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[bookmark: _Toc99749676]Introduction
Started in 1949 and being the oldest continually running championship series, 750 Formula has a lot of history. Starting off racing Austin 7s often modified by the individual on a budget with considerable design freedom, the series has since progressed to homebuilt race cars, still retaining the majority of the original design freedom and low-cost ethos (Staniforth, 1997). Famous names include Gordon Murray, Colin Chapman and John Cooper.
The aim of this report is to examine and understand the characteristics of a Racekits Falcon 750 Formula chassis system and to improve on its design where possible within the regulations, allowing for better performance. Areas to be looked at are the chassis, front and rear suspension systems, wheels and tyres, steering system and brakes. Final designs and recommendations will then be put forward.




[bookmark: _Toc99749677]Project Planning 
This section shows the time plan for this project and the individual tasks involved.
[bookmark: _Toc99749678]Tasks
	Task
	Assigned Group Member
	Expected Start Date
	Expected End Date
	Days Required

	Research

	Front suspension system
	Sam Alvey-Taylor
	08/10/2021
	21/10/2021
	14

	Rear suspension system
	Stephen White
	08/10/2021
	21/10/2021
	14

	Steering system
	Harry Williams
	08/10/2021
	21/10/2021
	14

	Braking system
	Ross Vince
	08/10/2021
	21/10/2021
	14

	Chassis system
	Joe Gauntlett
Ollie Turner
	08/10/2021
	21/10/2021
	14

	Wheels and tyres
	Matthew Jones
	08/10/2021
	21/10/2021
	14

	Characterisation

	Characterise front suspension
	Sam Alvey-Taylor
	10/11/2021
	16/11/2021
	7

	Characterise rear suspension
	Stephen White
	10/11/2021
	16/11/2021
	7

	Measure steering system
	Harry Williams
	10/11/2021
	12/11/2021
	3

	Measure braking system
	Ross Vince
	10/11/2021
	12/11/2021
	3

	Build solidworks model of chassis
	Joe Gauntlett
Ollie Turner
	10/11/2021
	06/11/2021
	3

	Measure wheels and tyres
	Matthew Jones
	10/11/2021
	12/12/2021
	28

	Testing

	Test front suspension
	Sam Alvey-Taylor
	13/11/2021
	26/11/2021
	14

	Test rear suspension
	Stephen White
	13/11/2021
	26/11/2021
	14

	Calculate steering angles and setup
	Harry Williams
	13/11/2021
	22/11/2021
	10

	Calculate braking
	Ross Vince
	13/11/2021
	22/11/2021
	10

	Stress test chassis
	Joe Gauntlett
Ollie Turner
	13/11/2021
	26/11/2021
	14

	Calculate wheel inertia and other parameters
	Matthew Jones
	13/11/2021
	22/11/2021
	10

	Analysis

	Front suspension test results analysis
	Sam Alvey-Taylor
	06/12/2021
	02/01/2022
	28

	Rear suspension test results analysis
	Stephen White
	06/12/2021
	02/01/2022
	28

	Steering system test analysis
	Harry Williams
	06/12/2021
	02/01/2022
	28

	Braking calculation analysis
	Ross Vince
	06/12/2021
	02/01/2022
	28

	Chassis test analysis
	Joe Gauntlett
	06/12/2021
	02/01/2022
	28

	Wheel and tyre research and calculation analysis
	Matthew Jones
	06/12/2021
	02/01/2022
	28

	Modelling

	Front suspension components
	Sam Alvey-Taylor
	10/01/2022
	23/01/2022
	14

	Rear suspension components
	Stephen White
	10/01/2022
	23/01/2022
	14

	Steering components
	Harry Williams
	17/01/2022
	30/01/2022
	14

	Braking components
	Ross Vince
	17/01/2022
	30/01/2022
	14

	Chassis components
	Joe Gauntlett
	10/01/2022
	23/01/2022
	21

	Wheel and tyre components
	Matthew Jones
	22/01/2022
	04/02/2022
	14

	Group Meetings

	Group meeting
	All members
	04/10/2021
	04/10/2021
	1

	Group meeting
	All members
	11/10/2021
	11/10/2021
	1

	Group meeting
	All members
	18/10/2021
	18/10/2021
	1

	Group meeting
	All members
	25/10/2021
	25/10/2021
	1

	Group meeting
	All members
	01/11/2021
	01/11/2021
	1

	Group meeting
	All members
	08/11/2021
	08/11/2021
	1

	Group meeting
	All members
	15/11/2021
	15/11/2021
	1

	Group meeting
	All members
	22/11/2021
	22/11/2021
	1

	Group meeting
	All members
	29/11/2021
	29/11/2021
	1

	Group meeting
	All members
	06/12/2021
	06/12/2021
	1

	Vivas

	Interim viva preparation
	All members
	13/11/2021
	01/12/2021
	19

	Interim viva
	All members
	01/12/2021
	01/12/2021
	1

	Final viva preparation
	All members
	07/02/2022
	06/03/2021
	28

	Final viva
	All members
	30/03/2022
	30/03/2022
	1

	Report writing
	All members
	07/02/2022
	01/04/2022
	40
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[bookmark: _Toc99749680]Literature Review
This section aims to address the research that has been undertaken to better understand our individual areas of work, in order to provide a better understanding of the fundamentals of the current systems and to make sure any changes made are well founded.
[bookmark: _Toc99749681]Sporting Regulations (Stephen White)
As with most motorsport series, sporting regulations are in place to ensure safe and competitive competition. They must be complied with otherwise the vehicle may not be eligible for entry. The 750 Formula regulations pertaining to the suspension are as follows:
· “5.5.1. Be fitted with sprung suspension between the wheels and the chassis” (Motorsport UK, 2021).
· “5.5.2. Suspension must be controlled to avoid fouling of wheels on chassis or bodywork” (Motorsport UK, 2021).
· “5.20.11. No part of the bodywork, or of the suspended part of the car, can be below a horizontal plane passing 4cm above the ground (unless stated otherwise in SRs), the car being in normal racing trim with the occupants aboard. A gauge may be used by Scrutineers before or after races or practice to check the ground clearance” (Motorsport UK, 2021).
These regulations apply to both front and rear suspension systems, so it is important that any changes meet these requirements.

[bookmark: _Toc99749682]Suspension System Requirements (Sam Alvey-Taylor)
A suspension system must work well in three main parameters: ride comfort, road holding and handling (Goodarzi & Khajepour, 2017). In simple terms, going forward the front suspension system must be stable and predictable by controlling tire force variations and roll centre migration. The system must be comfortable for the driver so as not to compromise safety.
Firstly, ride comfort. For the Formula 750 this report is focussed on, this section is not based on the comfort of the driver but focusses on vibrations. Reducing vibration in the vehicle by isolating the vehicle body from the road will improve not only the comfort of the driver but mainly improve the vehicle reliability by reducing the vibration and shock to the vehicle’s components. Although driver comfort is not a major factor in race cars like the formula 750, if the driver experiences extreme vibrations this can cause major problems in terms of driver performance as it can affect a driver’s ability to perform through distorting a driver's vision or potentially injury. Therefore, driver comfort is not paramount as it is in passenger cars but must be considered to ensure the driver can perform at the best level they can and ensure the driver can feel how the car handles without issue. 
The magnitude and direction of the forces between the road and the tyre determine the vehicles behaviour and performance, therefore one of the most important tasks of a suspension system is road holding (Goodarzi & Khajepour, 2017). The lateral and longitudinal forces generated by a tyre depend directly on the normal tyre force, this normal tyre force influences traction, cornering, and the braking abilities of the vehicle. These aspects of dynamic behaviour are improved if the variation in the normal tyre force is minimized (Goodarzi & Khajepour, 2017).
The main function of the suspension system for the Formula 750 is handling. A suspension system should ensure vehicle stability in every maneuverer, such as braking, accelerating, and cornering. The vehicle should respond to the drivers’ commands proportionally and smoothly. The vehicles behaviour must be predictable with behavioural information being fed back to the driver. A vehicles suspension system must control roll and pitch motion, the angles of the wheels, and control load transfer through cornering to suit the vehicles behavioural needs and how the drivers and engineers want the vehicle to handle (Goodarzi & Khajepour, 2017). 	Comment by Abi Summerfield: I'd open this section with this statement and delete the first paragraph you currently have.  
[bookmark: _Toc99749683]Front Suspension (Sam Alvey-Taylor)
[bookmark: _Toc99749684]Push Rod Suspension
[image: ]Push rod systems include a solid rod where there would typically be a damper and spring, this push rod activates a pivot known as a rocker that is bolted to the vehicle body. This rocker then activates the damper and coil spring which has now been moved inboard the vehicle, example seen in Figure 1.  Push rod systems are extremely popular in motorsport due to advantages gained through reduced mass, improved aerodynamics, and design freedom (Suspension Secrets, n.d.).[bookmark: _Toc99731371]Figure 1 - Image Showing Formula 750 Pushrod Suspension

Firstly, a pushrod suspension system allows a vehicle to have a smaller damper and spring, this reduces the mass of the suspension system. Not only this but a pushrod system allows the distribution of mass to be further inboard and closer to the centre line of the vehicle, therefore keeping the centre of gravity and centre of mass of the vehicle more central (Suspension Secrets, n.d.). Although the Formula 750 does not have its suspension elements in the airflow with the given bodywork, a pushrod suspension removes a large bulky damper and spring from the airflow and replaces it with a thin metal rod, thus improving airflow between the wheels and the chassis (Suspension Secrets, n.d.). The only disadvantage of a push rod is a higher centre of gravity as most of the suspension components are mounted high up, this problem can be solved by a pull rod, essentially a push rod turned upside down, where the suspension components are mounted at the bottom of the vehicle (F1 Dictionary, n.d.). 
[bookmark: _Toc99749685]Roll Centre and Vehicle Behaviour
The roll centre of a vehicle is a theoretical point at which the vehicle rolls around, it is actively determined by the design of the suspension, namely the upper and lower wish bone geometry. This means that adjusting these suspension arms through various methods, will change the location of the vehicles roll centre. 
Whilst ignoring suspension components such as anti-roll bars and springs since these components do not have an effect until the vehicle begins to roll. The amount a vehicle rolls is determined by the distance between the vehicles centre of gravity and the roll centre. The closer the distance between the centre of gravity and the roll centre, the less the chassis will roll and vice versa (The Car Tech, n.d.). 
The location of the roll centre has an important effect on the way a vehicle behaves. A lower roll centre will result in a less responsive car overall with less on throttle steering, best used on tracks with long sweeping corners. Whereas a higher roll centre will result in a more responsive car overall and more on throttle steering, best used on tracks with faster direction changes such as chicanes (The Car Tech, n.d.).
Finally, a large amount of roll centre migration can cause stability problems. It is generally considered that a good suspension system has little change in its roll centre location. To reduce roll centre migration, wide instant centres to reduce camber gain under bump is a good rule of thumb (Racing Aspirations, 2017).

[bookmark: _Toc99749686]Roll Stiffness and Vehicle Behaviour
Adjusting roll stiffness is a way to alter vehicle balance between the front and the rear axle. Adjusting roll stiffness on an axle adjusts the amount of load transfer that happens across said axle, resulting in changes in vehicle balance and behaviour. To adjust roll stiffness across an axle, an engineer can adjust the spring rates and anti-roll bar on an axle to achieve a desired effect, whether that be stiffer or more compliant with the road surface. 
So, each axle has a different roll stiffness, the axle with the higher roll stiffness has a higher load transfer as it bears the greater proportion of the vehicles total roll moment. This means that wheel loads are more transferred within an axle when the axle bears more of the vehicles total roll moment. Due to the tire properties, the relationship between the tire lateral force to the wheel load is degressive, as more force is transferred to the tire, the total lateral force of the axle is decreased as load transfer increases. (Betti Bolló, 2018)
Therefore, as the total lateral force across the stiffer axle is decreased, the total effective cornering stiffness on the axle is also reduced, therefore producing less grip. So, if the front axle is stiffer than the rear axle then there is less grip on the front axle and the vehicle will exhibit behaviour leaning towards understeer. On the contrary, if this was reversed and the rear axle of the vehicle has a higher roll stiffness than the front, the vehicle will have less grip on the rear, resulting in vehicle behaviour that leans towards oversteer (Betti Bolló, 2018). 
[bookmark: _Toc99749687]Cost
[image: ]
[bookmark: _Toc99731372]Figure 2 - Table of Front Suspension Component Costs
All parts and associated costs were sourced from (Racekits, n.d.).

[bookmark: _Toc99749688]Rear Suspension (Stephen White)
[bookmark: _Toc99749689]Current De Dion
The chassis is currently fitted with a De Dion rear axle, a dependent system. It makes use of coil springs and dampers which are connected to a De Dion tube through rockers and pull rods. A Panhard rod is used to connect the De Dion tube to the vehicle’s chassis, acting as a preventer of lateral axle movement relative to the vehicle chassis (Gillespie, 1992). Radius rods are used to prevent longitudinal movement of the axle due to drive forces.
Advantages
Solid axle systems do not allow for dynamic camber changes, resulting in a constant camber angle ,minimising tyre wear (Gillespie, 1992).
Pull rod systems are advantageous in that the springs and dampers can be mounted lower down on the chassis, therefore lowering the Centre of Gravity (CoG) height (Suspension Secrets, 2017). The springs and dampers are fitted inboard of the chassis, reducing the amount of aerodynamic drag (Suspension Secrets, 2017).
Disadvantages
An inherent disadvantage of a dependent system is that one wheels action affects the other in the opposite manner; if one wheel is subjected to a vertical force, the opposite wheel if affected by a downwards force. This can negatively affect cornering performance and can unsettle the car, resulting in oversteer (Gillespie, 1992). 
The mass of a de Dion system is typically larger than that of an independent system. (Gillespie, 1992). This mass is unsprung and therefore results in a less responsive system due to increased inertia, hampering performance (Gillespie, 1992).
Camber remains constant during cornering, which is a disadvantage due to not allowing the tyres to run at their optimum camber angle, reducing the maximum mechanical grip the tyre can output. This is detrimental to performance as it results in lower maximum cornering speeds, leading to slower lap times and a less competitive car.

[bookmark: _Toc99749690]New System Requirements
The new system must allow the vehicle to handle bumps in a more controlled manner. As previously mentioned, whatever affects one side of the system will affect the other side in the opposite manner. This is detrimental, so an independent system must be used instead. This will increase predictability and stability, thus increasing the vehicle’s performance potential.
Ideally the system must be relatively low cost, both to implement and replace in the event of failure. The system must be able to be optimised to ensure it is predictable under bump and roll conditions. Due to the engine being fitted at the rear of the chassis, a system that takes up a small amount of space is needed.
Speaking to Martin Kemp of Racekits, the company that designs the current chassis, he expressed great importance on the systems predictability, due to most of the competitors having amateur driving abilites. Additionally, emphasis was placed on cost as the ethos of the championship is that it is low cost, resulting in design decisions that influence performance. Emphasis was also placed on packaging constrains that will need to be designed around, such as engine placement. 	Comment by Abi Summerfield: Nice.

