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[bookmark: _Toc90312540]Introduction 
This report will investigate the front suspension characteristics of a Van Diemen formula ford single seater race car. A double A-arm set up is used and a pushrod actuates a coil over through a bell crank. The investigation consisted of a laboratory session where physical measurements were taken from the suspension. A simulated session was also carried out on WinGeo. The data collected from both these sessions was collated and compared to get an understanding on how the suspension behaves when going around a track. Having laboratory tests and simulated tests also allows for the WinGeo software to be validated as it can be cross referenced with real the world data.
[bookmark: _Toc90312541]Laboratory Sessions
[bookmark: _Toc90312542]Equipment   
The equipment needed to carry out each laboratory task is as follows: 
Wheel position tests:
· Vernier calliper
· Height gauge
· Digital level box
· 2 X dial test indicator (DTI)
· DTI stand
· Toe gauge
· Surface plate
Mass tests:
· Weighing scales 
Tyre vertical stiffness test:
· Hydraulic press
· DTI
· Weighing scales
Spring stiffness test:
· Hydraulic press 
· DTI
· Weighing scales
[bookmark: _Toc90312543]Methodology
Wheel position tests:
[image: A picture containing indoor, floor, cluttered

Description automatically generated]The front section of the formula ford chassis was bolted down to a surface plate to ensure the suspension is level and secure. The surface plate also gives an accurate datum to measure the wheel position and camber from.Figure 1 - formula ford chassis mounted on surface plate
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Description automatically generated]The offside wheel position was being measured, so the offside spring and damper were replaced by a turnbuckle, this allows the suspension to be moved through its travel and held firm at any point, without needing to jack up the wheel. Figure 2 - offside damper replaced with turnbuckle
Figure 3 - turnbuckle threads being measured
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Description automatically generated]The threads on the turnbuckle were measured using the vernier callipers and the measurement was noted down on the laboratory record sheet, as was the wheel camber, measured using a digital level box clamped to the inside of the brake disk, the opposite sign needs to be used when recording the value as the box is clamped to the inside to free up space for the toe gauge. Figure 4 - level box clamped to inside of break disk
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Description automatically generated]The height of the top of the toe gauge, bolted to the hub, was measured using the height gauge. two DTIs, set up on a stand were zeroed against the toe gauge using about fifty percent of their travel so that positive and negative changes in bump steer can be measured. For each stage of the test, the turnbuckle was wound two full rotations. This process was carried out nine times from approximately twenty millimetres of droop to twenty millimetres of bump.Figure 5 - DTIs measuring bump steer
Figure 6 - height gauge measuring bump

Un-sprung mass tests:
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Description automatically generated][image: A picture containing floor, bicycle

Description automatically generated]To measure the un-sprung mass the onside wheel was placed onto a weighing scale while still attached to the chassis. The un-sprung mass off the car also needs to be measured, so the wishbones and steering arm were unbolted and placed on the weighing scale with the wheel, hub and upright. Figure 7 - un-sprung mass on the car
Figure 8 - un-sprung mass off the car

Tyre vertical stiffness test:
The front wheel from the formula ford was set up in a jig on a hydraulic press with a weighing scale under it. The tyre pressure was set at twenty psi and a small load was added using the press, the scale was then zeroed. A DTI was set up on the jig to measure the deflection of the tyre at different loads. the test was carried out in eight stages from zero to fourteen millimetres of tyre deflection, the reading on the scale was noted at every two millimetres of tyre deflection.Figure 9 - wheel and trye set up on hydraulic press
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Description automatically generated]Figure 10 - DTI set up to measure deflection

Spring stiffness test:
[image: A picture containing text, indoor, cluttered, several

Description automatically generated]The spring was removed from the damper unit and was set up on a hydraulic press on a weighing scale, zeroed to the mass of the spring, so that when the press ram was extended the spring would be compressed and the force could be measured. A DTI was set up so that the spring deflection could be measured at each stage. A load was added to the spring using the press in ten increments, the load on the scale was recorded at every tenth of an inch of deflection, with a total deflection of one inch.Figure 11 - spring set up on hydraulic press with DTI to measure deflection
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Description automatically generated with low confidence]Figure 12 - spring stiffness test being carried out
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Table 1 - laboratory wheel position test results

Table 2 - Un-sprung mass values on and off the chassis

[image: ]	Table 3 - Laboratory tyre stiffness test results
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Description automatically generated]Table 4 - Laboratory spring stiffness test results

	
Graph 1 – Laboratory Camber gain

This graph shows the relationship between the change in camber and the change in wheel displacement, this is known as camber gain, in this case as the wheel goes through bump the camber will become more negative (the top of the wheel is angled in toward the chassis). 
Graph 2 - Installation Ratio


The installation ratio is the relationship between the changes of wheel position and spring length, in this case damper length was used instead of spring length as they are the same.  The gradient of this graph is the motion ratio.

Graph 3 - toe steer vs wheel displacement

graph 3 shows how the toe changes as the wheel moves through its suspension travel; this is also known as bump steer. At full bump there is lots of negative toe (the wheel is turning away from the chassis) and at full droop there is some positive toe. 
Graph 4 - spring stiffness


The gradient of this graph is the average spring stiffness. This is a linear graph as the spring rate is a constant regardless of load. 


Graph 5 - Tyre rate

The gradient of this graph is the average tyre stiffness. This is a non-linear graph as the tyre rate is non-linear, this is because as the tyre deflection increases so does the pressure within the tyre due to the decreased volume.


