular application as the material used currently was the most suitable. However if the race team wanted to change the priorities from weight reduction to core strength or durability as a main focus then this would potentially call for more investigation into other materials.
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