[bookmark: _Toc99749691]Double Wishbone
To replace the current system, a double wishbone system will be employed. It is a well understood and established system commonly used in motorsport applications, making it suitable for replacing the current system (Suspension Secrets, 2017). This system is already employed for the front suspension, showing that it is viable for use in the championship.
Advantages
The use of a double wishbone system will allow for dynamic camber changes through cornering. Additionally, the wishbone lengths can be optimised to allow the wheels to operate at the optimal tyre camber angle, improving mechanical cornering grip (Gillespie, 1992). 
Double wishbone systems are compact compared to other independent types, making it an ideal fit for the rear suspension due to having the engine and powertrain components taking up a large amount of space (Gillespie, 1992). Additionally, their smaller size results in a lighter system, reducing unsprung mass and resulting in a more responsive system (Gillespie, 1992).
Disadvantages
Whilst the system geometry can be fine-tuned to ensure good performance, it can be complicated. Different geometry configurations result in different behaviours, so making sure different configurations are tested for comparative purposes is vital. This can be aided using suspension simulation software.
Another issue is predictability. Racekits placed emphasis on the predictability of the suspension, so this must be a constant consideration. Roll centre migration is an important factor to consider, as a roll centre that has a wide range of travel can make the vehicle unpredictable during sudden directional changes, potentially causing loss of traction. 
Another disadvantage is cost and number of components.  However, the De Dion system does use a lot of components for its type, which could offset the cost difference between the two systems.

Fundamentals
Geometry plays a big part in double wishbone systems. Equal length and angled wishbones maintain a constant camber angle throughout bump, due to the wishbone ends moving through the same arc radius and have a very small amount of toesteer under bump (Balance Motorsport, 2015). Unequal length wishbones result in the wishbone ends moving through different radius arcs, leading to changes in camber angle under roll and jounce (Grover, 2016)
Toesteer also occurs during jounce. This is where toe angle changes as the springs compress and extend. Toe in increases cornering stability, however, leads to less transient response (Suspension Secrets, 2020). Toe out at the rear results in less stability during high-speed cornering and under braking, however, can result in a car that changes direction quicker (Suspension Secrets, 2020).
[image: Graphical user interface, text, application, Word

Description automatically generated]Instant centres are the point at which the two lines determined by location, angle and length of the wishbones on one side are drawn towards the longitudinal vehicle centreline, their point of intersection representing the instant centre (Gillespie, 1992). Another line can then be drawn connecting the instant centre and the contact patch centreline of the opposite side wheel (Gillespie, 1992). The intersection point of these represents the location of the roll centre. Roll centre represents the point which the sprung mass revolves around. The instant centre positions will fluctuate under cornering conditions as the wishbones move through their respective arcs, resulting in roll centre positional fluctuations. This will influence the roll axis angle (Grover, 2016). [bookmark: _Toc99731373]Figure 3: Instant centre (circled in green) and roll centre (circled in orange) shown using Wingeo

Motion ratio represents how much the spring displaces compared to wheel displacement (Grover, 2016). Motion ratio directly affects the rate at which camber and toe change, any deviations from linearity result in non-linearity for other values.  
Load transfer is affected by suspension component stiffness, primarily the spring and ARB and spring rates. Stiff components lead to more lateral load transfer, which can be negative on a rear drive vehicle as it can cause oversteer.
[bookmark: _Toc99749692]Tyre Data, Modelling and Testing (Matthew Jones)
[bookmark: _Toc99749693]Championship Tyre Regulations
5.12: WHEELS / STEERING 
1. Permitted Options: Free. 
2. Prohibited Options: Any in contravention of MOTORSPORT UK 
regulations. 
3. Construction & Materials: Free. 
4. Dimensions: Free. 
5.13: TYRES 
The use of tyre heating/heat retention devices, tyre treatments and 
compounds is prohibited.
1. Wet Tyres: Wet tyres are free but as a minimum the tread 
pattern must have at least four circumferential grooves of at least 
7mm width equally spaced across the tyre and of minimum 1.6mm 
depth or be a full wet pattern as defined in appendix iii. Wet tyres 
must be fitted to wheel rims up to a maximum width of 8 inches.
2. Slick Tyres: Slick tyres must be the YOKOHAMA radial, size 
160/520/R13, code no: N2669. Size and code numbers must be 
clearly visible.
(750 Formula, 2021)
 The dry tyres for the Formula 750 championship are a regulated Yokohama Advan A005 which must be 160/520/R13 in size and have the code no N266 clearly visible.  
  The wet tyre regulations display that there is a free selection on wet tyres however the tread pattern must have at least four circumferential grooves of at least 7mm width equally spaced across the tyre and of minimum 1.6mm depth or be a full wet pattern as defined in appendix iii. Wet tyres must be fitted to wheel rims up to a maximum width of 8 inches.  
  Browsing the forums result in no information of what wet tyres the other drivers/ teams are using on the grid. Looking on Yokohama’s website, there is a wet tyre called the Yokohama Advan A006 available in a 13-inch diameter with a size of 160/55VR13 which has the same width as the regulated slick tyre for the championship. This seems like a fitting wet tyre for the Formula 750 as the A006 commonly utilised in other formula championships.  
[bookmark: _Toc99749694]Wheel Size & Design
  The tyre restricts the wheel diameter to 13 inches but leaves the width and offset can be chosen. Yokohama recommends a rim width of 6 inches for their A005 tyre however a 5.5 inch or 6.5-inch width wheel would fit the tyre. The safest option would be to opt for Yokoyama's recommended rim width of 6 inches.​ A larger width rim would give the tyre more stretch and will put more strain on the sidewall​.
  Selecting an offset requires a few parameters to be taken into consideration such as brake clearance to allow the wheel to spin freely without coming into contact with the brake calliper. Clearance between the wheel and the suspension system componentry also needs to be accounted for. Reviewing offset options from the selected wheel alongside measurements an offset value of +18 was made. 
· The PCD is 4x108    
· Fiat Seicento wheels 13x5.5 weigh 6kg per wheel  
· Revolution 4 spokes in 13x6 weigh of 4/4.6 kg per wheel   
· Compomotive CXR wheels 13x6 weigh 4.5kg per wheel 
· Mu Value Slicks 1.3 
  Due to Yokohama not releasing their tyre data ​a representative tyre was selected instead. Avon offer a similar slick (Avon A92) which is used on Formula student cars in the size of 16/530/R13. The A92 operating window is 30-55 C.

[bookmark: _Toc99749695]Less Rotational Inertia
Opting for an alternative wheel choice’s aim was not just to reduce unsprung mass but lower the rotational inertia of the wheel. “Rotational inertia is the amount of resistance it takes something to change velocity.” (Tire Buyer, 2021) Having less mass in motion will benefit the acceleration of the vehicle. A wheel with less rotational inertia requires less power to move than a wheel with more. Rotational inertia can be dramatically affected based on how wheels mass is distributed in the construction of the wheel. Weight that is centred closer to the hub leads to a much lower rotational inertia than if the weight was in the rim or lip of the wheel. 

[bookmark: _Toc99749696]How are we distributing weight?
When turning a corner, the outside tyres are put under greater load than the inside tyres due to the load shift during the corner. The load transfer decreases the weight on the inside tyres and increases the load onto the outside tyres. The Formula 750 is driven by the rear wheels therefore the rear tyres also have the role to transmit the vehicle's power to the driving surface. 
 	  The Formula 750 championship was designed to be a budget friendly series as it is “designed to encourage close, competitive club racing while controlling costs.” (750 Formula, 2022) Despite the races being short it would be more cost effective for tyres to last as long as possible. “Competitors at the pointy end of the grid will probably use 1.5 sets per year” (750 Formula, 2022) With the aim to preserve tyre life the front end of the car could be stiffened to limit roll. 
  The Formula 750 does not have a large power output therefore straight-line stability and corner exit traction can be slightly sacrificed. This is possible as there is not a large amount of power being applied to the driven wheels to overwhelm the tyres. Increasing the vehicle's camber will increase the contact patch of the Formula 750 during cornering enabling the car to carry more speed through the corner due to the larger amount of grip available. 

[bookmark: _Toc99749697]Camber against Slip Angle 
There is an ideal operating window where the tyres have the best contact patch with the road surface during a corner enabling the car to have the most grip available. There are only certain points of a lap where the tyre will be in the ideal camber operating window. Simulation enables a graph to be plotted of the vehicle's camber changes over the course of the lap and where it sits in the operating window. Through running the simulation with a plethora of different camber values an ideal camber value can be selected. The ideal camber value will be the camber figure where the tyre has the greatest contact patch. Unfortunately, the simulation was not able to run therefore the camber data was unable to be extracted.
  The ideal camber operating window drops off once the tyres exceed the ideal camber window, this occurs when the tyre surpasses the ideal camber, and the car will suffer from a loss of grip. Before the tyre is in the ideal camber operating window the tyre has grip but could have more if the contact patch was larger by adding camber, however over the course of the lap the tyre cannot always be in this slim ideal window so it is better if the tyre can be as close to and within this window for as much of the lap as possible during corners to maximise the additional grip available. 
  To optimise a tyres performance during a corner it is essential that the tyre is kept in the ideal camber operating window for the majority of the lap. “Since the wheel is connected to the chassis by several links which must rotate to allow for the wheel deflection, the wheel can be subject to large camber changes as the suspension moves up and down.” (Grassroots Motorpsorts, 2022) (2022, Grassroots Motorsports) Deflection will not just occur as the car is put under load during a corner, but small amounts of deflection will occur as the car encounters bumps on the road surface. “The more the wheel must deflect from its static position, the more difficult it is to maintain an ideal camber angle.” (2022, Grassroots Motorsports)
[bookmark: _Toc99749698]Camber Thrust
Camber thrust can be used to reduce the tyre slip angle. “Camber thrust is a distortion of the contact patch, with the road applying a force on the tread trying to rotate the tyre back in a straight up position.” (the Racing Line, 2022) 
 	 The leading edge of the contact patch is turned toward the camber lean and as the tyre rolls forward, the leading edge comes down onto the road surface with a slip angle despite no steering angle being applied. “If there is more load on one corner of the tyre and less on the other results in a trapezoidal contact patch shape.” (Haney, 2003) Camber thrust increases the resistance to understeer by augmenting tyre grip. 
The horizontal against vertical load is a 1:1 ratio however due to additional load being applied during a corner the forces change. The vertical load changes as the load of the tyres are transferred to the outside tyres. The horizontal load of the tyres change as the camber value increases. 
[bookmark: _Toc99749699]Toe
[bookmark: _Toc99749700]Front Wheels
[bookmark: _Toc99749701]Toe Out
 Adding toe out will result in increased agility allowing the car to have a faster and sharper turn in on corner entry with less steering input from the driver required. Applying toe out to the front tyres will benefit the vehicle on a tight and twisty circuit due to the increased agility and nimbleness of the front end. The predominate negative point of toe out is that “the car feels less stable at high speeds and though high-speed corners due to the twitchy nature of the set up.” (Suspension Secrets, 2020)
 			 Adding toe-out to the front wheels can provide a great initial bite as the car turns into the corner. The reason for this is that the inside tyre is already slightly angled towards the corner. The outside tyre will only be effective once it has surpassed the central axis due to it working against the directing of turn in. Having a greater toe value, the tyres produce less cornering force. “Static toe out adds slip angle to the inside tyre and gets that tyre working in early in a turn before the weight transfers to the outside tyre.” (Haney, 2003) 

[bookmark: _Toc99749702]Toe In
 		 Both toe in or toe out on the front wheels will decrease the acceleration and top speed of the car. “This is due to the front wheels not being driven so any extra grip generated by toe will increase the drag on the system.” (Suspension Secrets, 2020)   Toe in will result in the car having more high-speed stability. The vehicle will require larger steering inputs from the driver to turn into the corner which will make the car feel more stable. “This does reduce the agility through tight, slow corners but the trade-off is especially worth it for new or unconfident drivers.” (Suspension Secrets, 2020) The vehicle will be less responsive but will be an easier car to drive.  

[bookmark: _Toc99749703]Rear Wheels
[bookmark: _Toc99749704]Toe Out 
  Adding either toe in or toe out on the rear wheels of a rear-wheel-drive car will improve the acceleration of the car but will decrease the top speed due to the increased grip and drag force. “There is more grip available from the tyre due to the toe putting a greater slip angle into the rubber. This allows more power to be transferred to the ground.” (Suspension Secrets, 2020) As the car accelerates the tyres begin to self-align back towards the neutral axis due to the power being transmitted through the drive wheels.
  Toe out on the rear wheels will improve the agility of the car making the car feel if it “has a shorter wheelbase” (Suspension Secrets, 2020) due to the enhanced turn in and cars additional rotation. The result of toe-out on the rear is that the car has a “higher tendency to oversteer so is a set up used by smooth drivers who can be light on the throttle.” (Suspension Secrets, 2020) The additional agility has its trade-off as at higher speeds the vehicle will be less stable. 

[bookmark: _Toc99749705]Toe In
  The tyre heats up faster when running larger toe angles as the rubber is put under increased stress due to the greater slip angle. In turn, this generates heat, which will get the tyre to operating temperature at a faster rate than with no toe applied. Due to the increased slip angles tyre life is reduced. 
 		 Applying toe in at the rear wheels will increase the high-speed stability. Running more toe in will result in a less sensitive setup which will benefit newer and less confident drivers. Rear toe in means that “more steering effort is required from the driver through tight corners” (Suspension Secrets, 2020) which is lightly to reduce lap times on tight and twisty circuits as the driver might have to reduce their speed to tackle the low-speed sections. 
“Toe-in on the rear wheels can also give the car a tendency to understeer due to fighting the want to oversteer and increasing rear-end grip” (Suspension Secrets, 2020) When the rear end grip overcomes the grip at the front tyres the car would oversteer. To an extent, a little bit of oversteer is good for the driver to feel the grip of the vehicle and it is much safer and easier to correct when compared to an oversteer heavy setup. 

