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Introduction 
[bookmark: _Toc26976971]The purpose of this investigation is to model, measure and analyse vehicle suspension and steering systems in order to identify kinematic and force related characteristics using a 1997 Formula Ford Van Diemen and the suspension corner that will be investigated is the Front Right corner. A range of precise equipment will be used to analyse these characteristics. This investigation involves two measuring sessions in which data will be precisely recorded. The data will be used in various equations and calculations that will be entered into software and presented in a range of tables, graphs and visual representations. The data will then be analysed and evaluated. 
[bookmark: _Toc27072021]Equipment 
Engineers Square
This is a precision L shaped equipment that is used to mark lines that in this investigation are obtained from elevated positions onto paper. Its useful for this because the object is designed to be perfectly straight. Made from two pieces that create an exact 90-degree right angle. Can easily be moved out of place. (2. Engineers Squares, 2019) 
Venire Calliper
A measuring tool used to precisely measure linear dimensions, as well as cylindrical objects because of the measuring jaws that can be secured on either side of the circumference. Subject to human error when the equipment is being used if not being used correctly, however accurate when used properly. A more accurate alternative would be a digital calliper (3. What is a Vernier Caliper?, 2019)  
Digital Height Gauge
 A tool used to precisely measure the height of objects. The digital measurement is more precise then the human eye could measure on an analogue scale and is easier to use reducing the chance of human error effecting results. An alternative would be a manual height gauge. 
Paper 
Placed underneath the suspension for the dimensions and lines to be marked on. Adds on height to the surface causing possible inaccuracy.
Pencil 
The tool to mark down the dimensions and lines to the paper. Creates a margin of error from the thickness of the line drawn on paper. For example, adds on another mm when marking from a ruler. The side that was drawn from must be noted when this equipment is being used.
Metal Ruler
To measure the larger dimensions that the Vernier calliper cannot extend to measure. Less precise. 
Level Bed
An accurate level platform that the chassis is placed on to ensure that results are not affected by varying levels in surface. Weight being added to the level bed causes a change in uniformity of the surface. 
WinGeo3 
A suspension modelling software that can be used to input suspension data and then simulate forces applied to the suspension, and retrieve comprehensive data from the simulation. It is valuable software for modelling suspension however the user interface is complicated and requires a level of understanding to operate. 
Digital Inclinometer
Accurately measures the angle of incline of an object. Uses a digital interface that is clear and simple to read. An alternative would be an analogue inclinometer (4. Digital Inclinometer, 2019) 
Toe Span Gauge 
Used to accurately measure changes in length on a minute scale. In this investigation it measures within 1/1000 of an inch and is used to measures the change in toe and deflection of a spring. Very precise equipment which makes it sensitive to any external movement or pressure that isn’t part of the test. Meaning that results can easily be affected by error of the user.
Engineering Block
A block of metal that is cut precisely so that measurements can be accurately taken with it. Used in this investigation to extend the height of the digital height gauge.
Coil Spring Tester 
A piece of equipment that tests the load on the spring when force is applied to it and. Made up of a weighing scale, DTI gauge and a hydraulic press. Giving you spring load against deflection measurements. 
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Methodology 
[bookmark: _Toc27072023][image: ][image: ]Session 1 Methodology – Hardpoints and Inclination Figure 1 Formula Ford Front Chassis
Figure 2 Steering Rack

