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Introduction
	The purpose of this investigation is to review how the suspension assembly of a chosen vehicle behaves when compressed, released and rolled. Additionally, there are other parameters that will be calculated, including:
 






 
	The vehicle provided for this report is a former Formula Ford race car, the vehicle chassis has been cut in half so that only the front portion remains. It is also fixed to a flat measuring surface for accurate measuring results.
	The suspension corner that is undergoing investigation is the Right Front (RF). This has not been chosen for any reason in particular. The methodology- Session 1 contains the process of measuring the vehicle’s hardpoints.

Equipment
	During the measuring process, there was a various selection of tools and equipment used to obtain accurate dimensions.
Vernier Calliper
The Vernier calliper was the most used piece of precision measuring equipment during the 1st lab session. A Vernier calliper consists of two sliding pieces of metal with a jaw like end. When the two pieces are actuated the space in-between the jaw varies, this is the first measurement face. There are two outward facing jaws on the opposite side providing inverted measurement capability, the second measurement face. Thirdly there is a thin metal strip which protrudes from the lower end that provides the third measurement face of the Vernier. 
Fig1.1 Vernier Calliper
[image: http://www.technologystudent.com/equip1/caliper1a.png]
Reading the Vernier calliper is simple, there are two scales on the back piece of the Vernier that overlap the front piece top and bottom. The top scale is imperial and the bottom scale is metric. When a measurement is taken the locking screw must be fastened to ensure that the measurement is not moved. The ‘0’ on the calliper denotes the nearest ‘0.1mm’. There are numbers counting up from the 0 on the scale, whichever number lines up to the lines on the top Vernier piece perfectly is the ‘0.01mm’ measurement.
The accuracy of the Vernier calliper was of upmost precision, and lead to all calculations being perfectly correct, this tool was very suited to the task that was placed on it. The only alternative that would have improved the accuracy if it were possible would have been the use of a Digital calliper.



Steel rule
	The steel rule was not used very often in the lab session although it was accurate in measuring the distance between the inner tie rod pin and the centreline of the chassis. There were no available alternatives to the rule and the rule was of sufficient accuracy to measure with, not as accurate as the Vernier as it was only accurate to ‘1mm’.
[image: C:\Users\1902940\AppData\Local\Microsoft\Windows\INetCache\Content.MSO\6F51D8B1.tmp]
Fig1.2 Steel Rule
Flat Square & Engineers Square
	There were two types of straight edge used in the measuring process, one was a flat straight edge that was a piece of flat steel turned through 90’ to make a right angle. This was used extensively to ensure that measurements were true to the X and Y axis, further ensuring accuracy. The second type of straight edge was a weighted straight edge. The same as before, only along the shorter side of the edge there was a 3-dimensional block that enabled the straight edge to be stood vertically at 90’. This allowed the measurements that were above 0 on the Z axis to be accurately projected onto the 2 dimensional plane. There were no alternatives to these tools, and the accuracy was acceptable for the measurements.
[image: C:\Users\1902940\AppData\Local\Microsoft\Windows\INetCache\Content.MSO\34B90EE7.tmp][image: C:\Users\1902940\AppData\Local\Microsoft\Windows\INetCache\Content.MSO\C2BA9829.tmp]

Fig1.3 Engineers & Flat Squares



Height gauge
	The height gauge was used to measure heights through the Z axis, a height gauge is essentially a Digital calliper that has a flat base and moves upwards, there is a flat needle for contacting the measured surfaces. This is the optimum tool for measuring heights and therefore no alternative would have offered a more precise measurement. However in the case of a height gauge not being available there is a tool called a plumb line, this piece of equipment can be used in places where the height gauge cannot fit, this tool is inaccurate and will certainly cause errors in calculations.