[bookmark: _Toc99749706]Tyre Pressures
 		 Rubbers friction varies with temperature therefore to maximise the tyres grip the tyres need to be kept in a temperature operating window. Tyre pressure and tyre temperature have a direct connection as a tyre gains internal pressure as it heats up. Moisture inside the tyre results in more pressure build up when the tyre is hot. The water inside of the tyre turns into steam in turn increasing inflation pressure. To counteract this addition pressure, increase professional race teams fill their tyres with dry nitrogen. “The correct inflation pressure maximises contact patch area and minimises contact-patch load variation allow your tyres to generate more grip.” (Haney, 2003) A common mistake is that the tyres will be at the optimum pressure before going out on the circuit but after a lap or so, the tyres are over inflated due to the increase in pressure. Over inflation will lift the edges of the tyre wall up resulting in a smaller patch of rubber coming into contact with the circuit. To prevent this from happening you can slightly under inflate your tyres so when out on circuit the pressure will be at its optimum. If the tyre is too under inflated the tyre will have a concave in the middle of the tyre reducing the contact patch. The correct inflation to strive for is when you have the most amount of rubber touching the circuit resulting in more grip however you want this when the tyres are at their hot pressures.

[bookmark: _Toc99749707]Steering Systems (Harry Williams)              
[bookmark: _Toc99749708]steering system regulations
· “5.12: WHEELS / STEERING 
·  1. Permitted Options: 
·  Free. 2. Prohibited Options: Any in contravention of MOTORSPORT UK regulations 
· . 3. Construction & Materials: Free 
· 4. Dimensions: Free”   
· (club, 19/01/2021)            
As far as the steering systems go for the formula 750, the forum states that it is free-range to do as we like with the system if it is within motorsport UK regulations, this also applies to the materials that are used within the system.  
Due to the regs stating we can essentially do what we want with the steering system it is down to our specific needs that justify which type of system we use on the vehicle, and how the system incorporated is used.  
[bookmark: _Toc99749709]steering systems current system
*All measurements and figures displayed below are from practical assessment on the vehicle in the workshop overseen by a technician  
Steering angle at the wheels: 
Left Turn: 
· Left wheel:22.8° 
· Right wheel:23.0° 
Right Turn: 
· Left wheel:29.0° 
· Right wheel:28.8° 
Camber: -3.66 
Caster: 6.20  
Steering ratio: 1.92 
                          2:1 
Steering angle at the steering wheel when fully locked: 
· Left Turn: 
·  44.36° 
· Right Turn: 
·  34.86° 
· Steering rack length:420mm 
 
"So, for example, a 16:1 ratio means for every 1 degree of front wheel rotation, you need to move the steering wheel 16 degrees. The lower the ratio, the less you need to move the steering wheel to turn—thus, quicker steering" (Skwarczek, 2020)however the smaller the steering ratio (2:1) the more amount of force which has to be used to turn the steering wheel, The current set up the vehicle has a steering ratio of 2:1 which is a very reactive steering system which has little input for the output of steer you get from the wheels, to compare this steering ratio to other open wheel race cars, a formula 1 vehicle has a steer ratio of 1:1, so for a formula 750 to have a steer ratio of 2:1 is very suitable.


[bookmark: _Toc99749710]Wingeo3 Kinematics Testing
[bookmark: _Toc99749711]Front Suspension (Sam Alvey-Taylor)
[bookmark: _Toc99749712]Introduction 
This test was conducted to gain knowledge based on the height of the front suspensions roll centre, through Wingeo3 testing and changing few variables to ensure a fairer test, three similar tests have been conducted using three similar, but different geometries. 
[bookmark: _Toc99749713]Method
The test was carried out using wingeo3 to create tables such as table 1 and table 2 for three different suspension geometries:
[image: ]
[bookmark: _Toc99731374]Figure 4 - Image of Initial Front Suspension Geometry
The first model as seen in figure 4 is based entirely off practical measurements of the Racekits Falcon Formula 750 geometry. This geometry has a roll centre of 83mm and is essentially used as a control for the test. 
[image: ]
[bookmark: _Toc99731375]Figure 5 - Lowered Roll Centre Wingeo3 Kinematics Model
The second test is conducted using a model arranged for a lower roll centre height as seen in figure 3, this model is still based on the Racekits Falcon Formula 750 as only the inboard ends of the wishbones have been arranged to give a lower roll centre of 38mm.
[image: ]
[bookmark: _Toc99731376]Figure 6 - Raised Roll Centre Wingeo3 Kinematics Model
The third and final test is conducted using a model arranged for a higher roll centre as seen in figure 4, again, the model is still based on the Racekits Falcon Formula 750 as only the inboard ends of the wishbones have been converged to give a higher roll centre of 120mm.	Comment by Abi Summerfield: I've lost track, is this the old set up or the new?  I think the headings need some revision or just put all your content in one place.  Also are the figures correct in the text?
This test was entirely carried out with zero static camber and toe as these setup changes will vary based on the characteristics of the race track the car must be set up for. Using zero static camber and toe means that the kinematics of the system can be understood fully whilst controlling all variables.
[bookmark: _Toc99749714]Initial Geometry Results
Initial Suspension Layout Ride Height Test
Table 1 – Initial Suspension Layout Ride Height Test Results
[image: ]

[image: ]Initial Suspension Layout Roll TestTable 2 – Initial Suspension Layout Roll Test Results


[bookmark: _Toc99749715]Lower Roll Centre Geometry Results
Lowered Roll Centre Geometry Ride Height Test
Table 3 - Lowered Roll Centre Geometry Ride Height Test Results
[image: ]
Lowered Roll Centre Geometry Roll Test
Table 4 - Lowered Roll Centre Geometry Roll Test Results
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[bookmark: _Toc99749716]Raised Roll Centre Geometry Results
Raised Roll Centre Geometry Ride Height Test
Table 5 - Raised Roll Centre Geometry Ride Height Test Results
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Raised Roll Centre Geometry Roll Test
Table 6 - Raised Roll Centre Geometry Roll Test Results
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[bookmark: _Toc99749717]Overall Plotted Results
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[bookmark: _Toc99731377]Figure 7 - Graph Showing Camber Relative to Ride Height Test Results for All Geometries
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[bookmark: _Toc99731378]Figure 8 - Graph Showing Toe Steer Relative to Ride Height Test Results for All Geometries
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[bookmark: _Toc99731379]Figure 9 - Graph Showing Motion Ratio Relative to Ride Height Test Results for All Geometries
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[bookmark: _Toc99731380]Figure 10 - Graph Showing Camber Relative to Body Roll Test Results for All Geometries
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[bookmark: _Toc99731381]Figure 11 - Graph Showing Toe Steer Relative to Body Roll Test Results for All Geometries
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[bookmark: _Toc99731382]Figure 12 - Graph Showing Motion Ratio Relative to Body Roll Test Results for All Geometries
[bookmark: _Toc99749718]Analysis
Ride Height Tests
As seen in figure 7 the lower roll centre geometry gives the lowest camber gain values of -0.348ᵒ under bump and +0.28ᵒ under heave. The raised roll centre geometry gives the highest camber gain values of -0.843ᵒ under bump and +0.78ᵒ under heave. The initial measured geometry values come out at -0.587ᵒ under bump and +0.512ᵒ under heave. 
Figure 8 shows that lowering the roll centre does not considerably affect toe steer but raising the roll centre decreases the toe steer on the geometry by 0.5ᵒ under both bump and heave. 
Finally, figure 9 shows that the static motion ratios of the formula 750 are not considerably changed by lowering or raising the roll centre as all three values sit between 0.8 and 1. Although under bump the lowered roll centre motion ratio increases considerably compared to the initial geometry. The higher roll centre geometry motion ratio shows under bump that it is low compared to the initial geometry. Although under bump these values are more spread out, as the car transitions from bump to static (0), to heave, the values converge to a very similar point. 
Roll Tests
Firstly, all the values for each roll test are symmetrical due to all geometries being perfectly symmetrical. 
Figure 10 shows that as per the ride test, the camber gain for the lower roll centre geometry is higher than the initial Racekits Falcon formula 750 geometry. Again, as per the ride test, the raised roll centre geometry has a considerably lower camber gain. 
Figure 11 shows that again, as per the ride test, lowering the roll centre does not considerably affect toe steer whereas raising the roll centre does considerably lower the toe steer values. 
Figure 12 shows that the motion ratios of the three geometries on the inside wheel are far higher than those on the outside wheel as the spring compresses on the inside wheel, they are also less similar than the values for the outside wheel, these values are far more converged and very similar as the spring extends to combat the rolling effect.  This also shows that the motion ratio of the formula 750 is not linear as it does not change at the same rate as the wheel displacement.
[bookmark: _Toc99749719]Discussion
Firstly, camber gain in a race car such as the formula 750 is desirable since a tyre will deliver its maximum cornering potential at zero camber as this is when the tire has the maximum contact between itself and the road surface. Therefore, the camber compensates for the body of the vehicle rolling whilst cornering allowing for the maximum tire contact patch mid corner (SuspensionDesigner.com, 2022). So, in conclusion, bump camber will increase the maximum cornering capability of an axle but too much may impact traction and braking performance due to body pitch (SuspensionDesigner.com, 2022) increasing the camber angle on the front axle and reducing the tire contact patch. In terms of the formula 750, the likelihood the car will be run with zero static camber is very small, the initial geometry provides a good amount of bump camber as the maximum roll angle of the formula 750 is around 1.5ᵒ, therefore the higher roll centre geometry may provide too much bump camber to be considered, whereas the low roll centre geometry may provide too little, although these problems can be overcome by providing the correct amount of static camber respectively. Other notable characteristics of the systems kinematics are that it behaves very similarly in bump and in droop for each geometry, suggesting that each of these geometries rides very well. 
Contrary to bump camber, bump steer is highly undesirable in racing. Bump steer is caused by the tie rods not being correctly aligned with the instant centres of the geometry, or having the wrong length tie rods, the tie rods are too long on a rear steered system there will be toe in, and too short, toe out (Bolles, n.d.). Acceptable bump steer values vary with application, but most teams will try to reduce bump steer to less than 0.01 inch (0.762mm) if they cannot eliminate bump steer (Bolles, n.d.). the bump steer characteristics of all the formula 750 geometries tested do not sit below this line. The higher roll centre geometry has the lowest bump steer when compared to the initial geometry and the lowered roll centre geometry, making the bump steer characteristics of this geometry the most desirable. 
Motion ratio refers to the leverage of the spring on the wheel when installed, a lower motion ratio will reduce the wheel rate whilst a higher motion ratio will result in a higher wheel rate (Hine, n.d.). This means that with a higher motion ratio, a lower spring rate will be required to meet the same wheel rate requirements. As seen in figures 9 and 12 there are not drastic changes in the motion ratio of the vehicle, but they are not linear changes. This means that as the wheels displace, the motion ratio changes, therefore the damping ratios are going to change as the vehicle rolls and pitches (Nowlan, n.d.). 
[bookmark: _Toc99749720]Rear Suspension (Stephen White)
[bookmark: _Toc99749721]Experimental Procedure 
The experimental procedure used was to make various geometry alterations to study their effects on the parameter’s studies. This was done using the ‘Edit’ menu, which allows for hardpoints of all components to be altered. 
Due to the car being aerodynamically and ground effect heavy, a roll stiffness value of 1.5 Degrees/g is recommended, as this will not throw off the aero balance under cornering where it is needed most (Suspension Secrets, 2021a). From the qualifying data from Donnington, the maximum lateral acceleration value is 1.72G, therefore the maximum roll angle would be 2.58 degrees. However, the calculated maximum roll angle is 1.27 degrees, so this will be used when altering roll angles on Wingeo.
[bookmark: _Toc99749722]Results
Wingeo
Using Wingeo, an initial new rear suspension model was created, using wishbone geometry taken from the front suspension setup. The model was then subject to alterations, to see the effects that different geometry changes have on certain beneficial values. 
All tests were taken at 0 degrees of static camber and toe. This allows for the differences to be seen without any static camber or toe skewing the results, for example showing bump camber per millimetre of jounce. Camber and toe can be adjusted to better suit different circuits.
Initial New Analysis
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[bookmark: _Toc99731383]Figure 13: Graph showing camber against ride height

Figure 13 shows that the initial new system, camber angle increases linearly as ride height increases. This is ideal, as negative camber is needed for the tyres to work best. However, under braking, the rear wheels will be raised higher than static ride height due to weight transfer putting more force on the front tyres, compressing the suspension more at the front and less at the rear. Under acceleration, camber will be gained due to more weight transfer towards the rear, resulting in more grip and camber thrust under acceleration events.	Comment by Abi Summerfield: Do you mean it will gain camber?
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[bookmark: _Toc99731384]Figure 14: Graph showing camber against roll
Figure 14 shows that camber angle for the current system remains static during roll events, which is to be expected as dependent systems camber remains constant (Gillespie, 1992). However, the initial new system showed that camber change is dynamic during roll, however in an undesirable manner. The results showed that the more heavily loaded tyre experienced positive camber and vice versa for the opposite side tyre. This is undesirable as it does not allow the outside tyre to fully optimise the forces placed on it, leading to loss of grip. To combat this, static camber can be utilised.
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[bookmark: _Toc99731385]Figure 15: Graph showing toesteer against ride height

Figure 15 shows a comparison of toesteer between the two systems. Again, toesteer is static for dependent systems, however the initial new system showed changes, increasing as ride height increases. Under braking, this would result in toe out, which isn’t ideal as toe out results in a less stable rear. Combined with a lower normal force on the rear due to load transfer towards the front, this can result in a car that is more susceptible to oversteer (Suspension Secrets, 2021a)
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[bookmark: _Toc99731386]Figure 16: Graph showing motion ratio against ride height
Figure 16 shows that motion ratio remains constant throughout ride changes, resulting in a predictable and linear progression through spring and damper travel.
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[bookmark: _Toc99731387]Figure 17: Graph showing motion ratio against roll
Unlike the linear trend shown in Figure 16, Figure 17 shows that motion ratio changes under roll conditions. Interestingly, the divergence between MR left and right is not consistent, instead diverging at unequal points. However, the change is very minimal and insignificant.
Spring & Damper Data
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[bookmark: _Toc99731388]Figure 18: Graph showing damper velocity against displacement
Figure 18 shows damper velocity against damper displacement. It shows that an oval shape is formed with no major irregularities and general consistency between all 4 stages, suggesting that this damper is in good working order (Suspension Secrets, 2021b). The graph does not show any large drop offs in any sector and therefore indicates that the damper is not overheating.
[image: Graphical user interface, application, table, Excel

Description automatically generated]
[bookmark: _Toc99731389]Figure 19: Graph showing force against damper velocity
Figure 19 shows a damper dyno graph for one of the dampers fitted to the 750. It shows that the damper outputs a force of 40lbs at minimum bump and 100lbs at maximum bump. This shows that 2.5 times force is needed to move the damper at the same velocity at maximum bump compared to minimum bump (Suspension Secrets, 2021b). This will affect how fast the spring can compress, affecting roll under cornering (Suspension Secrets, 2021b).
Figure 19 also shows that the damper outputs a rebound force of -425lbs at minimum rebound and -550lbs at maximum rebound. This shows that there is a difference of 125lbs of force between the two. Rebound controls the rate that the spring and damper can extend, having the most effect during corner exit as roll is reduced (Suspension Secrets, 2021b).
Initial New Geometry Alterations
Taking the initial new suspension model and altering geometry configurations, a number of differences were observed. The majority of alterations were done to the wishbone ball joints that attach to the uprights, with similar effects seen when altering mounting points of the wishbones to the chassis.
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[bookmark: _Toc99731390]Figure 20: Graph showing instant centre and roll centre height against upper wishbone hub mounting height
Figure 20 shows that altering upper wishbone ball joint height relative to the floor that the instant centres are closer to the vehicle centreline has the negative effect of increasing roll centre height, due to increasing the angle between the instant centre and the opposite side tyre. As a lower roll centre at the rear is desirable as it will increase lateral load transfer over the driven wheels, the wishbones will have to have similar installation angles.
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[bookmark: _Toc99731391]Figure 21: Graph showing instant centre lateral position and roll centre height against upper wishbone hub mounting height
Figure 21 shows that increasing the wishbone installation angles relative to each other so that they diverge away from each other results in a higher roll centre. This is the same trend and curve shown in Figure 20.
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[bookmark: _Toc99731392]Figure 22: Graph showing roll centre height against upper wishbone ball joint lateral position
Figure 22 shows the effect on roll centre height caused when one wishbone ball joint lateral position is changed relative to the other. The neutral lateral position is at Y = 565mm, the point at which the 2 lines converge. The roll centre height decreases for both trends, however moving the lower wishbone ball joint further away from the vehicle body results in a much steeper change in roll centre height than moving the upper wishbone ball joint. As a lower roll centre at the rear is desirable for rear drive vehicle due to allowing a larger roll moment, thus placing more load on the outside tyre (Grover, 2016), changing lower wishbone length will have a more pronounced effect. However, a larger roll moment at the rear will result in more oversteer, so this will have to be accounted for (Gillespie, 1992).	Comment by Abi Summerfield: Dont forget units.

