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[bookmark: _Toc53043621][bookmark: _Toc90200885]Introduction 
In this report you will see how four different tasks were carried out on a Formula Ford single seater with Van Diemen suspension. The data recorded from them will be displayed in graphs and talked about. There is also a WinGeo simulated version of one of the tasks completed. The results from the measured and simulated tests will be compared to see how they correlate with each other. 


[bookmark: _Toc90200886]Laboratory Sessions 
[bookmark: _Toc90200887]Equipment 
The first task was measuring the spring rate, the equipment used during the task was a scale to measure the force and a hydraulic ram to compress the spring. Also, an imperial DTI gauge was used to measure how far the ram has moved. The equipment used was suitable for the task but it could be improved by using a spring testing machine such as one made by Testometric (2012)
The second task that was completed was the measuring of the tyre stiffness and dimensions. The equipment used in this task was a hydraulic press to compress the tyre and another scale to measure the force being applied to the tyre. Again, a DTI gauge was used to measure the distance the ram moved. A tyre with 20 PSI of pressure was used in the task. The equipment was quite accurate and suitable for the task but it could be improved by using a vertical tyre stiffness machine which would give you more accurate results (Leonardo Test Industry Group, n.d)
In the third task the Unsprung mass was measured while being on and off the car. In this task another scale was used to measure the weight. The equipment that was used was very suitable and also very accurate. There are no real possible alternatives as you only need to weight it.
Then in the fourth task two DTI gauges were used to measure toe span, A vernier caliper was used to measure the damper length. Also, a height gauge was used to measure the height of the wheel. To measure the camber a digital camber gauge was used. This task used suitable equipment that gave accurate results but some of the equipment could be improved such as the vernier caliper could be replaced by a digital one to make it quicker and easier to read but it shouldn’t harm the results that much. The DTI gauges could be replaced by laser alignment equipment for more accurate results but it could be hard to use than the DTI gauges. 
[bookmark: _Toc90200888]Methodology
 
Task 1 – Spring Stiffness Testing
The first task was carried out by firstly adjusting the hydraulic ram to fit on top of the spring. Then the scale must be zeroed and the DTI gauge has to be attached and setup to be on 0. It should look like Figure 1 below.
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Figure 1 - Spring Stiffness Testing Setup (Tudor, 2020)

Then the hydraulic ram has to be compressed by 0.1 Inches intervals up to 1 Inch, at each 0.1 inch you the reading on the scales must be written down.
Task 2 – Tyre Vertical Stiffness Testing
In this task the first thing that needs to be done is the hydraulic press must be used to put a slight force must be put onto the tyre and then the scale can be zeroed. Once this is done the DTI gauge has to be setup to be reading 0 on both scales, then the tyre pressure can be checked to make sure it is 20 PSI. Then the hydraulic press can be compressed until one revolution of the DTI gauge has been completed. Every 2 revolutions the reading on the scale must be noted, this is done until the DTI gauge has completed 14 revolutions. Figure 2 is what the setup should look like.
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Figure 2 - Tyre Vertical Stiffness Testing Setup (Tudor, 2020)











Task 3 – Unsprung Mass 
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Figure 3 - Unsprung Mass Testing Setup (Tudor, 2020)


Figure 3 is showing what the Unsprung mass task should look like, as you can see the Unsprung mass is currently connected to aluminium block that represent the vehicle. Firstly, you would weight it connected to the blocks and write down the reading on the scale. Then you must loosen the bolts and disconnect the mass from the blocks and then weigh it and write down that reading too.
[image: ]Task 4 – Suspension Kinematics Test







Figure 4 - Suspension Kinematic Testing Setup (Tudor, 2020)

In Figure 4 you can see the setup for suspension kinematics testing the damper has been replaced by a metal bar for easier adjustments to the ride height. This metal bar has a gap which must be measured using the vernier caliper it represents the length of the damper and must be written down each time. The height gauge needs to be zeroed on top of the metal plate connected to the wheel hub this will measure the wheel position and must be noted each time. The yellow gauge in Figure 4 is the camber gauge it is connected to the brake disk and it measures the camber change and it also must have its reading noted each time. The Blue stand has two DTI gauges on which must be zeroed on the metal plate, they will be used to measure the change to the toe, a reading from each gauge must be written down each time Once all the base readings have been taken down the damper can be move 2 revolutions and measured with the vernier caliper, this is done another 8 times. The toe span of the vehicle must also be measured. 
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	Wheel Position
	Approx Ride Height 
	Measured Camber
	Zeroed Camber
	DTI A
	DTI B
	Calculated Toe
	Zeroed Toe
	Spring / Damper Length
	Change in spring length from start position. 