[bookmark: _Toc90312545]WinGeo kinematic simulation
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A model of the suspension geometry needs to be loaded into the WinGeo software; in this case a model was provided. A table was then created using the ‘quick table’ function and the values for ride height, camber, toe and motion ratio for the left and right wheel were automatically inputted by the software as the suspension was cycled through its travel. 
To simulate the roll centre migration the ‘mark RC’ button was used, and values were inputted to represent, full braking, half braking and half cornering, full cornering, half accelerating and half cornering and full acceleration.
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Figure 13 - front view of the WinGeo model
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Description automatically generated]
Figure 14 - Top view of the WinGeo model
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Description automatically generated]
Figure 15 - offset view of the WinGeo model


[bookmark: _Toc90312547]Kinematics results and discussion
Graph 6 - WinGeo Camber gain


When the suspension is at full bump, and the ride height is at its lowest, the negative camber is at its highest. Likewise, when the suspension is at full droop the positive camber is at its highest.
Graph 7 - camber L vs roll angle


Graph 7 shows how the camber is expected to react to a right-hand corner, where the body rolls toward the left, this causes the outside (left) wheel to move upwards relative to the body, causing an increase in negative camber.Graph 8 - Camber R vs roll angle


This graph also shows how the camber is expected to react to a right-hand turn but this time the camber on the right wheel is being measured. As the body rolls to the left the right wheel moves downward relative to the body causing the camber to become more positive.Graph 9 - Motion Ratio vs Bump


As bump increases (the ride height decreases) the motion ratio increases also, this means that the suspension is getting softer as the wheel goes through its travel. As can be seen on the graph the motion ratio at ride height is 1.023.Graph 10 - Toe vs Bump


This graph shows how the toe changes over the suspension travel, the positive correlation shows that as ride height increases (bump decreases) the toe becomes more positive, in practice this means that as the wheel experiences bump the wheel turns into the body.



[bookmark: _Toc90312548]RC migration
[image: ]The roll centre is the imaginary point where the lines drawn from the instantaneous centres to the tyre contact patch intersect. It is the point that the body of the car will rotate around for that specific moment in time. The instantaneous centre is the point where the imaginary lines drawn from the A-arms intersect and can be visualised as the centre point of the arc that the wheel is rotating around in that instant. Figure 16 - (Baha Assist, 2017)

“Kinematically speaking, if the instant centre describes the centre of rotation of a single corner of the suspension, then the roll centre describes the centre of rotation of that end of the race car.” (Vogel, 2021)
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Description automatically generated]Figure 17 - WinGeo model at ride height

Figure 17 shows that at ride height the roll centre is centred in the chassis at a height of 11.479mm
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Description automatically generated with medium confidence]
Figure 18 - WinGeo model at ride height

Figure 14 shows that the instant centre is 4190.543mm from the centre line of the chassis and at a height of 57.390mm
[image: Diagram

Description automatically generated]Figure 19 -WinGeo model:  Black line shows the path of roll centre migration

The movement of the roll centre is important as it dictates how the car will react when cornering. If the roll centre is close to the centre of gravity, the point where all the forces act on the sprung mass of the car, then body roll will be reduced, this is because the moment arm between the two points is shorter. However, having less body roll means that many of the forces are now transmitted laterally on the tyre rather than vertically which will reduce friction between the trye and track surface. The speed of migration is also important as the faster the movement the less predictable the handling feels. (Lee,2001)
[bookmark: _Toc90312549]Suspension calculations
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Wheel rate:









Ride frequency:








Un-sprung mass natural frequency:









[bookmark: _Toc90312551]Discussion
The wheel rate of the formula ford is approximately 14000 N/m this is quite low for a race car but due to the low centre of gravity and low weight of the car, it works well as there is a lower force acting on the wheel, so the suspension is stiff enough. 
In general road cars have a lower ride frequency than their motorsport counter parts, this is to increase comfort. Road cars are normally between 1.2 and 1.6 Hz whereas a road going sports car is around 1.8-2 Hz and high downforce cars such as formula one are upwards of 3Hz. (Giaraffa,2021) the formula ford’s ride frequency is around 2 Hz which is right where it should be, any lower and the car would likely wallow around the track and much higher and the ride would be too harsh, and the suspension would not react sufficiently.




[bookmark: _Toc90312552]ValidationGraph 11 - Camber gain comparison


Both the laboratory and WinGeo camber have a positive correlation showing that as ride height increases the camber becomes more negative. The small difference in the gradient of the two lines could be due to wear on the brake disk causing the level box to be slightly out of level. It could also be that the suspension was not exactly at the correct ride height when the tests were carried out.Graph 12 - bump steer comparison


The gradients in this graph are similar, and both show that as ride height increases so does the toe angle. The laboratory line is not perfectly linear, this could be down to play in the bearings on the suspension, but it is more likely that either the steering or the DTIs were knocked by mistake during the tests.

[bookmark: _Toc90312553]
Conclusion 
To conclude, when comparing the two sets of data from the laboratory session and WinGeo simulation it was observed that while there were discrepancies, the correlation was close enough that the WinGeo software is a close representation to the real world. During suspension articulation there are some effects on the wheel position that cannot be avoided such as camber and toe changes. While these can be detrimental to the handling of the car, changes is the geometry can be made to minimise these changes or make them beneficial, such as increasing camber with body roll to harness camber thrust for extra grip in a corner.
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