[image: Chart, line chart
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[bookmark: _Toc99731393]Figure 23: Graph showing roll centre lateral position against wishbone ball joint lateral position
Figure 23 shows the effect on roll centre lateral position caused when one wishbone ball joint lateral position is changed relative to the other. The results show that the further the upper wishbone ball joint is from the vehicle body, the more roll centre migration towards the outside tyre will occur. This is undesirable as it decreases the roll moment onto the outside tyre and reduces predictability. The opposite is true for the lower wishbone and is therefore desirable to have an upper wishbone ball joint that is closer to the vehicle body than the lower wishbone ball joint.
[image: Chart, line chart

Description automatically generated]
[bookmark: _Toc99731394]Figure 24: Graph showing camber against wishbone ball joint lateral position
 Figure 24 shows that changing the lower wishbone ball joint lateral position has a much more pronounced effect on inside wheel camber angle under roll conditions. A similar trend is shown in Figure 22, where moving the lower wishbone ball joint further away from the vehicle body has a larger effect on negative camber. Changing the upper wishbones lateral position has a very minimal effect on camber, shown by both the trendline and the gradient. 
[image: ]
[bookmark: _Toc99731395]Figure 25: Graph showing camber against wishbone ball joint lateral position
Figure 25 shows that unlike inside wheel camber, outside wheel camber angle is influenced more by upper wishbone ball joint lateral position. This is shown by the steeper gradient of the upper trendline. However, the sharper gradient means that it takes on positive camber at a faster rate, which could be undesirable.

Constraints
Packaging concerns for other teams could be an issue, as the EV and ICE powertrain components need to be fitted to be fitted in the rear. Additionally, the upper and lower wishbone ball joints will sit inside the wheel rim, meaning that they are confined in how much they can be altered. Both these issues will have an influence on the final design. However, the use of tolerance boxes provided by other groups will allow for checks for part collision.

[bookmark: _Toc99749723]Wishbone Forces and Buckling
Cornering Forces
[image: ][image: ][image: ]Using the maximum lateral acceleration from the Donnington qualifying data, the forces that the wishbones will be subject to can be calculated. Assuming the worst case of 100% weight transfer, maximum cornering force is 5264.44N, resulting in the upper wishbone experiencing 3291.57N of tensile force and the lower wishbone experiencing 8574.64N of compressive force. [bookmark: _Toc99731396]Figure 26: Lower wishbone forces for initial new
[bookmark: _Toc99731397]Figure 27: Upper wishbone forces for initial new
[bookmark: _Toc99731398]Figure 28: Wishbone forces under cornering


[image: ]As the construction of the wishbones means that the hub mounting ball joint and the rearward leg body mount are inline with each other, only the rearward leg has any cornering forces placed on it. These wishbones are currently fitted to the front suspension and are clearly suitable, however due to the weight split of 35:65 front and rear, the forces the wishbones are subject to at the rear are subject to just under twice the forces at the front. This is shown in figures ___ and ___. 
Whilst the forces that the wishbones will be subject to seem large, the wishbones are capable of handling it. Figure ___ shows that the minimum critical buckling force is at the lower wishbone rearward leg and is 70675N. The lower wishbone only sees a maximum cornering force of 8574.66N, showing that the wishbone can withstand over 8 times the maximum cornering force. Due to the shorter length of the upper wishbones, it can withstand a higher critical buckling force, has a higher maximum buckling stress and a higher maximum strain than the lower wishbones.[bookmark: _Toc99731399]Figure 29: Upper and lower wishbone forces for the forward and rearward legs

Acceleration & Braking
[image: ][image: ]Taking the maximum longitudinal G from the Donnington qualifying data, the forces that the wishbones and radius rods are subject to was calculated. The maximum deceleration was used for the acceleration calculations as well, to make sure that the wishbones can withstand accelerating from a stop. Therefore, the braking force is the same magnitude as the acceleration force. Assuming that either top or bottom wishbone will take 100% of the acceleration and braking forces, the calculations again show that they are capable of taking these forces.[bookmark: _Toc99731400]Figure 30: Radius rod forces
[bookmark: _Toc99731401]Figure 31: Radius rods forces

[image: ][bookmark: _Toc99731402]Figure 32: Wishbone acceleration force




[bookmark: _Toc99749724]Final New Rear Suspension (Stephen White)	Comment by Abi Summerfield: Formatting of images, graphs and tables needs addressing throughout the document.
[image: Graphical user interface, diagram

Description automatically generated]After consulting with the ICE and EV powertrain groups, a similar differential location was found so that one geometry can be used for both powertrains. It was decided that the ICE differential location would be the best to design around, as it has less freedom in location than the EV differential. The ICE differential sit almost in line with the rear wheels, which posed a design issue as it could collide with suspension components[bookmark: _Toc99731403]Figure 33: Collision between driveshaft and spring

Using hardpoints from the ICE group, driveshafts were added to the initial new system and showed that they will collide with the springs and dampers, as shown in figure ___. This posed an issue that needed to be designed around. To fix this, the pushrods and rocker arms fitted to the front were introduced, which allowed the springs and dampers to be mounted away from the driveshafts. Movement towards the front of the vehicle would have been limited by powertrain components and could compromise design, so it was decided for the springs and dampers to be moved rearwards.
[image: Graphical user interface
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[image: Diagram
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[bookmark: _Toc99731404]Figure 34: Top and rear view of the final new suspension system
Figure 34 shows the final new rear suspension design for the 750. A lower roll centre, now at 72.846mm from the ground was achieved by changing the installation angles of the wishbones. All suspension components are clear of the driveshafts and other powertrain components.
[bookmark: _Toc99749725]Initial New and Final New Comparative Testing
[image: Chart, bar chart

Description automatically generated]Figure 35 shows that the roll centre height has been greatly reduced, down by 57%. This allows for a larger roll moment to be placed on the rear wheels, increasing grip under cornering (Suspension Secrets, 2020). The final new system now gives the vehicle a roll axis that declines towards the rear, which can lead to lifting of the front inside wheel when cornering, however due to the stiff suspension setup this should be minimal (Suspension Secrets, 2020)[bookmark: _Toc99731405]Figure 35: Graph showing roll centre height comparisons

[image: ]
[bookmark: _Toc99731406]Figure 36: Graph showing maximum overturning moment
Figure 36 shows that overturning moment is much lower for the final new system. This is ideal as it means that the vehicle will be less likely to flip over during cornering.
[image: ]
[bookmark: _Toc99731407]Figure 37: Graph showing camber against ride height
Figure 37 shows that camber changed between final and initial new systems under bump and jounce are identical. As before, this is a linear and progressive increase. The benefits and drawbacks are the same as mentioned for Figure 13
[image: ]
[bookmark: _Toc99731408]Figure 38: Graph showing camber against roll
Figure 38 shows that the camber induced by roll is identical for both the final and initial new systems, however it is still a progressive and linear increase. The benefits and drawbacks are the same as mentioned for Figure 14.
[image: ]
[bookmark: _Toc99731409]Figure 39: Graph showing motion ratio against roll
Figure 39 shows that motion ratio between final and initial new systems is different. Whereas the initial new system’s was very linear under roll, the final new systems motion ratios diverge much more. The side that is rolled towards will have an increase in motion ratio.
[image: ]
[bookmark: _Toc99731410]Figure 40: Graph showing spring displacement against roll
Figure 40 shows that spring displacement is larger for the final new system due to the higher motion ratio. Interestingly, the difference in spring displacement per degree of roll gets larger the more the vehicle rolls. This is due to the motion ratio increasing under roll, resulting in the spring displacing more the further it compresses.
[image: ]
[bookmark: _Toc99731411]Figure 41: Graph showing spring displacement against ride height
Figure 41 shows that the spring displacement for the final new system follows a curve. As the ride height decreases, the spring displaces more. Interestingly, the difference in spring displacement per mm of bump increases the more bump there is. Again, this is due to the motion ratio that results in the spring displacing more during increased bump.
[image: ]
[bookmark: _Toc99731412]Figure 42: Graph showing toesteer against ride height
Figure 42 shows that the final system has less toe steer under bump and jounce. This will result in a more predictable system due to having less toe steer changes per mm of bump and will also reduce tyre wear due to having a much lower slip angle.
[image: ]
[bookmark: _Toc99731413]Figure 43: Motion ratio against ride height
Figure 43 shows that the motion ratio has changed for the final new design, decreasing as ride height increases. This means that it is slightly less predictable than the initial new design, however it does remain on a linear trendline.

[bookmark: _Toc99749726]Cost and Part Sourcing (Stephen White)
[image: ]
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[bookmark: _Toc99731414]Figure 44: Cost comparisons between systems
The above 3 figures show the cost for each individual component and the quantity required for each system. The parts will be sourced from Racekits, who provide prices for each component on their website, both new and used where applicable (Racekits, 2017). The new and used prices have both been accounted for to provide an idea of the difference between them. 	Comment by Abi Summerfield: I was beginning to worry about cost.

[image: ]
[bookmark: _Toc99731415]Figure 45: Cost comparisons between systems
The cost of the system is important as this is a championship with heavy focus on cost. All costs were obtained from the Racekits website, where prices for new and Figure 47 shows that the final system will cost more than both the current and the initial new systems. The initial new system is cheaper due to using less parts than the final new system, however the extra parts used in the final new design are required for better packaging and tuneability purposes.
The cost difference of £305 between the current and the final new system is justified given the performance benefits previously stated. This geometry has more ways it can be adjusted in the future to better suit the circuit or driver, such as the ARB rate.
[bookmark: _Toc99749727]Conclusion
It is clear from the results shown throughout the rear suspension section of this report is that the final new design is a more than suitable replacement for the 750s current design, possessing tangible performance benefits. Allowing for camber gain under cornering, possessing a lower roll centre, lower lateral load transfer and less toe steer during bump are all beneficial for the design. The final new design has less tendency to oversteer and is therefore more predictable, one of the key aspects Martin from Racekits pointed out.
However, motion ratio and spring displacement are increased. This is a drawback as it is not consistent with the front.
As all of the components used for the final new design are currently used on the front, it was important to ensure they are fit for purpose. The forces and bending calculations in section __ show that they will be able to endure forces well above what they will see in service. Different materials could have been considered, however due to the strength of construction and consistency between front and rear systems, this was not considered
I believe that I kept to the project planning section well, with any delays and setbacks delt with in the allotted time between each section for this purpose.


[bookmark: _Toc99749728]Calculations
[bookmark: _Toc99749729]Introduction
This section aims to calculate the maximum load transfer of the suspension, front, and rear, of the 750 suspensions whilst going around a fairly extreme corner. This section includes front suspension calculations for the initial front geometry as well as the geometry with the lowered roll centre and the geometry with the raised roll centre. The rear load transfer calculations are also included; therefore, the load transfer distribution of the vehicle can be quantified. This section also includes natural frequencies of the sprung and unsprung mass. 
The assumptions made are that lowering the roll centre will lower load transfer across the front and raising the roll centre will increase load transfer. assumptions made about the natural frequencies assume that the front natural frequency will be slightly higher than the rear. 
[bookmark: _Toc99749730]Initial Front Suspension (Sam Alvey-Taylor)
[bookmark: _Toc99749731]Definitions
	MR = Motion Ratio
	v = Velocity (m/s)

	Kw = Wheel Rate (N/m)
	mg = Mass X Gravity (N)

	K = Spring Rate (N/m)
	Ө = Roll angle (Radians)

	ay = Lateral Acceleration (m/s)
	δ = Wheel Displacement (m)

	T = Track (m)
	MӨ = Anti Roll Moment (N/m)

	h = Center of Gravity Height (m)
	KӨ = Roll Stiffness (N/m)

	ρ = Air Density
	Mot = Overturning Moment (N/m)

	CLA = Coefficient of Lift
	Ms = Sprung Mass (kg)

	Mus = Unsprung Mass (kg)
	H = Height of Centre of Gravity from Roll Axis (m)

	h = Height of Roll Centre (m)
	r = Wheel Radius (m)

	WTEs = Sprung Mass Elastic Load Transfer
	WTGs = Sprung Mass Geometric Load Transfer

	WTGus = Unsprung Mass Geometric Load Transfer
	WTFT = Front Total Load Transfer



[bookmark: _Toc99749732]Initial Calculations 
(1) [bookmark: _Toc87354105]Motion Ratio



(2) [bookmark: _Toc87354106]Wheel Rate (Kw) (N/m)



(3) [bookmark: _Toc87354108]Roll angle (Ꝋ) (Rad)



(4) [bookmark: _Toc87354109]Anti-Roll Moment (MꝊ) (N/m)



(5) [bookmark: _Toc87354110]Roll Stiffness (KӨ) (N/m)