	(mm)
	(mm)
	(Degrees)
	(Degrees)
	(Inches)
	(Inches)
	(Degrees)
	(Degrees)
	
	(mm)

	 
	 
	 
	 
	Thousands of an inch
	 
	(A-B) x 180
	 
	(mm)
	 

	 
	 
	 
	 
	 
	 
	Toe span** x 3.142
	 
	
	 

	0
	25.79
	-1.42
	0.34
	0
	0
	0
	-0.22619226
	43.3
	0

	6.45
	19.34
	-1.5
	0.26
	0.021
	0.007
	0.0597489
	-0.16644336
	41
	2.3

	13.15
	12.64
	-1.59
	0.17
	0.041
	0.012
	0.12376558
	-0.10242668
	39.8
	3.5

	19.61
	6.18
	-1.68
	0.08
	0.067
	0.016
	0.2176567
	-0.00853556
	36.7
	6.6

	25.79
	0
	-1.76
	0
	0.07
	0.017
	0.22619226
	0
	33.5
	9.8

	32.36
	-6.57
	-1.85
	-0.09
	0.082
	0.017
	0.2774056
	0.051213342
	30.8
	12.5

	38.53
	-12.74
	-1.94
	-0.18
	0.092
	0.015
	0.32861894
	0.102426683
	27.8
	15.5

	44.63
	-18.84
	-2.04
	-0.28
	0.099
	0.012
	0.37129673
	0.145104468
	24.6
	18.7

	50.8
	-25.01
	-2.14
	-0.38
	0.105
	0.007
	0.41824229
	0.192050031
	22
	21.3


Table 1 - Suspension Kinematics Testing Results


	Toespan (Inches)
	13.4252

	Toespan (mm)
	341


Table 2 – Toespan Results









	Tyre Vertical Deflection
	Scale Reading
	 Applied Force

	(mm)
	(kg)
	(N)

	 
	 
	 

	0
	0
	0

	2
	20.3
	199.143

	4
	63.5
	622.935

	6
	93.5
	917.235

	8
	124.5
	1221.345

	10
	157.5
	1545.075

	12
	189.5
	1858.995

	14
	217.5
	2133.675


  	      Table 3 - Tyre Vertical Stiffness Testing Results		         













	Spring Deflection
	Spring Deflection
	Measured Force
	Measured Force

	 (inches)
	 (mm)
	(lbs)
	(N)

	 
	 
	 
	 

	0
	0
	0
	0

	0.1
	2.54
	36
	160.1359

	0.2
	5.08
	75
	333.6165

	0.3
	7.62
	114
	507.0971

	0.4
	10.16
	153
	680.5777

	0.5
	12.7
	193
	858.5065

	0.6
	15.24
	234
	1040.883

	0.7
	17.78
	274
	1218.812

	0.8
	20.32
	313
	1392.293

	0.9
	22.86
	353
	1570.222

	1
	25.4
	394
	1752.599


            Table 4 - Spring Stiffness Testing Results
 
Figure 5 is showing how the camber is changing as the ride height changes, as you can see when the ride height is lowered the camber also lowers and when the ride height is increased the camber also increases. This is due to the control arms geometry, as the vehicle gets closer to the ground the angle of the control arm increases meaning the wheel would naturally have more camber on it because the arc of the wheel has changed. Figure 5 - A Graph to Show the Camber Change with Ride Height



Figure 6 - A Graph to Show Spring Deflection Against the Wheel Deflection








Figure 6 is a graph that is showing how much the spring compresses as the position of the wheel is changed. As the spring is compressed the position of the wheel is increasing, this is because as the wheel is moving higher up the spring is getting smaller from the compression and it allows the wheel to move. The y gradient of the graph which is 0.4305 would be the Motion Ratio for the vehicle. 
In Figure 7 the change in toe against the change in ride height is shown. When the ride height increases the toe will decrease and when the ride height increases the toe also increases. This is also due to the arc of the wheel changing with the ride height similar to Figure 5. Figure 7 - A Graph to Show the Toe Change with Ride Height