[image: C:\Users\1902940\AppData\Local\Microsoft\Windows\INetCache\Content.MSO\93EE951F.tmp]
Fig1.4 Height Gauge


Equipment – 2nd Session 
	This session shared equipment that has been previously described in the 1st Session Methodology, these pieces are:
-Vernier calliper
-Height Gauge 
-Steel Rule
Inclinometer
This piece of measuring technology allows the angle of a surface to be measured in relativity to a chosen point of ‘0’ (i.e the ground was the 0 axis and a slope was the measured surface). This equipment is an extremely accurate piece as it is digital, and saves time, extra measurement and double checking since it is all completed digitally. This tool was the most suitable for the task for its reliability and accuracy.
Fig1.5 Inclinometer
[image: Image result for Angle meter]
DTI gauges
	A DTI gauge is a precision measuring tool that is able to measure distances at all linear angles. They are accurate to either 0.01 mm or accurate to 0.001”. In the session they were imperial gauges. For the session they were also attached to a frame, this frame was made to hold them at a height suitable for measuring the wheel angle. These have a very suitable degree of accuracy for their chosen task.
[image: Image result for imperial dti gauge]
Fig1.6 Imperial DTI gauges
Methodology – 1st Session
	This session was made to find the points in 3-dimensional space for the inner and outer tie rod ends. The following is presented as a set of instructions on how to find the specific location of the outer tie rod:
[image: ]

Fig2.1 Ensuring equal distance of steering arms

-Find the centreline of the vehicle chassis and mark where it is
-Tape paper to the measuring surface/table to allow for line marking space.
-Turn steering wheel to a central position
-With a Vernier calliper measure the distance between the steering rack arms until both sides are equal to ensure exact steering centralization. – Lock steering in place.



[image: ]fig2.2 How the X and Y Axis should be set out on the paper
-Using the flat squares, draw a perpendicular line to the centreline of the chassis and the brake disk a small distance past the wheel hub. Ensure there is no part of the suspension passing this line, this line is now the Y axis for measuring. Draw an arrow to the side of the line that the rule is on, using the pencil side of the line can lead up to 1mm of inaccuracy per line. Use the arrow marking method for every measurement taken in this session.
-Measure the centre of the wheel hub by finding two measurable sides of a circular face that rotate around the wheel hub.
-Find the diameter (138.9mm) and halve this value for the centre line of the wheel hub (69.45mm).
-Use the flat squares to draw any perpendicular or parallel lines, Use the engineers square to project the centreline onto the Y axis and mark as a point.
-Using the flat squares draw a line crossing perpendicular through the Y axis and the centreline mark, this is the X axis. Everything in the region in front of the X axis and on the chassis side of the Y axis is regarded as a negative value.



Fig2.3 Setting up the Engineers Squares & Measurements for Y[image: ]
-Place an engineer’s square on the closest edge to the outer tie rod end, measure the distance between the edge of the square touching the surface and the furthest side of the bolt (13.40mm)
[image: ]-Measure the width of the bolt face (9.20mm) and divide the value by 2 to find the radius/centre-point of the bolt (4.60mm), subtract this value from the distance measured from the square to the bolt head (8.80mm).
Fig2.4 Marking up the Y coordinate
-Note this distance down and draw a line through the Y axis across the point where the square meets the paper.
-arrange the two flat squares in parallel through the Y axis, one must pass through the point marked with the square, and the other closer to the X Axis.
-Set the Vernier calliper to the distance between the Square line and the centre-point of the bolt (8.80mm) and move the free square (Not passing through the square line) and move it until there is exactly the distance between the bolt and square.
-Draw a line with the square to mark the bolts X axis coordinate.

[image: ]Fig2.5 Setting up the Engineers Squares & Measurements for X
-Place the engineers square in a place that is perpendicular to the last measurement and draw a line that is perpendicular to the X axis at the base of the square.
-Measure the distance between the edge of the square and the opposing end of the bolt as before (42.50mm), and subtract the radius of the bolt from the total distance (37.90mm).



[image: ]	Fig2.6 Marking up the X coordinate

-Like previously, using the squares draw another line parallel to the Y axis that is the same distance as the distance between the square and the bolt centreline (37.90mm).
[image: ]-The projected lines will now intersect at the exact X, Y coordinate of the bolt.
Fig2.7 Measuring the Z coordinate
-Use the height gauge to measure the top of the tie rod bracket, with a Vernier calliper, measure the thickness of the tie rod end (6.88mm). Halve the resultant value to produce the tie rod centre line (3.44mm). Measure from the top of the tie rod bracket to the bottom of the tie rod arm (18.19mm). subtract the tie rod centre line measurement from this value to find out the Z axis displacement from the top of the tie rod bracket(14.75mm) .
-subtract this measurement from the total height from surface to the top of the tie rod bracket (310.17mm). This is the Z coordinate. Be sure to measure any objects used to elevate the height gauge and add them to the total height measured.