(6) [bookmark: _Toc87354111]Overturning Moment (Mot) (N/m)



[bookmark: _Toc99749733]Initial Geometry Sprung Mass Elastic Load Transfer (WTES)



[bookmark: _Toc87354114][bookmark: _Toc99749734]Initial Geometry Sprung Mass Geometric Load Transfer (WTGs)



[bookmark: _Toc87354115][bookmark: _Toc99749735]Initial Geometry Unsprung Mass Geometric Load Transfer (WTGus)



[bookmark: _Toc87354116][bookmark: _Toc99749736]Initial Geometry Total Load Transfer Front (WTFT)



[bookmark: _Toc99749737]Discussion
The formula 750 front load transfer is a fairly high value at 85.91kg, with the elastic component providing the largest amount of load transfer in the system. This is likely due to this being an extreme example of extreme cornering but also the formula 750 being a downforce focussed car and therefore having stiff elastic components such as springs and anti-roll bars to compensate for this. The stiffer components are more desirable as there is a large amount of downforce and aerodynamic grip. Softer components that are more focussed on mechanical grip would likely cause issues such as bottoming out under high speeds and would also prevent the aerodynamic forces from providing maximum vertical forces to the tires contact patches, therefore more grip can be achieved by having stiff elastic components. 
[bookmark: _Toc99749738]Front Suspension (Roll Centre Height Lowered) (Sam Alvey-Taylor)
[bookmark: _Toc99749739]Low Roll Centre Geometry Sprung Mass Elastic Load Transfer (WTES)



[bookmark: _Toc99749740]Low Roll Centre Geometry Sprung Mass Geometric Load Transfer (WTGS)




[bookmark: _Toc99749741]Low Roll Centre Geometry Unsprung Mass Geometric Load Transfer (WTGUS)



[bookmark: _Toc99749742]Low Roll Centre Geometry Total Load Transfer Front (WTFT)



[bookmark: _Toc99749743]Discussion
[image: Technical Series Part 1: Factors affecting the Handling, Balance and Tire  sensitivity of an F1 car - Need 4 Read]As seen in section 5.2.4, reducing the height of the roll centre reduces lateral load transfer considerably. This means that less load is being transferred to the loaded outside tire for the corner. As the relationship between vertical tire load and traction force is non-linear, meaning that for every Newton of vertical tire load, the vehicle will only gain part of that in traction force for various reasons, as seen in Figure 15. This means that minimising load transfer as much as possible is a good practice to ensure traction force between the tires and the road remain as high as possible (Alexander, 2014). [bookmark: _Toc99731416]Figure 46 - Graph Showing Vertical Tire Load Vs Grip (Courtesy of Need4Read.com)

[bookmark: _Toc99749744]Front Suspension (Roll Centre Height Raised) (Sam Alvey-Taylor)
[bookmark: _Toc99749745]Raised Roll Centre Geometry Sprung Mass Elastic Load Transfer (WTES)



[bookmark: _Toc99749746]Raised Roll Centre Geometry Sprung Mass Geometric Load Transfer (WTGS)



[bookmark: _Toc99749747]Raised Roll Centre Geometry Unsprung Mass Geometric Load Transfer (WTGUS)



[bookmark: _Toc99749748]Raised Roll Centre Geometry Total Load Transfer Front (WTFT)



[bookmark: _Toc99749749]Discussion
As seen in section 5.3.4 the roll centre being raised from 80mm to 120mm increases lateral load transfer considerably. This shows that increasing the height of the front roll centre does in fact increase load transfer thus may make the car behave more towards understeer (Quintarelli, 2018) although the assumption that increasing front load transfer increases understeer does depend on the rear roll stiffness and the rear load transfer being less than that of the front. As a rule of thumb, raising the roll centre to increase load transfer on an axle is not the easiest way to adjust load transfer nor the most practical, as it can have effects on other factors such as camber gain and bump steer. Whereas adjusting elastic components to change the roll stiffness on the axle would be the least impactful on the suspension geometry but still provide the adjustment of load transfer distribution. 
[bookmark: _Toc99749750]Natural Frequencies Front (Sam Alvey-Taylor)
[bookmark: _Toc99749751]Sprung Mass Front (fs)




[bookmark: _Toc99749752]Unsprung Mass Front (fus)




[bookmark: _Toc99749753]Discussion
The natural ride frequency of the front suspension is, as a rule of thumb, appropriate for a moderate downforce formula racer that produces less than 50% of the vehicles weight through downforce, according to (Rajeev & Sudi, 2019). This is fully appropriate for the formula 750 vehicle. Higher natural frequencies like this result in less suspension travel (stiffer components) allowing for a lower ride height, thus lowering the centre of gravity, providing an advantage (Rajeev & Sudi, 2019). Where passenger cars will run a 10-20% split between front and rear natural frequencies with the rear slightly higher to provide a comfortable “flat ride” this is less appropriate for race cars. Often, race cars will run a higher front natural frequency as it provides better transient response at corner entry and less ride height variation at the front of the vehicle, providing better aerodynamic stability for the pitch sensitive components on the front of the car, and will allow the rear wheel driven formula 750 to gain better rear wheel traction on corner exits (Rajeev & Sudi, 2019). 
[bookmark: _Toc99749754]Rear Suspension Load Transfer (Stephen White)
[bookmark: _Toc99749755]Load Transfer
[image: ]
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[bookmark: _Toc99731417]Figure 47: Rear load transfer comparisons
The above 2 figures show that load transfer is the lowest for the final new design. This is ideal as lower load transfer results in less tendency to oversteer, meaning more controllability and predictability under loss of grip.
Unsprung mass geometric weight transfer is lowest for the initial new system due to it having the lowest unsprung mass; however it still has a higher total load transfer than the final new system due to having a higher roll centre, resulting in more sprung mass geometric load transfer
[bookmark: _Toc99749756]Natural Frequency
[image: ]
[bookmark: _Toc99731418]Figure 48: Natural frequency comparison
Figure 45 shows that the rear unsprung mass natural frequency is the highest for the final new system. All of these values are ideal for a ground effect reliant, however the larger value for the final new design means that the system is stiffer.
[bookmark: _Toc99749757]Chassis Modelling (Joe Gauntlett)
6.1 - Original Chassis Analysis
For the Computer- Aided Design section of this report the student must create the current chassis design on Solidworks alongside working with the rear suspension group member (Stephen) to create an alternative rear suspension setup that replaces the current Di-Dion setup with a double wishbone setup. The students were provided with a rolling chassis that consisted of the main chassis with seat, full suspension setup both front and rear, steering setup, brake setup and wheels. The wheels currently on the chassis are just being used to ensure the chassis can be moved around the workshop. Figure 1 shows a photograph of the current physical chassis alongside Figure 2 which is the solidworks model created based of the chassis
Figure 1 – Formula 750 chassis UWTSD (photograph) Figure 2 - CAD drawing of Formula 750 chassis
[image: ][image: ]
To create the solidworks model of the chassis the student had to first measure the physical chassis, using a tape measure and a vernier calliper. The tape measure could be used to measure the lengths and heights of the main structures on the chassis creating a floor plan highlighting where the vertical structures began and how high they extended too. The vernier calliper was used to establish the external diameter of the three types of square tube and two types of circular tubes used to construct the chassis. After creating the floor pan of the chassis with uprights in solidworks the second trip into the workshop documents the connections between the upright structures and the diameter and shape of the tubing used. Once all connected within solidworks the linear model or wireframe model of the chassis was completed (figure 3- Wireframe model) to turn the floor plan into a wireframe model the sketch within solidworks had to be a three-dimensional sketch. This allows the user to draw on the X, Y, Z axis. When turning the wireframe model into a model of the chassis the weldment tools allow the user to select lines and convert them into structural members.
[image: ]Figure 3 – Wireframe model of the 750

Solidworks provides a basic library of structures, The library structures have different properties than the 750 chassis. For the example the internal diameter of the chassis structures. Due to the design and incorporation of end caps the vernier calliper was not able to measure the internal diameter of the tubing. So, after contacting a lecturer within the university the students used an ultrasonic measuring device to determine the thickness of the material, the results from the ultrasound were compared to tubing sizes available online to determine the margin of error displayed in the ultrasounds outputs. An alternative way of measuring the internal diameter would consist of drilling a hole in the structures, that allows measuring the depth of the metal to determine wall thickness, this is an intrusive test whereas the ultrasound creates no damage and removes no material from the metal. 
 Once the external and internal diameter of the metal tube structures have been measured the student can then make a custom library feature by drawing a 2d model of the tubing highlighting the shape; circular or square, the wall thickness and if there’s any external fillet on the square tubing, this can be added at this stage. Once the custom library of dimensions has been added the weldment’s structural members feature can convert any line selected on the wireframe model it into a structure. As show in figure 4 the structures are converted in groups where the lines flow into each other to reduce the amount of editing needed after conversion into a structural model.
Figure 4 – Structural member’s tool
[image: ][image: ]				Figure 5 – Turning wireframe into a structure
Once a structural model, the connections and relationships between the structural members need to be defined. Using the trim and extend tool the structures can be defined to show what members connect and how they connect. On the physical chassis the metal is welded together at the member joints. Due to the structural components being extended to connect, solidworks then views it as a joint to prevent premature failure during load simulation. After the relationships were defined some of the structures needed to be rotated to resemble the physical structure. Although the contact patch of the beams connected stays the same so wouldn’t affect the simulation of torsional stiffness if the student wanted to test the side impact of the structure the surface area of the impact would be reduced due to the incorrect orientation. 
 
After creating the main structure in solidworks the front upper and lower wishbones were then created using the same technique of creating a line diagram and converting it into the wishbone using structural members. Although instead of using endcaps the wishbones have a M10 x 1.5mm threat tapped into the end enabling the end connection of the arm to be adjustable. This thread can allow the wishbones to be adjusted to alter the camber and toe of the wheels. The importance of these adjustments can be seen elsewhere on the report where the wingeo models show how camber and toe change can affect the performance of the vehicle. The end links of the wishbones were also modelled within solidworks and had the same thread dyed onto them, so by rotating components in the assembly the student can adjust the end components to test under the bending and failure points under different loads at different suspension setups.
Figure 5 – Lower control arm part
[image: ]
Figure 6 - End link part
[image: ]
Figure 7- Upper control arm assembly
[image: ]
Following on from Stephen’s wishbone analysis, the group decided that for the new rear end concept the front arms currently being used can be used on the rear. Available from the Racekits team that provided the components on the current rolling chassis, as well as supplying other cars in the formula 750 league and recognised as league approved parts provider. Reusing the same parts from the front onto the rear allows the cost of the components to stay reduced compared to the custom designed and fabricated alternatives, due to the low-cost nature of the 750-league using already established and utilized parts preserves this nature, whilst withstanding the force the wishbones succumb to racing. Working alongside Stephen who oversaw rear suspension the new concept design needed to be created in solid works to enable both visual and simulation comparison, between the current design and concept. To further aid the Torsional performance of the concept chassis the group took on the advice of the race kits spokesperson that visited the university by added the strengthening bar highlighted in figure 8
Figure 8 – current chassis design with strengthening bar added (highlighted in blue)
[image: ]
Figure 9 – New concept design with incorporated strengthening bar
[image: ]
The spokespeople from Racekits listed this strengthening bar as a popular upgrade added to the chassis of other racers in the league, due to the increase in torsional stiffness and limited modifications the established body kit needs applied to accommodate for the extra bar. 



6.2 - Torsional Rigidity
Torsional rigidity refers to the rigidity of the chassis’ design by displaying the amount of force needed to twist the chassis of the vehicle by one degree, the figure is presented in newton metres per degree (Nm/deg) The higher the value the stronger the chassis. Torsional rigidity is important due to the forces the chassis withstands whilst cornering, when one wheel is up, and one wheel is down the force will attempt to twist the chassis and change the weight distribution across the chassis. 
Increasing the weight is a simple but effective way of increasing the rigidity of the chassis however in the application that this chassis is subject to increasing weight is seen as a counter intuitive measure when other group members are looking at alternative wheel designs to reduce the unsprung and overall weight of the vehicle.
 The chassis design without the added structural bar already has design techniques that help increase the structural rigidity examples of this are the front and rear roll hoops being in parallel add a minor increase to the rigidity. Alongside the crossover members being added to both the floor design and side designs of the chassis increase the rigidity significantly as well as increasing safety and improving the rigidity of the chassis when force is applied in any direction not just torsional.
Figure 10 – Floor design with highlighted bracing members / Figure 11 – side view with highlighted bracing members

[image: ][image: ]
The efficiency of the suspension components is increased along with improvements in handling and increased driver input. This is due to the increased travel in the damper caused by the reduction in travel in the chassis., due to dampers being designed to move and absorb force its advised that the damper is where the large force is exhorted. 
The improved design of the chassis aims to maximise the torsional rigidity whilst keeping the weight to a minimum. The strengthening bar was only one of the components added to increase the rigidity, Figure 12 below shows the new rear floor plan design with selected bracing bars which all work towards enabling the damper to distort instead if the chassis itself. With wishbones cooperated into the new rear design the shock absorber can mount upright and have a larger ability to compact and travel under cornering. If the torsional stiffness is too small the chassis will fail under cornering load however if the torsional stiffness is too high for the vehicle the chassis will be hard to steer through corners and will try to understeer.
[image: ]
Figure 12 – New rear floor plan with selected bracing members
When designing the rear end Stephen took responsibility of testing the wishbones and forces and after making the decision to use the same wishbones as the front. Changing the chassis rear has implications on the other groups and the packaging of the drivetrain due to the design of the formula 750 chassis being that of a rear engine car. Although the new design is 217mm longer than the previous Di Dion design the rear narrows to create the mounting for he rears wishbones and keeping the wheels parallel. Whilst in communication with the other groups initial tolerance boxes were created to enable the new rear design to accommodate for the components needed to convert the vehicle to electric powertrain. With the regulations not being converted for electric vehicles or electric powertrain the design has been finalised off the concept that the batteries can be stored in the passenger section of the chassis or even under the driver. Therefore, the figure 13 shows only the rear differential, controller, and motors placements with the new design. The only altercation needed would be to remove one of the rear crossmembers to be replaced with a differential and mounts.
Figure 13 – New chassis design with electric powertrain components.
[image: ]