Figure 8 - A Graph to Show the Spring Deflection Against the Applied Force
Figure 8 is a graph showing how the applied force is acting on the spring. As you can see the more force that is applied onto the spring the more deflection the spring has. This is simply because a spring is designed to do this. 
As you can see Figure 9 is a graph showing the tyre deflection when a force is being applied. It shows that the more force applied to the tyre the more the tyre will deflect. This is due to the air pressure inside the tyre acting against the applied force. Figure 9 - A Graph to Show the Tyre Deflection Against the Applied Force



[bookmark: _Toc90200890]WinGeo Kinematic Simulation 
[bookmark: _Toc90200891]Methodology 
The WinGeo simulation is very easy to use, to operate the Formula Ford suspension all you need to do is input the data such as the ride height, roll and camber and it will simulate how the setup effects the suspension. In the Below figures you can see how the WinGeo simulation works.
[bookmark: _Toc90200892]Kinematic Simulation Results 
[image: ][image: ][image: ]
Figure 12 - WinGeo Formula Ford Offset View
Figure 11 - WinGeo Formula Ford Top View
Figure 10 - WinGeo Formula Ford Front View

Figure 14 - A Graph to Show WinGeo Front Left Camber Against Ride Height 

Figure 13 & 14 are showing the camber change on each wheel as the ride height changes. As the graphs show they are almost identical in how they increase and decrease as the ride height is increasing and decreasing.Figure 13 - A Graph to Show WinGeo Front Right Camber Against Ride Height 




Figure 15 - A Graph to Show WinGeo Front Right Toe Steer Against Ride Height 

















Figure 16 - A Graph to Show WinGeo Front Left Toe Steer Against Ride Height 

Figure 15 & Figure 16 are graphs showing how the Toe steer is changing when the Ride height is being raised and lowered. Again, these two graphs look identical in how they change. 

Figure 18 - A Graph to Show WinGeo Motion Ratio Left Against Ride Height 
Figure 17 - A Graph to Show WinGeo Motion Ratio Right Against Ride Height 



















Figure 17 and 18 are both graphs showing how the motion ratio is changing as the ride height is changing. As the Ride height is increased the motion ratio gradually decreases.  










Figure 19 - A Graph to Show WinGeo Front Camber Change as the Vehicle Rolls 

In Figure 19 you can see the camber changing as the vehicle rolls to the side. The graph is showing that when the vehicle is at its maximum roll the camber has increased and decreased on either side, this is because the wheels will be going the same direction when the vehicle is rolling. 
[bookmark: _Toc90200893][image: ]Roll Centre MigrationFigure 20 - WinGeo Roll Centre Migration Diagram 

In Figure 20 the WinGeo simulation shows the Roll centre migration of the formula ford, the black triangle in the middle is the roll centre. The roll centre is a point in the suspension where the cornering forces are applied to the body of the vehicle. It is an important because when a vehicle is cornering newtons third law would be applied as the vehicle forces pull towards the corner an equal and opposite force would push out of the corner, meaning if the roll centre is small then vehicle would remain more level through the corner. (Vogel, n.d.)


[bookmark: _Toc90200894]Suspension Calculations 
[bookmark: _Toc90200895]Equations
The Equations used within these calculations are as follows; 
1. The Wheel Rate (Kw) of the spring rate (Ks) acting through the motion ratio (MR)

2. The Natural frequency (f) of the sprung mass (Ms) also known as the Ride Frequency

3. The natural frequency (fus) of the Unsprung mass (Mus) 

[bookmark: _Toc90200896]Calculations 
The Wheel Rate would be 
Therefore, the Wheel Rate/Kw = 12,843.76 N/Meters
The Natural Frequency of the Sprung Mass would be:
Making the sprung mass frequency 1.68196615 Hz 
Finally, the natural frequency of the Unsprung mass would be:

            This would make the natural frequency of the Unsprung mass 5.8633565 Hz

[bookmark: _Toc90200897]Discussion
The wheel rate is important in a racing car as it is what the driver would feel and what the tyres put up with while driving. It is also an important thing to know when choosing your spring rates, and getting it correct can help you understand the dynamics of the vehicle. With a wheel rate of 12,843.76 Newton/Meters this vehicle is definitely made for racing as it would be quite uncomfortable to drive daily on the road. (Performance Trends Inc, n.d.) 
The Natural frequency for the sprung mass is 1.68 Hertz this is actually at the bottom end of the range for low downforce racing cars, which is 1.5 – 2.5 Hz. Normal road cars would produce about 0.5 – 1.0 Hz mainly due to the fact that OEM manufactures aim for comfort and not speed. However, the natural frequency for the Unsprung mass is 5.86 Hertz this is very high and can only be compared to vehicles such as modern day F1 cars. (DrTuned Racing, 2017)
[bookmark: _Toc90200898]
 Validation
Figure 21 – A Graph to Show the Measured Camber Against the WinGeo Camber 