Methodology – 2nd Session
	This session was carried out to measure the wheel travel, bump steer and camber changes during suspension travel.
	The following is presented as a step by step instruction on how to accurately measure these three parameters:
[image: ]Setup of measuring devices
Fig3.1 Adjustable Rod in situ

[image: ]-Remove the damper from suspension and replace with the length adjustable rod.
Fig3.2 Inclinometer in situ
-Fix inclinometer to the brake disk perpendicular to the ground or measuring surface, set to zero.

Fig3.[image: ]3 Height Gauge in Situ

[image: ]-Find a surface to measure on the wheel hub and move the height gauge needle to rest on it, set the height gauge to zero.
Fig3.4 DTI Gauges in situ

-Attach the measuring plate to the wheel hub.
-Move DTI gauge set into contact with measuring plate and compress gauge needles to approximate preload of 0.5” to allow for negative readings and turn dial face until the 0 and the needle are aligned.
-Ensure all measuring devices are set to ZERO prior to actuating the suspension.
Measuring the Parameters
-Use a Vernier calliper to measure the distance between the adjusting nut and the stop plate on the adjustable rod.
-Observe digital reading on the inclinometer.
-Read DTI gauges and round to nearest 0.001” to save calculation errors.
-Move the height gauge to the same measuring point on the hub and take measurement, ensure this measurement is from the previously zeroed value.
-Turn adjusting nut 2 revolutions 
-repeat until 10 measurements have been gathered.
Weighing the un sprung mass
-Remove all suspension securing bolts on the chassis for selected corner
-Remove detached wheel and suspension arms as one unit
-Place on scales and record measured weight



Measuring the Spring Rebound Force
-Remove coil spring from damper
-Place the spring in the coil spring tester
-Place the weighing scales underneath the coil spring and ensure they are set to lbs
-Pump the spring tester down until it meets the spring
-Set DTI gauge to 0
-compress spring by 1/10th of an inch for 10 measurements/1” in total, recording the lbs exerted on the scales each time.

Methodology – WinGeo3 Procedures
	WinGeo3 is a program used to simulate suspension movement, the simulations it provides can be used to optimize suspension performance on the race track. The following is a set of instructions to recreate the simulations analysed in this report.
For Ride, Camber and Toe Steer Results
-Take vehicle into +25mm of ride.
-Use the Table Display function to create a table of Ride, Steer R and Camber
-Note the Camber and Steer R values.
-Reduce ride height in -5mm increments until -25mm ride is reached, noting all measurements.
-Export Data
For Roll Centre
-Check [Mark RC] Button
-Take vehicle into -25mm Ride
-Add 3deg of roll
-Increase ride to +25mm
-Reduce roll in -0.1deg increments until 0
-In -5mm increments decrease ride to 0
-Export RC data


Results Analysis
	The Sessions and WinGeo3 simulations both produced their own valuable data for finding the various results needed for the report. This section will detail what information was found from these two sources, and also the physics equations used to calculate certain parameters such as the frequencies of both the Sprung Mass and Un sprung mass. 
Finding the Frequencies of the Sprung and Un-sprung Mass
	There were a number of equations and conversions that were carried out to calculate the frequencies of the two masses. The methods used were as follows:
Converting spring rate (Ks) from lbs/in to N/m
Before the frequency could be measured, the spring rate had to be converted from lbs/in to N/m.
Measured Rate: 398lbs/in
1.  		
2. 
3. 
4. 
Spring Rate (Ks) = 69847.20N/m



Calculating Suspension Leverage (SL)
	The suspension leverage is the ratio between the wheel travel and damper travel. This was calculated by dividing the wheel travel by the damper travel.
Fig4 Wheel travel vs damper Travel Table
	Wheel travel
	Spring length