Before conducting and stress analysis or Finite Element Analysis (FEA) studies the program used to create the parts and assemblies solidworks needs validating using an engineering verification study. In this example the study shows a cantilever beam fixed at one end
Figure 14 – Verification model and equation
[image: ][image: ]
Being subject to a force applied at the opposite end of the fixed point, the equation can be carried out in using the force applied, properties of metal and dimensions of the beam to give a deformation figure. When replicated in solidworks if the metal has the same variables the study should output the same deformation figure. This will validate that solidworks as an engineering program is verified as a source of figures. This means when doing studies on more complex structures or forces the user can have validated results instead of needing to do the equations themselves on paper to confirm it. 
The verification study for the chassis and suspension group consisted of a bending cantilever with axial force, this study was not created specifically for this coursework but was available from an engineering website for a structural analysis and design software instead of solidworks. The study is cross applicable however solidworks did not have a material for steel that possessed the same values as the steel used in the study. 
Figure 15- Steel used in example                                                 Figure 16 - steel used in verification study[image: ] [image: ]With the material properties being different but similar the study was conducted with a two percent tolerance meaning the results had to be within 98% - 102% of the physical equations answer. In figure 17 the solidworks model created is show alongside the drawing in the study. When doing a solidworks simulation study the user can adjust the mesh size from course to fine, this adjusts the accuracy of the answer with courser mesh having less points of testing however completes the study faster, whereas the finer the mesh the more points of testing the longer it takes to complete the study and give an answer, when the answer is created it will be more precise due to the increase in testing points. In the example shown although the study was tested at five different mesh intervals ranging from coarsest to finest the outputted results did not change. This could be due to the length of the cantilever being large and the lack of deformation. Figure 17 below shows the deformation of the cantilever with a midpoint mesh between coarse and fine. The answer can be divided by the validation answer then multiplied by 100 to give the answer as a percentage. 
Figure 17 – Cantilever deformation
[image: ]


6.3 - Applying Solidworks 
When comparing the rear setups with the new setup having structural rigidity in mind the torsional studies will be carried out on the original chassis, original chassis with strengthening bar and new chassis design with strengthening bar.  
When creating a rear torsion study, the front mounting points of the front geometry become fixed points.
Figure 18- Front fixed points (CAD Study)
[image: ]The three forces applied are: 
· Gravity (9.81m/s*s) 
· 300N applied to the rear right suspension mounting points 
· 300N applied to the rear left suspension mounting points (opposite direction)
Figure 19 – Applied forces (CAD Study)
[image: ]After fixing the front points and applying gravity and force to rear suspension mounting points, the material of the metal needs to be defined, for this study the material is mild steel (1020 steel) which has the following properties on solidworks.
Figure20 – Material selection (CAD Study)
[image: ]
For the study to run the user must define the mesh value of the study to determine how many test points are created, below the figure shows the chassis with the middle mesh value between coarse and fine.
Figure 21 – Chassis with mesh applied (CAD Study)
[image: ]

This can be repeated for each variation of the chassis to create comparison figures 
Figure 22 – Chassis with new rear end setup (CAD Study)
[image: ]
In the figure above you can see the same forces being applied to the alternative design chassis and the extra suspension mounting point on each creates an extra point where force is applied. Unfortunately, when running the test on either chassis model solidworks crashed, this made the user unable to produce comparative results for the torsion study.
In conclusion, the alternative double wishbone design has increased stiffness due to the addition of a strengthening bar and inclusion of rear double wishbones that allow more movement within the suspension to allow the suspension to compress and absorb energy instead of that energy going distorting the chassis itself, however without the solidworks simulation creating results that can be compared to each other than the increased stiffness is just a theoretical design and concept. 






[bookmark: _Toc99749758] Tyre Data, Modelling and Testing (Matthew Jones)
[bookmark: _Toc99749759]Tyre Deflection
	Tyre Vertical Deflection (mm) 
	Scale Reading (Kg) 
	Applied Force (N) 
	Vertical Tyre Stiffness (N/m) 

	0 
	0 
	0 
	0 

	2 
	44 
	431.64 
	215820 

	4 
	87 
	853.47 
	213368 

	6 
	131 
	1285.11 
	214185 

	8 
	174 
	1706.94 
	213368 

	10 
	218 
	2138.58 
	213858 

	12 
	261 
	2560.41 
	213368 

	14 
	304 
	2982.24 
	213017 


Table 7 Tyre Deflection
[image: Chart, line chart, scatter chart
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[bookmark: _Toc99731419]Figure 49 Applied Force Against Tyre Vertical Deflection
Average Tyre Deflection= 213000 N/m 

[bookmark: _Toc99749760]Methodology
  The results in Table 7 were obtained by performing a vertical tyres stiffness test using a hydraulic press. The first action for the vertical tyre stiffness test was to turn on the scales and establish a connection with the laptop. The second task was to set the tyre pressure at 20 psi using an air compressor and tyre pressure gauge. After the tyre pressure was set, the hydraulic press valve was locked, and a small load was applied to the tyre. With a small load applied to the tyre, the scales were zeroed. The DTi gauge was moved until in contact with the tyre stiffness rig and then set to zero. With everything set to zero the starting values entered to the lab record sheet. The next step was to depress leaver in a downwards until 1 revolution had been completed on the DTi gauge. After 1 revolution a measurement was taken from the scales and added to the lab record sheet. This process was repeated until a total of 8 values were acquired. Once the test was complete the release valve was released allowing the pressure to be discharged from the rig.​

  Tyre deflection is the amount of “bulge” the tyre lowers under load as the weight or torque is applied to the tyre. Deflection allows the tyre to flex and generate a wider contact patch to the road surface. From Figure 49 the graph shows a linear relationship between the applied force and vertical deflection of the tyre.

[bookmark: _Toc99749761]Tyre Data Graph Analysis 
Graphs for camber angles 0-3.5 degrees  
Load Transfer Front 120Kg  
Simulated at 150Kg of Camber Force 
[image: Chart

Description automatically generated] 
[bookmark: _Toc99731420]Figure 50 Avon Formula Student - A92 Stab Rig Data (Self Aligning Torque & Cornering Forces Against Slip Angle)
(Avon Tyres, 2021)
[bookmark: _Toc99749762]Lateral Force vs Slip Angle
 		 A slip angle is the angle between the direction the wheel is pointing and the direction the wheel is travelling. “A tyre does not generate side force until it is steered away from its current course, and it assumes a slip angle” (Haney, 2003) As displayed from the Avon tyre data the lateral force increases with more slip angle and begins to level off at 9 degrees of slip angle when put under a 300kg of camber load. 300kg of load which converts to 2942 N which is similar to the expected dynamic lateral loads on the rear of the Formula 750 of 2227 N. Unfortunately, there is not enough data available to see the fall off point however at around 10 degrees of slip a drastic lateral force fall off would be expected. 
  At the begging of the graph when the tyre is under smaller slip angles there is a proportional increase with lateral force.  This initial section of the graph is referred to as the “stiffness of the tire.” (Haney, 2003) In this region of the curve the tyre is not sliding on the road at any point in its contact patch. “A tyre designed to have more stiffness in the tread and sidewalls will have a steeper slope in this area of the curve.” (Haney, 2003) At higher slip angles, portions of the tyres contact patch begin to slide and there is less of an increase in cornering force. This is called the “transition region.” (Haney, 2003) When the curve levels off the majority of the tyre in contact with the road surface is sliding and the tyre produces less lateral force. “At these high slip angles most of the contact patch is sliding producing a lot of heat and wear.” (Haney, 2003) The lateral acceleration of the tyre has to counteract the centripetal forces.  When centripetal exceeds lateral acceleration; it is referred to as no longer following the path.
[bookmark: _Toc99749763]Longitudinal & Lateral Acceleration
 
[bookmark: _Toc99731421]Figure 51 Longitudinal & Lateral Acceleration
Utilising the Donnington lap data figure 51 above presents both longitudinal and later acceleration forces of the course of a lap.
[image: ]
[bookmark: _Toc99731422]Figure 52 Maximum & Minimum Longitudinal & Lateral Acceleration Values
Figure 52 exhibits both the maximum and minimum longitudinal acceleration and lateral accelerations which were extracted from the Figure 51 enabling calculations could be made to obtain longitudinal and lateral load transfer figures.

(Cover Units, 2022)
[bookmark: _Toc99749764]Longitudinal Acceleration
 11.77 m/s^2
[bookmark: _Toc99749765]Lateral Acceleration


[bookmark: _Toc99749766]Longitudinal Acceleration Force 


[bookmark: _Toc99749767]Lateral Acceleration Force


[bookmark: _Toc99749768]Longitudinal Load Transfer 





[bookmark: _Toc99749769]Lateral Load Transfer




[bookmark: _Toc99749770]Load Per Tyre 
Vehicle Mass = 480kg
Weight Distribution F:R 35:65
[bookmark: _Toc99749771]Load at Front Tyre

[bookmark: _Toc99749772]Load at Rear Tyre


[bookmark: _Toc99749773]Static Vertical Load Per Tyre
[bookmark: _Toc99749774]Front Static Vertical Load Per Tyre


[bookmark: _Toc99749775]Rear Static Vertical Load Per Tyre



[bookmark: _Toc99749776]Longitudinal Dynamic Tyre Load
[bookmark: _Toc99749777]Front Dynamic Longitudinal Tyre Load


[bookmark: _Toc99749778]Rear Dynamic Longitudinal Tyre Load


[bookmark: _Toc99749779]Lateral Dynamic Tyre Load 
[bookmark: _Toc99749780]Front Dynamic Lateral Tyre Load 


[bookmark: _Toc99749781]Rear Dynamic Lateral Tyre Load

 
[bookmark: _Toc99749782]Ideal Dynamic Camber Angle
[bookmark: _Toc99749783]Tyre Loads Kg to N 




Converting the different tyre data loads from kg to N to find a similar dynamic load to the calculated values. 
[image: A picture containing table
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Table 8 Avon Formula Student A92 Stab Rig Data (Self Aligning Torque & Cornering Forces 300kg Load)
(Avon Tyres, 2021)

[bookmark: _Toc99731423]Figure 53 Cornering Force Against Slip Angle 0 to 3.5 Degrees of Camber at 300kg of Load
Figure 53 shows the various cornering forces produced at various camber values from 0 to 3.5 degrees across -9 to 9 degrees of slip angle. As exhibited from the graph above neutral camber produces the most cornering force when the tyre is under load.

[bookmark: _Toc99749784]Unsprung Mass Comparison
Comparison of Unsprung Mass between Fiat Seicento wheels to Compomotive CXR 
Unsprung Mass Front (fus)
[bookmark: _Toc99749785]Fiat Seicento 




[bookmark: _Toc99749786]Compomotive CXR


[bookmark: _Toc99749787]Discussion
  Reviewing the equations above comparing the Fiat Seicento wheels to the lighter Compomotive wheels in turn reducing the unsprung mass of the vehicle it is highlighted that the Compomotives’ produce a higher unsprung mass frequency. The higher frequency value reinforces the more responsive setup as the wheel and tyre will move at a greater frequency thanks to the reduction in mass. By reducing unsprung mass “improving the response from the shock absorbers and keeping tires in contact with the ground more efficiently.” (Suspension Spot, 2018) 
  		 Minimising the un-sprung mass of the vehicle will result in improved handling due to the lighter un-sprung setup being able to react to the bumps and imperfections on the circuit faster. These faster reactions allow the tyres to maintain in contact with the circuit longer therefore the vehicle has more grip improving handling and on-track performance. “A lighter wheel which readily moves in response to road bumps will have more grip and more constant grip when tracking over an imperfect road.” (Technology Trends, 2016) 
Higher natural frequency will provide better transient response at corner entry and less ride height variation. Providing better aerodynamic stability for the pitch sensitive components on the front of the car and will allow the rear wheel driven formula 750 to gain better rear wheel traction on corner exits.

[bookmark: _Toc99749788]Camber Against Ride height 
  Reviewing Figure 7 it is clear that a lower roll centre height results in the tyre maintaining closest to 0 degrees of camber. Maintaining the ideal camber figure of 0 degrees results in the tyre being able to maintain the most amount of cornering force possible giving the driver more available grip. A lower roll centre enables the tyre can stay in the ideal camber window for a longer period. At maximum suspension travel the worst camber change the tyre can see is less than 1 degree either way. This results in that on circuit the camber angle would never be more than 1 degree difference from the ideal camber angle.

[bookmark: _Toc99731424]Figure 54 Difference in Cornering Force Between 0 & 1 Degree of Camber
  As Figure 54 exhibits there is not much cornering force lost if the camber deviates 1 degree from the ideal value of 0 degrees (neutral camber). The maximum cornering force lost occurred at 8 degrees of slip where 0.45 kN of cornering force was lost. 
[bookmark: _Toc99749789]Cost
	Wheel
	Mass Per Wheel (Kg) 
	Moment of Inertia
	Cost Per Wheel (£)
	Cost Per Set(£)

	Fiat Seicento
	6
	N/A
	25-50
	100-200

	Revolution 4Spokes
	4.6
	N/A
	150
	600

	CompomotiveCXR
	4.5
	N/A
	155
	620


Table 9 Comparison of Wheel Costs
(Revolution Wheels, 2021) (Compomotive Wheels, 2021)

[bookmark: _Toc99749790]Steering (Harry Williams, 2004975)
[bookmark: _Toc99749791]Original System Analysis
[image: ]
[bookmark: _Toc99731425]Figure 56, bump steer testing against original rack position
Displayed above is the testing done for bump steer when the steering rack was in its original position before being moved to try minimising bump steer.  When the steering rack was in its original state it could have been left there as the bump steer figures are very low the only points in the graphs data that needed improving is when the cars ride height had a gain or loss of anything higher than +/- 20mm 
 [image: ]
[bookmark: _Toc99731426]Figure 57, Ackerman testing against original ride height
When the Ackerman was tested when the cars ride height was set at its original state, due to the way the vehicle is set up and being almost parallel, this meaning both wheels turn the same number of degrees when pivoting around a given point, the least amount of Ackerman displayed was -28.364% at 10 degrees of steer and the maximum was 29.98% at -44 degrees of steer. There was very little between all the data produced due to the way the vehicle was setup.
 [image: ]
[bookmark: _Toc99731427]Figure 58, kingpin offset (right) being tested against original ride height
“The kingpin angle has an important effect on steering, making it tend to return to the straight ahead or centre position because the straight-ahead position is where the suspended body of the vehicle is at its lowest point.” (N/A, 2022) As displayed on the graph above the KPI offset demonstrated by the grey line is almost constant throughout when the vehicle is being steered from lock to lock (34 to -44)