To measure the inclination of a tie rod on a chassis seen in figure 1.  The X, Y and Z coordinates on both tie rod ball joints must be found:
-Use the centre line of the vehicle chassis to for the y axis
-Place paper underneath the suspension corner securely down with tape from the wheel to the edge of the chassis
-Centre the steering by measuring the steering rack as seen in figure 2. Using the Vernier calliper ensure that there is equal distance on either side of the steering rack from the centre. Making sure this measurement is equal as possible. Then when it is found to be centred. Lock the steering. 
-To find the x axis measure the centre of the wheel hub by measuring the diameter, making sure that the Vernier calliper is as close to the hub as possible to ensure maximum accuracy. 
-Measure down to the paper from the wheel hub edge using an engineer’s square ensuring each time it is marked what side of the ruler the mark was drawn from.
-Half the diameter given to get the distance to the centre of the hub from the circumference of the hub.
-Add on the radius of the hub to find the centre again ensuring that this distance that is added on is parallel to the y axis. This is the x axis. Using squares against the edge of the level bed to ensure that the x axis is parallel to the level bed, and perpendicular to the y axis. 
-The distance from the x axis to the outer tie rod point is the x coordinate. 
-To find the outer tie rod x coordinate. Place an engineer’s square as close to the outer tie rod swivel joint edge as close as possible. 
-Find the diameter of the outer tie rod ball joint housing using the Vernier calliper
-Add half this distance onto the paper from the engineer’s square and mark this point
-Measure the distance from this point to the x axis. This is the x coordinate
-To find the Y coordinate, measure the distance from the previous mark to the y axis and this is the y coordinate. 
-To determine the Z axis, use an engineer’s block and a digital height gauge.
-Place the engineers block under the outer tie rod and measure the engineers blocks height using the digital height gauge. 
-Zero the height gauge to the level bed before placing it on the engineer’s block. Then measure the distance to the top of the ball joint housing using the height gauge. Add this measurement to the height of the engineer’s block. This creates the total height to the top of the housing. 
-Using the Vernier calliper measure the height of the ball joint housing and then
half this measurement. Subtract this number from the height to the top of housing and this is your z axis. 
-Use this same method to find the x, y and z coordinate of the inner tie rod
- The x, y and z coordinate has been found for both points, now input the data into WinGeo3 (figure 3) by loading the formula ford data and inputting these coordinates into WinGeo3. This will find the tie rod inclination
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Figure 3 Wingeo3 
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Figure 4 Digital Height Gauge and DTI Gauge 
Figure 5 Digital Inclinometer

To measure the kinematic movement of suspension over travel:
[bookmark: _GoBack]-Centre the steering using the Vernier calliper on the steering rack as seen in figure 2. To ensure that the steering is straight, but do not lock the steering. 
-Set up the inclinometer (figure 5) by zeroing it and then clamping it to the brake disk using a G clamp. 
-Set up the DTI gauge (blue object figure 4) so that the contact point is just touching the wheel hub plate, but not applying any force to the gauge.
-Set up digital height gauge by zeroing it and then placing the contact point on the inside of the metal plate attached to the wheel hub (figure 4). 
-Note down the distance between the DTIA and DTIB gauges, which is the toe span.
-Create a table on paper with 7 columns and 10 rows 
-Number the first column with the rows numbered 1 -10 in chronological order. 
-Label the second column ‘Ride Height (mm)’, third column ‘Damper (mm)’, fourth column ‘Camber (degrees)’, fifth ‘DTIA (1/1000 inch)’, sixth ‘DTIB (1/1000 inch)’, seventh ‘Spring (lbs/inch)’
-Rotate the damper nut down to its closest point to the end of the damper. Then measure the distance from the damper nut to the end of the damper using the Vernier calliper and note down this measurement in the first Damper row on the table.
-Note down 0 in both DTIA and DTIB columns 
-Record the measurement from the inclinometer and put it in the camber column
-Record the measurement from the digital height gauge and note it down in the ride height column
-Rotate the damper exactly two revolutions away from the end, making sure not to over rotate and then correct the nut as this will obscure the results. 
-Record the measurement from the DTI gauge and put the measurements in the respective DTIA and DTIB columns
-Record all the measurements into the table as mentioned before
-Repeat these steps another 9 times making sure rows 1-10 are filled in.
-Take the spring to the coil spring tester (figure 6), use the hydraulic press to push 1 revolution of the DTI gauge (deflecting the spring by 0.1 inch every time) 10 times recording each time into the spring column the mass generated by the spring using the measuring scale. 
-Use a computer with the Microsoft Excel software and load your collected results into excel creating a table. 
-Create a column for ‘toe’ and use the equation (DTIA – DTIB x 180) / (Toe Span * 3.142) to turn the DTI data into toe (degrees) 
-Create columns for zeroed results where the 5th number in each column of the table is the middle (zero) and the numbers above and below are the difference to the middle number making sure that numbers lesser are negative and numbers greater are positive. 
Turn the data from the table into a graph comparing ride height and toe and ride height and camber. 
-Load up the Wingeo3 Software, click on the show table function. Set the ride height to 25mm and click compute. Take away 5mm each time from 25 to -25 pressing compute each time. 
-Import this table into the same excel file with the collected data and create graphs for ride height and camber and ride height and toe. Then combine the collected results and the Wingeo3 results into the same graph. 
-Find the Unsprung mass weight
-To find the unsprung mass, with help from a colleague, lift the opposing wheel and place a scale underneath. Let the wheel down and the reading given is the unsprung mass weight. 
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Figure 6 Coil Spring Tester