	0
	49.4

	6.32
	45

	12.82
	42.5

	19.33
	41.56

	25.62
	37.94

	32.23
	33.94

	38.23
	31.8

	44.69
	28.62

	50.99
	24.72

	57.35
	22.16



1. 
2. 
Suspension Leverage (SL) = 2.10536
Calculating Wheel Rate (Kw)
	The wheel rate is the total spring rate from the wheel to the damper. This is found by dividing the Spring Rate value by the Suspension Leverage^2  .
1. 
Wheel Rate (Kw) = 15,757.82N/m
Calculating Sprung Mass (Ms)
	The sprung mass is everything that is suspended by the suspension, i.e chassis, engine, driver etc. This measurement is needed for calculation of the natural frequency.
Driver Weight: 66Kg
Vehicle Weight Including Un-Sprung Mass: 420Kg
1. 
2.  
Sprung Mass (Ms) = 380Kg


Calculating the Frequency of the Sprung (f) and Un-sprung Mass (fus)
	This equation is to find out the undamped frequency of the sprung and un-sprung masses.
 






 

For the Frequency of the Sprung Mass



Sprung Mass Frequency = 1.0249Hz
For the Frequency of the Un-sprung mass



Un-Sprung Mass Frequency = 16.1171Hz



Comparison of the WinGeo3 Graphs to the Real Measurements taken
	There were two graphs generated by WinGeo3 that were compared to the measured results, these graphs were:
-WinGeo3 and Real Camber vs Ride height
-WinGeo3 and Real Toe vs Ride height
Toe Steer vs Ride height graph

Fig5.1 Graph showing predicted Toe Steer against Real Toe Steer
	The graph shows the Toe Steer Angle of the FR wheel as the ride height increases. It is clear that the Real and Predicted data is very close, and can be concluded that the wheel moves in the same way as the computer expects it to. The positive portion of the graph shows an almost perfect match of data before the Real Toe tails off slightly at +20 Ride height. The negative portion of the graph shows negative Toe Steer to be greater than predicted. 
	It can be concluded from this graph that the Real Toe steer is relatively true to the predictions by WinGeo3.


Camber vs Ride height graph

Fig5.2 Graph showing predicted Camber against Real Camber
	This graph visualises the change in camber relative to the change in ride height. Contrary to the previous graph, there is a larger spread between the data produced by WinGeo3 and the real measurements. The negative area of the graph shows both sets of data taking a near constant incline through the graph until they meet at 0. After 0 there is a more prevalent difference in shape. Where WinGeo3 calculated the camber to begin increasing by less of an amount, the real data showed a larger increase of camber after +15mm of ride height. The answer to the variation could be for a number of reasons. The main hypothesis being that a non-compressible suspension arm was not resisting the movement of the wheel hub from -25mm to +15mm; but after +15mm had no more travel left and therefore pushed against the top of the wheel hub thus causing a steeper positive incline. This is additionally a possibility in the Toe Steer graph since at +15mm of ride there is a change in the rate of Toe Steer.


Measured and Zeroed Camber Results
	The table below is the set of measurements taken before and after zeroing. The raw data turned into useful graph data in other words.
	
	Measured Value
	Zeroed Value

	Ride
	Toe
	Camber
	Toe
	Camber

	-20
	0.06
	-1.75
	0.226
	-0.16

	-15
	0.119
	-1.83
	0.167
	-0.116

	-10
	0.175
	-1.91
	0.111
	-0.075

	-5
	0.23
	-1.99
	0.056
	-0.036

	0
	0.286
	-2.07
	0
	0

	5
	0.333
	-2.16
	-0.047
	0.033

	10
	0.379
	-2.25
	-0.093
	0.064

	15
	0.422
	-2.37
	-0.136
	0.093

	20
	0.456
	-2.57
	-0.17
	0.118


Fig6 Table showing Measured Toe & Camber against Real


Kinematic Roll Centre Loci Graph
This graph demonstrates the movement of the roll centre during different suspension loads in WinGeo3:
Fig7 Roll Centre changing with Suspension Movement
	