[bookmark: _Toc99749792]Steering geometry 
	                    
	Ride
	Steer
	Camber_R
	Camber_L

	Ride and Roll       
	-10
	34
	-0.187
	-0.229

	Ride and Roll       
	-10
	30
	-0.195
	-0.231

	Ride and Roll       
	-10
	25
	0.202
	-0.232

	Ride and Roll       
	-10
	20
	-0.208
	-0.232

	Ride and Roll       
	-10
	15
	-0.214
	-0.231

	Ride and Roll       
	-10
	10
	-0.218
	-0.23

	Ride and Roll       
	-10
	5
	-0.222
	-0.228

	Ride and Roll       
	-10
	0
	-0.226
	-0.226

	Ride and Roll       
	-10
	-5
	-0.228
	-0.222

	Ride and Roll       
	-10
	-10
	-0.23
	-0.218

	Ride and Roll       
	-10
	-15
	-0.231
	-0.214

	Ride and Roll       
	-10
	-20
	-0.232
	-0.208

	Ride and Roll       
	-10
	-25
	-0.232
	-0.202

	Ride and Roll       
	-10
	-30
	-0.321
	-0.195

	Ride and Roll       
	-10
	-35
	-0.229
	-0.187

	Ride and Roll       
	-10
	-40
	-0.227
	-0.178

	Ride and Roll       
	-10
	-44
	-0.224
	-0.17


[bookmark: _Toc99731428]Figure 59, camber change testing with steer at -10mm ride height
	                     
	Ride 
	Steer 
	Camber_R 
	Camber_L 

	Ride and Roll        
	-20 
	34 
	-0.388 
	-0.467 

	Ride and Roll        
	-20 
	30 
	-0.403 
	-0.471 

	Ride and Roll        
	-20 
	25 
	-0.417 
	-0.473 

	Ride and Roll        
	-20 
	20 
	-0.43 
	-0.474 

	Ride and Roll        
	-20 
	15 
	-0.44 
	-0.473 

	Ride and Roll        
	-20 
	10 
	-0.449 
	-0.471 

	Ride and Roll        
	-20 
	5 
	-0.457 
	-0.468 

	Ride and Roll        
	-20 
	0 
	-0.463 
	-0.463 

	Ride and Roll        
	-20 
	-5 
	-0.468 
	-0.457 

	Ride and Roll        
	-20 
	-10 
	-0.471 
	-0.449 

	Ride and Roll        
	-20 
	-15 
	-0.473 
	-0.44 

	Ride and Roll        
	-20 
	-20 
	-0.474 
	-0.43 

	Ride and Roll        
	-20 
	-25 
	-0.473 
	-0.417 

	Ride and Roll        
	-20 
	-30 
	-0.471 
	-0.403 

	Ride and Roll        
	-20 
	-35 
	-0.468 
	-0.391 

	Ride and Roll        
	-20 
	-40 
	-0.462 
	-0.37 

	Ride and Roll        
	-20 
	-44 
	-0.457 
	-0.354 


[bookmark: _Toc99731429]Figure 60, camber change testing with steer at -20mm ride height

“Camber is used to distribute load across the entire tread. Improper camber can make the tire wear on one edge and may cause the vehicle to pull to the side that has the most positive camber. Zero camber will result in the most uniform tire wear over time but may reduce performance during cornering.” (TIRE, Monday, July 8th 2013) Looking at the camber change over the two graphs displayed above the camber change relative to steer from steering lock to lock for both ride heights (-10mm/-20mm) the figures outputted by wingeo are very minimal. The test was carried out from the vehicle being steered at stationary and from that it shows a very small camber change which maintains the camber setup of the vehicle with a very minimal change, which allows the vehicle to maintain its setup of contact patch to allow for max grip and handling. However, you would see more camber change if the testing previously carried out involved body roll and weight transfer alongside ride height.

[bookmark: _Toc99749793]Bump Steer Analysis
“Bump Steer is when your wheels steer themselves without input from the steering wheel. The undesirable steering is caused by bumps in the track interacting with improper length or angle of your suspension and steering linkages. Most car builders design their cars so that the effects of bump steer are minimal.” (products, 2021) bump steer is a feature which most race teams want to eliminate from their vehicles setup and there are various ways of doing this. One of which is to move the steering rack position. As shown below in figures 61,62,63,64 these graphs display how much bump steer the car has in a straight line when the ride height is increased and decreased in increments of 5mm. for this testing the steering rack has been moved 30mm in each direction.
“Bump steer can be adjusted by moving any of the front suspension components pickup points Up, down, in or out. For example: Say the inner tie rod mounting point is moved up either by moving the rack or modifying the pitman arm mounting point or arm drop. The result is the tie rod's arc will change.” (Simionescu, 2014) If the vehicles setup needs adjusting to incorporate bump certain components can be moved or adjusted to compensate for this, therefore the rack was the component which was decided to be moved to eliminate bump steer “Note that moving the rack will affect bump steer. When using a rack not designed for the chassis and suspension, moving the rack back/forward up/down can tune out most of the bump steer. Just moving it randomly in one direction could make it worse, so I would definitely want to be testing bump steer.” (locostbuilders, 2006)
[image: ]
[bookmark: _Toc99731430]Figure 61, bump steer testing against rack position (30mm forwards)
[image: ]
[bookmark: _Toc99731431]Figure 62, bump steer testing against rack position (backwards 30mm)
[image: ]
[bookmark: _Toc99731432]Figure 63,bump steer testing against rack position (30mm upwards)
[image: ]
[bookmark: _Toc99731433]Figure 64,bump steer testing against rack position (30mm downwards)
 
“When a car with bump steer will constantly be shifting the steering angle of the car and will make the front end very unstable at high speeds. The bump steer in the system will affect the precisely designed Ackermann steering geometry and will make the steering more unpredictable for the driver.” (secrets, 2020)Due to how bump steer affects the unpredictability of the vehicles handling, making the Car challenging to drive the decision was made to eliminate as much bump steer as possible on the standard steering system. the reasoning behind this is that he formula 750 championship is a budget championship for experienced and unexperienced drivers who want to get into racing so for that reason we want a vehicle that is going to handle smoothly and easy for the driver to control.
 [image: ]
[bookmark: _Toc99731434]Figure 65, original left and right bump steer data
[image: ]
[bookmark: _Toc99731435]Figure 66, rack positioned 30mm upwards of original position (bump steer data)
“Acceptable amounts of bump steer vary as to the intended use. But for most applications, up to 0.030- inch of bump is acceptable. Most teams try to reduce bump to under 0.010-inch when possible.” (Bolles, 2020)From this we can see displayed above on figures 65,66 are the exact figures of bump for both wheels, the first is when the rack is in its original position and second table shows the rack being moved upwards by 30mm. by moving the rack upwards 30mm has reduced the amount of bump when the vehicle is raised or dropped from the +/- 15-25mm range drastically.  when the car uses all of its downforce to push the car as low as it can be whilst going in a straight line if the rack has been moved upwards the bump steer will be reduced and this goes for when the car is under hard braking zones of a track as well. by having negative bump steer on the vehicle, it will give a toe out tendency when the vehicle is in bump, toe out will help the vehicle when understeering as it is a rear-wheel-drive vehicle. “a toe out alignment can help to mitigate issues related to under steering and can improve the handling on a vehicle that has a rear-wheel drive.” (Gili, 2014, march 9th)
On figures 65 and 66, the key on the side of the tables is to indicate whether the bump steer figures is below as stated in the bump steer analysis above (“up to 0.030-inch), if green it meets, if red it nis out of the range.
[bookmark: _Toc99749794]Bump steer on the rear
Bump steer can have an advantage to being incorporated in the car setup on the rear and have “active toe” which formula 1 cars use when setting their vehicles up for high-speed tracks. “Bump steer can provide an advantage to the rear end of a car on a smooth circuit effectively providing “active toe” during cornering. This can be used on a front wheel drive car to produce toe out, when the suspension is in bump, at the rear of the car to encourage oversteer on turn in; removing understeer characteristics.” (secrets, 2020) If needed for specific track setups, bump steer can be incorporated on the rear (increase or decrease the amount of bump by altering the tie drop length or as shown above by moving the position of the steering rack) however the rear suspension of the car has already been setup to incorporate toe in (1 degree) to help the vehicles handling in high-speed straight lines. 

[bookmark: _Toc99749795]KPI Considerations
	                    
	Ride
	
	Steer
	kingpin angle_R
	kingpin angle_L

	Ride and Roll       
	-10
	
	34
	0.227
	0.225

	Ride and Roll       
	-10
	
	30
	0.226
	0.225

	Ride and Roll       
	-10
	
	25
	0.226
	0.225

	Ride and Roll       
	-10
	
	20
	0.226
	0.225

	Ride and Roll       
	-10
	
	15
	0.225
	0.225

	Ride and Roll       
	-10
	
	10
	0.225
	0.225

	Ride and Roll       
	-10
	
	5
	0.225
	0.225

	Ride and Roll       
	-10
	
	0
	0.225
	0.225

	Ride and Roll       
	-10
	
	-5
	0.225
	0.225

	Ride and Roll       
	-10
	
	-10
	0.225
	0.225

	Ride and Roll       
	-10
	
	-15
	0.225
	0.225

	Ride and Roll       
	-10
	
	-20
	0.225
	0.226

	Ride and Roll       
	-10
	
	-25
	0.225
	0.226

	Ride and Roll       
	-10
	
	-30
	0.225
	0.226

	Ride and Roll       
	-10
	
	-35
	0.225
	0.227

	Ride and Roll       
	-10
	
	-40
	0.225
	0.227

	Ride and Roll       
	-10
	
	-44
	0.225
	0.228


[bookmark: _Toc99731436]Figure 67, testing KPI against ride height (-10mm ride height drop)





	                    
	Ride
	Steer
	kingpin angle_L
	kingpin angle_L

	Ride and Roll       
	-20
	34
	0.464
	0.46

	Ride and Roll       
	-20
	30
	0.464
	0.46

	Ride and Roll       
	-20
	25
	0.463
	0.46

	Ride and Roll       
	-20
	20
	0.462
	0.46

	Ride and Roll       
	-20
	15
	0.462
	0.46

	Ride and Roll       
	-20
	10
	0.461
	0.46

	Ride and Roll       
	-20
	5
	0.461
	0.46

	Ride and Roll       
	-20
	0
	0.461
	0.461

	Ride and Roll       
	-20
	-5
	0.46
	0.461

	Ride and Roll       
	-20
	-10
	0.46
	0.461

	Ride and Roll       
	-20
	-15
	0.46
	0.462

	Ride and Roll       
	-20
	-20
	0.46
	0.462

	Ride and Roll       
	-20
	-25
	0.46
	0.463

	Ride and Roll       
	-20
	-30
	0.46
	0.464

	Ride and Roll       
	-20
	-35
	0.46
	0.465

	Ride and Roll       
	-20
	-40
	0.461
	0.466

	Ride and Roll       
	-20
	-44
	0.461
	0.466


[bookmark: _Toc99731437]Figure 68, , testing KPI against ride height (-20mm ride height drop)
“In general Kingpin angle should be in between 6 to 14 degrees for effective performance. Most of the formula cars have kingpin angle more than 10 degree as it reduces the scrub radius.” (designer, n.d.)
[bookmark: _Toc99749796]Kingpin offset testing 
[image: ]
[bookmark: _Toc99731438]Figure 69, testing KPI offset against ride height (-10mm ride height)
[image: ]
[bookmark: _Toc99731439]Figure 70, testing KPI offset against ride height (-20mm ride height)
[bookmark: _Toc99749797]Ackerman 
“Ackerman steering geometry is used to change the dynamic toe setting, by increasing front wheel toe out as the car is turned into the corner. Racers are interested because of the potential to influence the handling of the car on corner entry and mid corner.” (Thompson, n.d.) For race drivers and race cars Ackerman can allow the driver to attack the corner harder due to the aid of toe out, displayed below are two graphs showing the difference in Ackerman from its original ride height by -10mm ride height and -20mm. however the biggest difference in the two graphs is when the cars being slightly steered at 5/-5 degrees where you can see the graph start to lift before the discrepancy at 0 degrees of steer.
[image: ]
[bookmark: _Toc99731440]Figure 71, Ackerman testing against ride height (-10mm ride height)
Compared to figure 15 when the vehicle was being tested at its original ride height the similarity between the data produced has changed drastically. When the vehicle was being steered at 10 degrees the output was 342% and when at -44 degrees the output was 8.557%
[image: ]
[bookmark: _Toc99731441]Figure 72, Ackerman testing against ride height (-20mm ride height
[bookmark: _Toc99749798]Tyre slip angle
[image: ]
[bookmark: _Toc99731442]Figure 73, cornering forces (N) against tire slip angle data
(Avon Tyres, 2021)
“Common racing tyre slip angles of 6, 7 and 8 degrees are large numbers, and therefore there is potential for slip angle variation from side to side, which could toe the wheels out a lot. This implies anti-Ackerman could help reduce the unwanted toe out. This is the traditional solution and the one that is most readily acceptable.” (Thompson, n.d.) As displayed above in figure 73 and stated in the tire section of the report under lateral force vs slip angle (7.10.1), the slip angle drops off at around 10 degrees off slip however this cannot be seen on the graph itself. However as stated above angles of “6,7 and 8 degrees are large numbers” (Thompson, n.d.) of slip angle to have on a race vehicle and could cause our vehicle to have more toe out than desired due to this high number. However, the figure is not a definite number as we cannot see on the tire data graph exactly where its drops off.
[bookmark: _Toc99749799]Anti-Ackerman
However, to resolve this high figure of tire slip major race series such as formula 1 use Anti-Ackerman to reduce how much tire slip angle their vehicles run “The Anti-Ackerman steering was designed for high-speed corners where the cornering forces are high to get a better steering response by reducing slip and providing more grip to the outer tire during cornering at larger radius turn.” (Vijay Mistry1, 05 | May 2021)Although the setup of the vehicle can always be changed to accommodate for certain aspects of handling for a given track, the current figure for slip angle on the vehicle is 10 degrees which is very high and due to this Anti-Ackerman will be incorporated into the system to prevent undesired handling characteristics of the vehicle.

[bookmark: _Toc99749800]Budget
The current steering system on the vehicle is put together by a company called Race kits, where all components for a formula 750 car can be purchased.

	Component
	Price new condition
	Priced used condition 

	Steering column 
	£50
	N/A

	Steering Arm
	£25x2 (£50)
	N/A

	Steering rack extensions 
	£35
	N/A

	Steering rack
	£150
	£30

	Steering wheel
	£100
	£30

	Uprights
	£90x2 (£180)
	N/A

	Total cost
	£565
	£315


[bookmark: _Toc99731443]Figure 74, A table displaying costings off all steering components (new and used)
(Kits, 2021)
 
Displayed above are the prices new and used when applicable for the steering system used in the formula 750 championship, the total cost for the steering system components displayed are £565 for the system when all components are new and £315 when used components are incorporated

[bookmark: _Toc99749801]system re design
don’t want to change the components on the steering system as the current system gives off a steering ratio of 1:2, which is the amount of reactivity we are looking for in this open wheel formula championship, as this is as close as we are going to get the vehicles handling/reactivity for how much the system costs to purchase (new £565). Having a ratio of 1:2 is perfect for this championship as there are a lot of new drivers within the championship and having such a reactive car will only speed up their driver ability skills of a vehicle safely. Although the regulations of the championship seen in section 3.6.1 state any material and dimensions can be used for the components, it is a budget series for drivers who do not have a high race budget week in week out so there was no need to look at carbon fibre shafts etc as falcon race kits have already selected the best components for the steering system on a budget and it is cheap to maintain.