[bookmark: _Toc26976973][bookmark: _Toc27072025]Results
[bookmark: _Toc27072026]Session 1
TIE ROD JOINT COORDINATES 
	Coordinates
	Outer Tie Rod (mm)
	Inner Tie Rod (mm)

	X
	-66.781
	-152.561


	Y
	745.001
	186.000


	Z
	310.080
	310.170



Figure 7 Tie Rod Joint Coordinates

TIE ROD INCLINATION
	WINGEO3 (degrees)
	COLLECTED (degrees)

	0.009
	0.009


Figure 8 Tie rod Inclination Table
Analysis 
The collected data (figure 7) proved to be identical to the Wingeo3 model as seen in figure 8). However, the session took 2.5 hours and took place indoors in a non-stressful situation and would differ compared to real world situations like competition. Competition would mean time required to measure points on suspension would most likely be more restricted and more pressured which would mean the results could be affect. Therefore, the collected results would likely be unique to the model’s data and likely inaccurate. 
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[image: ][image: ]EXCEL GRAPHS COMPARING RIDE HEIGHT Figure 10 Toe Angle vs Ride Height
Figure 9 Camber Angle vs Ride Height 


To see individual tables and graphs from Wingeo3 and Collected Data see Appendix 

Camber and Ride Height
Looking at figure 9, the camber and ride height can be seen with differences between the Wingeo3 model and the collected data lines. Starting only 0.6 degrees off at -25 Ride Height and meeting at the graph’s origin, the lines are similar. However, after this the lines separate with the collected data line having a significant increase in camber that is not linear with the rest of the line. This could be due to numerous reasons such as human error, conditions in which the data was collected, how old the vehicle you are measuring is and how deteriorated the car is. 
Toe and Ride Height
Looking at figure 10, the toe and ride height collected and followed a near identical trend and gradient however the starting and ending points are unique for each line. They both cross the origin. The reason for this difference could be the same as the reasons mentioned in camber graph. 
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Ks = Spring Rate (N/m)
Kw = Wheel Rate (N/m)
Sl = Suspension Leverage (Velocity Ratio) 
f = Natural Frequency Sprung mass (Hz) 
Ms = Mass sprung (kg)
Kt = Tyre Rate (N/m) 
Mus = Mass Unsprung (kg)
fus = Natural Frequency Unsprung mass (Hz)

VELOCITY RATIO (SL)

SL = ratio of wheel movement to spring compression (Also referred to as Velocity Ratio by Mitchell)
Wheel movement 57.35mm 
Spring compression from 49.40mm to 22.16mm = 27.24mm
57.35 / 27.24 = 2.11
Suspension Leverage = 2.11:1 
Sl = 2.11


MASS SPRUNG (MS)