Figure 21 shows how the camber is different between the WinGeo model and the real model used in the workshop. As you can see there are some slight differences but the correlation between is good which shows the simulated results are quite accurate.Figure 22 – A Graph to Show the Measured Toe Against the WinGeo Toe 

However, in Figure 21 the results are quite different and do not have much correlation. You would have to question the WinGeo results here as there could be something in the software to get such different results and may not be valid. This might be because of the angle of the control arms being slightly different which would cause a problem like this.
As you can see in Figure 23 the WinGeo spring compression is much different to the measured spring compression. The difference between the simulated and measured results may be down to the use of a metal bar in place of a spring therefore there would be no spring rate, which the simulated results would have used in its calculations. 
Figure 23 – A Graph to Show the Measured Spring Deflection Against the WinGeo Spring Deflection

[bookmark: _Toc90200899]Conclusion 
To conclude, the task that were carried out can provide some useful insight on suspension geometry and can be useful for understand how the WinGeo software works. The results obtained were both accurate but as you would have seen in the previous section of this report there are some slight differences between the WinGeo and the measured results, but these could easily be corrected with some changes in the way the tasks for the measured data were carried out.
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Camber Change with Ride Height

Zeroed Camber	25.79	19.34	12.639999999999999	6.18	0	-6.57	-12.740000000000002	-18.840000000000003	-25.009999999999998	0.34000000000000008	0.26	0.16999999999999993	8.0000000000000071E-2	0	-9.000000000000008E-2	-0.17999999999999994	-0.28000000000000003	-0.38000000000000012	Ride Height (mm)


Zeroed C=amber (Degrees)




Spring Versus Wheel Deflection

Change in spring length from start position. 	
0	6.45	13.15	19.61	25.79	32.36	38.53	44.63	50.8	0	2.2999999999999972	3.5	6.5999999999999943	9.7999999999999972	12.499999999999996	15.499999999999996	18.699999999999996	21.299999999999997	Wheel Position from Start (mm)



Spring Compression (mm)



Toe Change with Ride Height

Zeroed Toe	25.79	19.34	12.639999999999999	6.18	0	-6.57	-12.740000000000002	-18.840000000000003	-25.009999999999998	-0.2261922589006766	-0.16644336032313939	-0.10242668327577807	-8.5355569396481368E-3	0	5.121334163788907E-2	0.10242668327577806	0.14510446797401896	0.19205003114208383	Ride Height (mm)


Zeroed Toe (Degrees)




 Spring Deflection Versus Applied Force

Measured Force	
0	2.54	5.08	7.6199999999999992	10.16	12.7	15.239999999999998	17.779999999999998	20.32	22.86	25.4	0	160.13592	333.61650000000003	507.09708000000001	680.57766000000004	858.50646000000006	1040.88348	1218.8122800000001	1392.29286	1570.2216599999999	1752.5986800000001	Spring Deflection (mm)


Applied Force (N)



 Tyre Deflection Versus Applied Force

Measured Force	
0	2	4	6	8	10	12	14	0	199.14300000000003	622.93500000000006	917.23500000000001	1221.345	1545.075	1858.9950000000001	2133.6750000000002	Tyre Deflection (mm)


Applied Force (N)



Front Right Camber Versus Wheel Bump

Camber_R	25	20	15	10	5	0	-5	-10	-15	-20	-25	0.23899999999999999	0.19500000000000001	0.15	0.10199999999999999	5.1999999999999998E-2	0	-5.5E-2	-0.112	-0.17100000000000001	-0.23300000000000001	-0.29699999999999999	Ride Height (mm)


Camber (Deg)




Front Left Camber Versus Wheel Bump

Camber_L	25	20	15	10	5	0	-5	-10	-15	-20	-25	0.23899999999999999	0.19500000000000001	0.15	0.10199999999999999	5.1999999999999998E-2	0	-5.5E-2	-0.112	-0.17100000000000001	-0.23300000000000001	-0.29699999999999999	Ride Height (mm)


Camber (Deg)




