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[bookmark: _Toc512252307]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.


[bookmark: _Toc512252308]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][bookmark: _Toc512252324]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.
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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. 
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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. 
[bookmark: _Toc512252325][bookmark: _Toc512247664][image: ]Figure 2: Progressional overview of the development of the rear and front upright
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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.

[bookmark: _Toc512252315]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. 


[image: ]The table below shows the progressional development of this design process in the Solid Works 3D Computer aided design software. 
[bookmark: _Toc512247665][bookmark: _Toc512252326]Figure 3: Progress of development of rear and front uprights.
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[image: ]The computer program Motec was used to find information from data of the car going around the Oulton Park circuit. 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][bookmark: _Toc512252327]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).
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[image: ]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. [bookmark: _Toc512247667][bookmark: _Toc512252328]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.

Table 6 provides an overview of all distances correlating to the aforementioned diagram in figure 5. 
	[bookmark: _Toc512247678]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 1: Overview of the displacement of upright

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


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

[bookmark: _Toc512247679]Table 2: Forces applied to upright in FEA Analysis.
	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
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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. 
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][bookmark: _Toc512252329]Figure 6: FEA analysis of bar from live validation testing
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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. 
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[bookmark: _Toc512247683]Table 3:  FEA Stress test results for the original front uprights design
	

	Linear
	Cornering 
	Breaking

	Front view
	[image: ]
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	[image: ]

	Rear view
	[image: ]
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	[image: ]

	Top view
	[image: ]
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	[image: ]

	Bottom  view
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	Edit 1
	Edit 2
	Edit 3
	Edit 4

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

	Front upright 
Rear view
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	Final design 
	Linear
	Cornering 
	Breaking

	Front Upright Front view
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	[image: ]

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



[bookmark: _Toc512247688]Table 6: 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
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	Linear
	Cornering 
	Breaking

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

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

	Top front view
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	Top rear view
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	Bottom view
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[bookmark: _Toc512247690]Table 7: FEA Stress test results for the rear uprights original design


















[bookmark: _Toc512247692]Table 8: 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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	Rear upright 
Rear view
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[bookmark: _Toc512247694]Table 9: FEA Stress test results for the rear uprights final design
	Final design 
	Linear
	Cornering 
	Breaking

	Rear Upright Front view
	[image: ]
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	Rear Upright Rear view
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[bookmark: _Toc512247695]Table 10: 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


[bookmark: _Toc512252323]
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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