Minimum vehicle mass (without the driver) 425kg
Assuming 50/50 weight distribution 

Total Mass = Vehicle Mass + Driver Mass
425 + 70 = 495kg

Total corner mass 
495 / 4 = 123.75kg

Unsprung corner mass is 26 kg
Mus (corner) = 26kg

Total corner mass – Unsprung corner mass (Mus) = Sprung corner mass (Ms)
123.75 - 26 = 97.75
Ms (Corner) = 97.75kg





SPRING RATE (KS)

Spring rate is 398 lbs/inch
398/2.2 (lbs to kg) 
x 9.81 (kg to newtons) 
/0.0254 (inches to m) = N/m (Spring Rate in N/m)
Ks = 69870.79N/m



WHEEL RATE (Kw)







Kw = 15693.90 N/m



NATURAL FREQUENCY OF THE SPRUNG MASS (f)
 




Sprung Mass frequency = 2.02Hz













THE NATURAL FREQUENCY (FUS) OF THE UNSPRUNG MASS (MUS)
Assume that Kt = 256000 N/m





Unsprung mass frequency = 16.27Hz

(Jeong and Suh, 2001, p. 104) 

Analysis

Sprung mass frequency 
The sprung mass being everything above the suspension springs. The result of 2.02Hz is inline with what was expected for a formula ford as it fits in 1.5 – 2.5Hz range for “Non-Aero race cars, moderate downforce Formula cars” (5. Spring Rates & Suspension Frequencies, 2017). This means the result is likely to be accurate.  For an everyday passenger car 2.02Hz is considered harsh however in racing cars higher frequencies are more acceptable. (6. Automobile Ride, 2019) 

Unsprung mass frequency
The unsprung mass being everything below the springs. The result of 16.27Hz is a reasonable answer as the wheel movement would be far more violent and faster to return to rest so that it can effectively absorb the next compression. As the wheel movement is independent to the movement of the chassis this high frequency wouldn’t affect the driver.  










[bookmark: _Toc27072029]Roll Centre  
[image: Click for larger image][image: Click for larger image]A roll centre is a point around which the chassis rolls around as it manoeuvres and is determined by the design of the suspension. This point can be high, low or under the ground depending on the suspension. It is found by drawing a line from the contact patch of the tyre through the pivot point of a swing arm. In a double wishbone system as found on the formula ford, the line is drawn to the virtual pivot point which is found by extending the arms of the wishbone until they meet as seen in figure 12. All cornering forces developed by the tyre act through the roll centre as seen in red arrow in figure 11. As seen in figure 11 forces are both lateral and vertical. When roll centre is compared to centre of gravity (a virtual point in which the cars mass is concentrated a one point). It adds another dimension to roll centre where the car is affected in cornering depending on where the two virtual points are in relation to each other. For example, if the roll centre is the same point as the centre of gravity it will not roll in the corner in principle. And if its higher it leans outwards and if its lower it leans inwards. (Edgar, 2013)Figure 12 Double Wishbone RC Diagram
Figure 11 Roll Centre Diagram














DIAGRAM OF ROLL CENTRE POSITION CHANGING WITH ROLL ANGLE IN WINGEO3
Roll centre changes with roll angle and when inputted into WinGeo by changing bump and roll creates a locus of the roll centre position. In this instance the model of the car started at -25 ride (25mm bump). Then 3 degrees of roll was added in 0.1-degree increments. Then the model was set at +25 ride (25mm rebound) and the roll and ride were reduced incrementally until 0 ride and roll was reached. This produced the diagrams below showing how the roll centre changes with roll angle. 
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[bookmark: _Toc26976974][bookmark: _Toc27072030]Evaluation 
In conclusion the collected results were similar to the modelled results. However, they were not one hundred percent accurate compared to the Wingeo3 model. This can be explained firstly as human error. For the first session our results were the same as the model however in the second session the results were inaccurate. This could be because of reasons such as:
 	-The wheel height could have been zeroed incorrectly at the start of the session
	-The damper nut could have been over rotated.	
	-The DTI gauges could have been misread
	-The coil spring tester hydraulic press could have been pressed to much in any of the    	ten presses 
	-The scale for the unsprung mass could have been zeroed improperly 
Secondly, the reasons that the results could have been could be the condition of the car. For example, joints could have deteriorated over time from being used, taken apart and put back together. Lastly could be differences in condition (like temperature) from when the original model was measured.
An improvement for the both session’s method could be the use of alternative measuring device for points in space with a device like a measuring laser. 
Overall this investigation was positive and the kinematic and force related characteristics were identified successfully. 
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Collected Ride Height vs Camber
	Zeroed Ride (mm)
	Zeroed Camber (degrees) 