[bookmark: _Toc99749802]Braking (Ross Vince)
[bookmark: _Toc99749803]Current System Analysis
9.2 Breaking Calculations
9.3 New Specification
9.4 Budget


[bookmark: _Toc99749804]Conclusions
[bookmark: _Toc99749805]Chassis (Joe Gauntlett)
[bookmark: _Toc99749806]Front Suspension (Sam Alvey-Taylor)
Firstly, the front suspension components are unchanged from the Racekits components, this is due to the investigations and changes made being focussed on kinematics and dynamics rather than changing components. The components made and recommended by Racekits have been manufactured and used in Formula 750 racing for decades and therefore are proved suitable for the series and vehicle in both function and cost. Therefore, the wishbones, anti-roll bar, dampers, springs, push rods and rockers will all be kept as Racekits parts.
The chosen geometry for the front suspension will be the lower roll centre geometry. This is mostly due to a decrease in geometric load transfer seen in section 5. Geometric load transfer happens faster than elastic load transfer, therefore the speed of the load being transferred across the front axle is reduced, increasing the formula 750s front stability (Vogel, n.d.). Although, lowering the roll centre of the vehicle will increase the roll moment meaning that the formula 750 will roll easier, to provide the extra stiffness to counteract the extra roll, spring rates and anti-roll bars can be stiffened (Vogel, n.d.). 
Secondly, the lower roll centre has less camber gain, allowing for larger amounts of static camber to ensure the tyre reaches its optimum contact patch whilst cornering. The lower roll centre geometry also stays within the tyres optimum camber window for the longest through ride height change, therefore ensuring the tyre works at the highest grip level for the longest. Lowering the roll centre will also reduce tyre wear, as a higher roll centre means more inclination in the vehicle’s wishbones, this increases lateral movement of the tyre inducing higher temperatures and more tyre wear over a stint (Vogel, n.d.). 
Lowering the roll centre does not considerably affect toe steer when compared to the initial geometry. As bump steer is not desirable in a race car (Bolles, n.d.; Gillespie, 1992) this must be tuned out by adjusting the steering geometry as the roll centre location does not have a profound effect on bump steer. 
[bookmark: _Toc99749807]Steering (Harry Williams)
to conclude the steering system development for the formula 750 vehicle, the components of the system are going to stay the same, this is due to cost, the championship if for amateur drivers and hobbyists who do not have a big race budget for the season and due to this the whole car is very cheap and affordable to run.  The steering system designed by falcon race kits for a total of £565 for a new system is a reactive steering system with a 2:1 steering ratio which makes for a very quick reacting system perfect for drivers who want to develop their skills.
To reduce the amount of bump-steer the vehicle currently has the steering rack will be adjusted and moved 30mm above its original state this is to turn the positive bump into negative bump which will result in the vehicle having toe out, however, toe out will be able to aid the vehicle when it experiences any form of understeer and will aid the handing of the vehicle all-round.
Due to the vehicle having such a high slip angle of around 9 degrees as displayed on figure 73 to help control the vehicle and keep the handling to a high standard, Anti-Ackerman will be incorporated into the vehicle’s setup, by adding Anti-Ackerman to the setup it will give a better steering response and reduce the amount of slip angle the vehicle has. In addition to this it will provide more grip to the outer tire when the vehicle is attacking a large arc corner making the vehicles handling more aggressive on high speed cornered tracks which Anti-Ackerman was purposely designed for.
[bookmark: _Toc99749808]Wheels & Tyres (Matthew Jones)
  Firstly, selecting a new wheel for the Formula 750 cars aim was to reduce unsprung mass. After considering a plethora of options from a variety of manufacturers, the selecting process was narrowed down to two options, one being from Revolution and another from Compomotive. After comparing price Compomotive (£155 per wheel) and Revolution (£150 per wheel) followed by mass per wheel Compomotive (4.5kg per wheel) and revolution (4.6kg per wheel) the Compomtives were selected as the wheel of choice. 
  A comparison between the original Fiat Seicento wheels and the new Compomotive CXR wheels was then made as exhibited in section 7.5 where the unsprung mass frequencies were calculated. The CXRs produced 0.5Hz more frequency than the Seicento wheels. The higher natural frequency reinforced that the new Compomotive wheels would be a more responsive setup allowing the wheel and tyre will move at a greater frequency thanks to the reduction in mass.
 [image: Diagram
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Figure 75 Schematic of a three-string torsional pendulum
(Lambda Scientific, 2021)
 As discussed in section 3.5.3 rotational inertia will have an effect on how the wheel will act. A lower rotational inertia will enable the wheel to require less force to move. With less resistance the vehicle will have improved acceleration. Due to the rotational inertia varying depending on how the mass of the wheel is distributed in comparison to the wheels overall mass a unique set of apparatus is required. Figure 75 displays a three-string torsional pendulum which can be utilised to measure the moment of inertia of an object. Using the apparatus as pictured in Figure 75 Moment of inertia values could have been obtained to further compare each alternative option. Due to work shop restraints this task unfortunately was not able to take place. The final step for selecting a new wheel for the Formula 750 would be using the three-string torsional pendulum to conclude the selection stage. 
  Due to the tyres being regulated in the Formula 750 series the tyre choice could not be selected besides the wet tyre which Yokohama offer a Advan A006 available in a 13 inch diameter with a size of 160/55VR13 which has the same width as the regulated slick tyre for the championship. This seems like a fitting wet tyre for the Formula 750 as the A006 commonly utilised in other formula championships.  
  The regulated slick eliminates alternative slick being used for dry races so to improve lap time the purpose of this report was to further understand the tyre and review methods to optimise the tyre. In the search for grip everything revolves around the contact patch. Unfortunately, Yokohama do not release their tyre data however looking at a similar tyre from Avon tyre analysis was performed with their limited available data. After analysing the Avon tyre data displayed in Figure 50, alongside a one lap data file from Donnington calculations were made to obtain dynamic camber values.       Through the calculations a ideal camber figure was selected of 0 degrees (neutral camber) which produced the most cornering force when put under similar maximum dynamic loads as calculated. With an ideal operating window of neutral camber being set the parameters of when the tyres are under load were known. There are only certain points of a lap where the tyre will be in the ideal camber operating window so using simulation the goal was to see when the tyres were at neutral cambers when inputting various static camber loads. Unfortunately, the simulation group were unable to successfully get the model operational so this test could not be executed. If the simulation was operational, it would been interesting to see the camber change over the course of the lap. 
    Figure 7 displayed the camber change when moving the vehicles roll centre. A lower roll centre height results in the tyre maintaining closest to 0 degrees of camber. A lower roll centre enables the tyre can stay in the ideal camber window for a longer period which will allow the tyre to maintain the highest amount of cornering force. Even when the suspension was at maximum travel the worst camber change the tyre can see is less than 1 degree either way. On circuit the camber angle would never be more than 1 degree different from the ideal camber angle. Figure 54 showed the variation between 0 and 1 degree of camber. The maximum cornering force lost occurred at 8 degrees of slip where only 0.45 kN of cornering force was lost. The lower roll centre allows for larger amounts of static camber to ensure the tyre reaches its optimum contact patch whilst cornering maintaining the highest grip level for more of the lap. 
    Researching the effects of toe has enabled a much further and technical understanding of how the car can be setup to benefit the driver alongside setting the car up for the circuit. Toe is a great tool to tune the car to the drivers preferences to best suit their driving technique. Toe is not a figure that can be set for the season but should be something teams and drivers can adjust to fine tune their vehicle to their desired setup. On tighter cicuits such as Cadwell Park Toe out on the front of the car could be added to increase turn in response enabling the car to feel nimbler and more responsive. Toe out could also be added to the rear for improves acceleration and better rotation into and during the corners. On faster circuits such as Castle Comber Toe in might be preferred for greater high speed stability however any amount of toe will create drag on the straights. 
  To further develop this project and best understand the tyres obtaining some data on the Yokohama A005 slick would enable and in depth study on the Formula 750s tyres could be performed. 
[bookmark: _Toc99749809]Further Work
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Longitudinal & Lateral Acceleration Against Time
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Cornering Force Against Slip Angle From 0 to 3.5 Degrees of Camber at 300kg of Load
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Cornering Force (kN)




A Graph to Show the Difference in Cornering Force Between 0 & 1 Degree of Camber
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state it could have been left there as the bump steer figures are very low the only points in the
graphs data that needed improving is when the cars ride height had a gain or loss of anything
higher than +/- 20mm st po As displayed on the graph
above the KPI offset demonstrated by the grey line is almost constant throughout
. when the vehicle is being steered from lock to lock (34 to -44)
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Figure 1 Schematic of a three-string torsional pendulum
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Cost
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Required Total Cost

Wishbones £60 2 £120

Push Rods £20 2 £40
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Anti-Roll Bar Front £35 1 £35

Anti-Roll Bar Bearing £10 2 £20

Anti-Roll Bar Link £20 2 £40

Radius Arm £35 2 £70

Springs £80 2 £160

Dampers £320 2 £640

Total Cost £620.00 17 £1,205.00
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Forward Leg (N) 0.00

Rearward Leg (N) 3291.57

Upper Wishbone Forces (Initial New)
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Cornering Force (N) 5264.44

Upper Wishbone(N) -3290.27 -, Tension

Lower Wishbone (N) 8554.71 +, Compression

Upper Wishbone Tension

 

(N) 3291.57

Lower Wishbone Compression (N) 8574.67

Wishbone Forces Under Cornering (Initial New)
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Forward Leg Rearward Leg

Second Moment of Area, I (m

4

)

6.64E-09 6.64E-09

Radius of Gyration, K (m) 4.88E-05 4.88E-05

Slenderness Ratio 5942.62 6547.62

Youngs Modulus, E (Pa) 2.00E+11 2.00E+11

Critical Buckling Force (N) 155850.44 115027.88

Max Buckling Stress, σ (Pa) 1.15E+09 9.13E+08

Max Strain, ε

0.00575 0.00456

Forward Leg Rearward Leg

Second Moment of Area, I (m

4

)

6.64E-09 6.64E-09

Radius of Gyration, K (m) 5.04E-05 5.04E-05

Slenderness Ratio 7889.34 8353.17

Youngs Modulus, E (Pa) 2.00E+11 2.00E+11

Critical Buckling Force (N) 88425.26 70675.00

 Max Buckling Stress, σ (Pa) 6.50E+08 5.61E+08

Max Strain, ε 0.00325 0.0028

Upper Wishbone Forces, Stresses and Strains

Lower Wishbone Forces, Stresses and Strains
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Acceleration Force (N) 5226.77

Radius Rod Critical Buckling Force (N) 22827.96

 Max Buckling Stress, σ (Pa) 1.81E+08

Max Strain, ε 0.000905

Radius Rod Acceleration Forces
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Second Moment of Area, I (m

4

) 6.64E-09

Radius of Gyration, K (m) 5.04E-05

Slenderness Ratio 14702.38

Youngs Modulus, E (Pa) 2.00E+11

Critical Buckling Force (N) 22827.96

 Max Buckling Stress, σ (Pa) 1.81E+08

Max Strain, ε 0.000905

Radius Rod Forces, Stresses and Strains
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Upper Lower

 Acceleration Force on Forward Leg (N) 13493.5 12632.99

 Acceleration Force on Rearward Leg (N) 0 0

Forward Leg Critical Buckling Force (N) 155850.44 88425.26

Rearward Leg Critical Buckling Force (N) 115027.88 70675.00

Wishbone Acceleration Forces
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Part Quantity

Min Max Min Max

Springs 80.00 £                 80.00 £                2 160.00 £      160.00 £     

Dampers 320.00 £               640.00 £              2 640.00 £      1,280.00 £  

Radius Arm  £                35.00   £               35.00  4 140.00 £      140.00 £     

Panhard Rod  £                35.00   £               35.00  1 35.00 £        35.00 £       

Axle Assembley  £              390.00  £             390.00  1 390.00 £      390.00 £     

Totals 10 1,365.00 £   2,005.00 £  

Current (De Dion)

Cost Per. Comp. Total Cost
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Part Quantity

Min Max Min Max

Springs 80.00 £                 80.00 £                2 160.00 £      160.00 £     

Dampers 320.00 £               640.00 £              2 640.00 £      1,280.00 £  

Wishbones  £                60.00   £               60.00  4 240.00 £      240.00 £     

Uprights  £                90.00   £               90.00  2 180.00 £      180.00 £     

Totals 10 1,220.00 £   1,860.00 £  

Initial New (Double Wishbone)

Cost Per. Comp. Total Cost
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Part Quantity

Min Max Min Max

Springs 80.00 £                 80.00 £                2 160.00 £      160.00 £     

Dampers 320.00 £               640.00 £              2 640.00 £      1,280.00 £  

Wishbones  £                60.00   £               60.00  4 240.00 £      240.00 £     

Uprights  £                90.00   £               90.00  2 180.00 £      180.00 £     

ARB  £                90.00   £               90.00  2 180.00 £      180.00 £     

ARB Bearings  £                10.00  10.00 £                4 40.00 £        40.00 £       

ARB Link 10.00 £                 10.00 £                4 40.00 £        40.00 £       

Push Rods 20.00 £                 20.00 £                2 40.00 £        40.00 £       

Rockers 40.00 £                 40.00 £                4 160.00 £      160.00 £     

Totals 26 1,680.00 £   2,320.00 £  

Final New (Double Wishbone)

Cost Per. Comp. Total Cost
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Current Initial New Final New

Sprung Mass Elastic (N) 756.55 756.55 756.55

Sprung Mass Geometric (N) 412.70 273.17 238.60

Unsprung Mass Geometric (N) 154.84 129.03 135.48

Total (N) 1324.08 1158.75 1130.63

Rear Lateral Load Transfer


image58.emf
Current Initial New Final New

Sprung Mass Elastic (kg) 77.12 77.12 77.12

Sprung Mass Geometric (kg) 42.07 27.85 24.32

Unsprung Mass Geometric (kg) 15.78 13.15 13.81

Total (kg) 134.97 118.12 115.25

Rear Lateral Load Transfer
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Current Initial New Final New

Sprung Mass Rear (Hz) 1.47 1.47 1.47

Unsprung Mass Rear (Hz) 11.15 12.08 12.22

Rear Natural Frequency
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