Toe Steer Left Versus Wheel Bump

Steer_L	25	20	15	10	5	0	-5	-10	-15	-20	-25	0.53700000000000003	0.43099999999999999	0.32400000000000001	0.217	0.109	0	-0.109	-0.22	-0.33100000000000002	-0.442	-0.55500000000000005	Ride Height (mm)


Toesteer (Deg)




Toe Steer Right Versus Wheel Bump

Steer_R	25	20	15	10	5	0	-5	-10	-15	-20	-25	0.53700000000000003	0.43099999999999999	0.32400000000000001	0.217	0.109	0	-0.109	-0.22	-0.33100000000000002	-0.442	-0.55500000000000005	Ride Height (mm)


Toesteer (Deg)




Motion Ratio Left Versus Wheel Bump

Motion_L	25	20	15	10	5	0	-5	-10	-15	-20	-25	0.96099999999999997	0.97199999999999998	0.98299999999999998	0.996	1.0089999999999999	1.0229999999999999	1.0369999999999999	1.052	1.0660000000000001	1.08	1.093	Ride Height (mm)


Motion Ratio




Motion Ratio Right Versus Wheel Bump

Motion_R	25	20	15	10	5	0	-5	-10	-15	-20	-25	0.96099999999999997	0.97199999999999998	0.98299999999999998	0.996	1.0089999999999999	1.0229999999999999	1.0369999999999999	1.052	1.0660000000000001	1.08	1.093	Ride Height (mm)


Motion Ratio




Front Camber Change While Rolling 

Camber_R	1.5	1.4	1.3	1.2	1.1000000000000001	1	0.9	0.8	0.7	0.6	0.5	0.4	0.3	0.2	0.1	0	1.2430000000000001	1.161	1.08	0.998	0.91600000000000004	0.83299999999999996	0.751	0.66800000000000004	0.58599999999999997	0.502	0.41899999999999998	0.33600000000000002	0.252	0.16800000000000001	8.4000000000000005E-2	0	Camber_L	1.5	1.4	1.3	1.2	1.1000000000000001	1	0.9	0.8	0.7	0.6	0.5	0.4	0.3	0.2	0.1	0	-1.2869999999999999	-1.2	-1.113	-1.026	-0.94	-0.85299999999999998	-0.76700000000000002	-0.68100000000000005	-0.59499999999999997	-0.51	-0.42399999999999999	-0.33900000000000002	-0.254	-0.16900000000000001	-8.4000000000000005E-2	0	Roll (Deg)


Camber (Deg)




Measured Camber Against WinGeo Camber

Measured Camber	25.79	19.34	12.64	6.18	0	-6.57	-12.74	-18.84	-25.01	0.34	0.26	0.17	0.08	0	-0.09	-0.18	-0.28000000000000003	-0.38	WinGeo Camber	-25	-20	-15	-10	-5	0	5	10	15	20	25	-0.29699999999999999	-0.23300000000000001	-0.17100000000000001	-0.112	-5.5E-2	0	5.1999999999999998E-2	0.10199999999999999	0.15	0.19500000000000001	0.23899999999999999	Ride Height (mm)


Zeroed C=amber (Degrees)




Measured Toe Against WinGeo Toe

Measured Toe	25.79	19.34	12.64	6.18	0	-6.57	-12.74	-18.84	-25.01	-0.22619226000000001	-0.16644336000000001	-0.10242668000000001	-8.5355599999999993E-3	0	5.1213342000000002E-2	0.102426683	0.14510446799999999	0.19205003100000001	WinGeo Toe	-25	-20	-15	-10	-5	0	5	10	15	20	25	0.55500000000000005	0.442	0.33100000000000002	0.22	0.109	0	-0.109	-0.217	-0.32400000000000001	-0.43099999999999999	-0.53700000000000003	Ride Height (mm)


Zeroed Toe (Degrees)




Measured Spring Deflection Against WinGeo Spring Deflection  

Measured	
0	6.45	13.15	19.61	25.79	32.36	38.53	44.63	50.8	0	2.2999999999999998	3.5	6.6	9.8000000000000007	12.5	15.5	18.7	21.3	WinGeo 	0	5	10	15	20	25	30	35	40	45	50	0	5.4349999999999987	10.802	16.097000000000001	21.317999999999998	26.468	31.547000000000001	36.558999999999997	41.506999999999998	46.393999999999998	51.225999999999999	Wheel Position from Start (mm)



Spring Compression (mm)
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