	-25.62
	-0.31

	-19.3
	-0.24

	-12.8
	-0.16

	-6.29
	-0.08

	0
	0

	7
	0.08

	12.61
	0.17

	19.07
	0.26

	25.37
	0.38

	31.73
	0.58













Collected Ride Height vs Toe Angle 
	Zeroed Ride (mm)
	Zeroed Toe (degrees)

	-25.62
	-0.230

	-19.3
	-0.171

	-12.8
	-0.111

	-6.29
	-0.055

	0
	0.000

	7
	0.055

	12.61
	0.102

	19.07
	0.149

	25.37
	0.192

	31.73
	0.226















Wingeo3 Ride Height vs Camber 

[image: ]

Wingeo3 Ride Height vs Toe  
[image: ]
Graphs Comparing Wingeo3 and Collected Results



Collected Ride Height vs Camber 

-25.62	-19.3	-12.8	-6.29	0	7	12.61	19.07	25.37	31.73	-0.31	-0.24	-0.16	-0.08	0	0.08	0.17	0.26	0.38	0.57999999999999996	Ride Height (mm)


Camber (degrees)



Collected Ride Height vs Toe

-25.62	-19.3	-12.8	-6.29	0	7	12.61	19.07	25.37	31.73	-0.23021923999999999	-0.1705327715974124	-0.11084630319482477	-5.5423153963850613E-2	0	5.5423144498097765E-2	0.1023196553858452	0.14921616627359258	0.19184935798972663	0.22595591136263377	Ride Height 


Toe Angle (degrees)



Camber Angle vs Ride Height

Collected Data	-25.62	-19.3	-12.8	-6.29	0	7	12.61	19.07	25.37	31.73	-0.31000000000000005	-0.24	-0.15999999999999992	-8.0000000000000071E-2	0	7.9999999999999849E-2	0.17000000000000015	0.26	0.38000000000000012	0.57999999999999985	Wingeo3 Data	-25	-20	-15	-10	-5	0	5	10	15	20	25	30	-0.20699999999999999	-0.16	-0.11600000000000001	-7.4999999999999997E-2	-3.5999999999999997E-2	0	3.3000000000000002E-2	6.4000000000000001E-2	9.2999999999999999E-2	0.11799999999999999	0.14099999999999999	0.161	Ride Height (mm) 


Camber angle (degrees)




Toe vs Ride Height 

Collected Data	-25.62	-19.3	-12.8	-6.29	0	7	12.61	19.07	25.37	31.73	-0.23021923999999999	-0.1705327715974124	-0.11084630319482477	-5.5423153963850613E-2	-4.7328764241072463E-9	5.5423144498097765E-2	0.1023196553858452	0.14921616627359258	0.19184935798972663	0.22595591136263377	Wingeo3 Data	-25	-20	-15	-10	-5	0	5	10	15	20	25	30	-0.26300000000000001	-0.20599999999999999	-0.152	-9.9000000000000005E-2	-4.9000000000000002E-2	0	4.7E-2	9.1999999999999998E-2	0.13500000000000001	0.17599999999999999	0.216	0.253	Ride Height (mm) 


Camber (degrees)
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