Rowley Describes the kinematic roll centre and it’s purpose:  

The Kinematic Roll Centre is an imaginary point in the front view plane around which the sprung mass would roll if unaffected by the elastic and geometric forces. It is most often shown as laying on the same plane as the front view instant centres. As with everything involved in the study of vehicle dynamics, the kinematic roll centre operates in Three-Dimensional space. However, it is still well worth the readers time to draw out several Two-Dimensional front view suspension systems in order to develop an understanding of the instant centres and kinematic centres.
(Rowley, 2003, Pg47 of Ch6)

Lines can be drawn from the angle of the A arms on one suspension corner to meet at a point, from this point a line can be drawn from the meeting point through the centre of the contact patch and then the centreline. Where this line passes through the centreline is where the Roll Centre will be. Moving the roll centre can dictate between the vehicle swaying or rolling through corners, hence in racing environments, cars are designed to roll rather than sway.
	When the suspension moves through roll, steer and ride; so does the roll centre, WinGeo3 has a function that tracks the Roll Centre during the moments of movement and can be seen above.
	



Measurement Data – Tie Rod Joints
[image: ]	The coordinates measured in the 1st Session were entered into the WinGeo3 program to generate an incline angle check. The WinGeo3 incline check was then compared to the real incline via the use on an inclinometer. The following shows the entered coordinates into the WinGeo3 program and a table comparing the real and generated incline checks.


Fig8.1 Graph showing predicted Toe Steer against Real Toe Steer

	WG3 Incline Check
	Real Incline Check

	0.09 Deg
	0.09 Deg


Fig8.2 WG3 vs Real Incline Check
	
As shown in the above table, the measurements entered into the WinGeo3 Program were accurate to 0.01 of a degree, this has proceeded to show that the predicted inline check is exactly the same as the measured check.


Evaluation
	As a summary of the tests carried out on the suspension system there are relationships between the data collected. As previously discussed on the Toe Steer/Ride graph in the results, the real movement of the suspension is very close to the predictions made in WinGeo3. The results did not match perfectly however, and could be result to error. 
The Camber/Ride graph was much less coordinated and the data spread was further apart. This may have been victim to poor measurements entered into WinGeo3 for the suspension schematic. Since these measurements were taken by a third party, the accuracy of the suspension and suspension actuation in WinGeo3 is an uncontrolled variable apart from if the measurements taken on the Tie Rod were implemented. The data produced by WinGeo3 could be better verified if there were the means to measure up the suspension system as a whole, in the same method as the first practical. 
 The accuracy of the data gathered in the real measurements is prone to inaccuracies, this is due to any accidental movement of equipment, mechanical measuring devices, and human error in reading the devices. This was combatted by double checking measurements, having multiple members of the group checking gauges/dials/scales to ensure an average, and also high precautions when measuring with the Vernier calliper to ensure the most accurate results possible from the means available.
 As for the formulae and calculations used to work out the suspension frequencies, these are also prone to the previous variations of error. All equations have been double checked for correct methods and outputs. The accuracy of the answers is to 2 decimal places, and of course going into further decimal places will increase the accuracy, for this purpose 2 decimal places was sufficient and the frequencies were given in 4 decimal places.
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WinGeo 3 Toe Steer vs Real Toe Steer

Real Toe	-25	-20	-15	-10	-5	0	5	10	15	20	25	-0.22600000000000001	-0.16700000000000001	-0.111	-5.6000000000000001E-2	0	4.7E-2	9.2999999999999999E-2	0.13600000000000001	0.17	WG3 Toe	-25	-20	-15	-10	-5	0	5	10	15	20	25	-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	Toe angle (deg)


Ride Height (mm)




Wingeo 3 camber vs real camber

WG3 Cam	-25	-20	-15	-10	-5	0	5	10	15	20	25	-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	Zero	-25	-20	-15	-10	-5	0	5	10	15	20	25	-0.3899999999999999	-0.31999999999999984	-0.23999999999999977	-0.15999999999999992	-7.9999999999999849E-2	0	0.09	0.18	0.3	0.5	0.68	Camber angle (deg)


Ride Height (Mm)
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