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			Disclaimer

			Motor racing is dangerous and can be hazardous to your health. Working on mechanical components—whether in the workshop or racetrack—can be hazardous and bad for your health if you don’t fully understand what you are doing.

			This book gives advice based on sound engineering principles and years of experience.

			Before attempting to apply anything you read in this book, make sure you fully understand what you are doing and that it is safe. If you are not sure, don’t do it! Ultimately, anything you do—and its consequences, good or bad—is your responsibility. I disclaim any responsibility for your actions.

			The views and opinions expressed in this collection of stories are those of the authors and do not necessarily reflect the official policy or position of Free Spirit®. Any content provided by our authors are of their opinion and are not intended to malign any religion, ethnic group, club, organization, company, individual or anyone or anything.
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			Foreword

			Welcome to the first volume in the Motorsport Engineers series! This volume is about one of the fundamentals of all vehicles—suspension. It is also a vital area that a motorsport engineer must have complete understanding of.

			The design and construction of race car suspension is complex and full of hidden surprises. As a motorsport engineer, it is essential to understand everything about the suspension systems in your car. You are chasing hundredths of a second and you don’t have the luxury of months to develop new suspension or set-ups. This means that an intimate knowledge of your car’s suspension is vital.

			Most race car suspension today is based upon proven designs from long ago. New concepts are born every day, and maybe you will be one of the innovators. The old and new designs are covered in detail in this book because you need to know them all as a motorsport engineer.

			Quite a few current F1 engineers are involved in historic racing. They know and understand the suspension of a fifty-year-old race car as well as the latest F1 machinery, because they want to win—no matter what they are racing.

			There are still lessons to be learned when looking at old types of suspension that can be used on modern cars. Getting to understand different designs will help you understand your own car better.

			In this volume, we will be discussing suspension from a practical point of view. I won’t be telling you how to design, per se. The universities and colleges will teach you necessary skills and formulas to design the suspension components with correct materials and methods of manufacture.

			What you will learn are the different types of suspension and their advantages and disadvantages.

			We will also look at the practical knowledge needed when you are designing a new suspension system or modifying an existing one. What things to look out for and the key points to consider when designing a particular type of suspension.

			

			This book also covers the different components that make up a suspension system. There is a brief summary at the end of every chapter listing what a race engineer needs to know. The final chapter of the book puts all these pointers together.

			Rex Keen

			

		

	
		
			Chapter 1

			Suspension—An Introduction

			Suspension is needed for maintaining contact between the tires and the track surface. It is the area of the car that forms a link between the chassis, powertrain, aero, and tires. It deals with everything thrown at it by the track:

			·	Bumps.

			·	Uphill.

			·	Downhill.

			·	Corners.

			The Drivetrain

			·	Horsepower and torque from the engine during the start.

			·	Accelerating out of corners and down the straights.

			·	Decelerating through the gears under braking.

			The Brakes

			·	Forces induced under braking.

			The Aerodynamics

			·	Downforce.

			·	Varying levels of downforce at different speeds.

			·	Lift.

			The suspension design, shape, and size is almost always a compromise because it has to be integrated into the chassis along with the drivetrain, cooling system, and driver’s space.

			Maximum strength at minimum weight is one of the hallmarks of an ideal suspension system.

			The strength of the suspension will need to cope with aerodynamic loads that will be fed through the suspension into the tires. Downforce can increase the weight of the car quite dramatically, meaning that the suspension you designed for a 1,000-kg car is now carrying a 2,000-kg car.

			The most downforce in the world will only help you for so many laps if your suspension is not looking after the tires or the driver. Without good suspension, which is properly designed, strong enough and effectively set up, your car will not produce optimal lap time, regardless of how much aero you have. All that downforce has to be turned into lap-time by producing more grip via the suspension.

			The Perfect Suspension System

			The ideal suspension system should have the following characteristics:

			·	Enough vertical suspension travel so that the wheels and tires can soak up the bumps and curbs.

			·	Control the rate of camber change and the amount of track change with suspension movement.

			·	Both the inside and outside wheels to remain vertical to the track surface as the body (sprung mass) rolls during cornering.

			·	All wheels to remain upright during single-wheel movement from hitting a bump.

			·	The movement of all four wheels to be independent of each other.

			·	The tires to experience zero scrub at the contact patch during suspension movement.

			·	The weight of the unsprung mass to be as light as possible.

			·	Toe change in bump and rebound to be controllable.

			·	All links to be loaded in straight tension or compression with no bending moments.

			Remember that most suspension systems won’t be capable of achieving everything on our wish list. It’s your job as a race engineer to prioritize what suspension characteristic is most important for your car.

			

			A Brief History of Suspension

			It’s important we look long and hard at the types of suspension used in the past and the reasons behind the making of so many of our own designs. Why?

			For you to become a truly complete race engineer, you need to understand all the different disciplines associated with a race car. Tires suspension aero, etc. Like a lot of motorsport engineers, you will probably end up working in historic motorsport.

			[image: ]

			Figure 1-1 Double Elliptical Spring

			Remember, we often learn more from our mistakes than our successes. Let’s learn from other people’s mistakes in the past, so we can avoid making our own.

			When cars first came along (1886 Daimler), they were equipped with suspension that was inherited from horse carriages and buggies. This usually consisted of beam axles attached to leaf springs. During this period, suspension development was mainly carried out by the teams and manufacturers in motorsport in the never-ending quest to go quicker.

			De Dion and Georges Bouton came out with their famous rear suspension layout in 1894.

			The first piece of suspension to see real development was the leaf spring. It progressed from the horse and buggy double-elliptical blades to multi-leaf semi-elliptical types. These were normally mounted longitudinally front and rear, and sometimes, transversely at the front.

			Example: 1898 Deauville had a transverse front leaf spring with sliding pillars.
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			Figure 1-2Mercedes great German rivals Auto Union also had 
a swing axle rear suspension in their first Grand Prix cars with trailing link suspension at the front.

			In 1902, on one of his racing cars, Panhard fitted the transverse radius rod that is still used today.

			In 1903, Friction dampers were fitted to the French Mors racing car.

			In 1911, Bugatti introduced the reversed, quarter-elliptic rear spring that remained on his cars until 1950.

			1930s—The standout cars of the period between World War 1 and World War 2 were the Grand Prix cars from Mercedes Benz and Auto Union.

			Mercedes Benz had swing axles fitted to the rear of their Grand Prix cars with parallel wishbones at the front. These cars had constant oversteer characteristics due to the high roll centers inherent with swing axles.

			Both manufacturers developed their respective cars’ suspension in a similar manner, by adopting De Dion rear ends. Mercedes added longer wishbones to the front to complement the new rear end, while Auto, post-World War 2, coil springs became the common front spring with leaf springs at the rear.

			The short comings of chassis and suspension design became apparent in a motorsport environment. Bad kinematics, shortcomings of suspension concepts like swing axles and beam axles combined with a lack of rigidity produced unstable and unpredictable handling.

			

			1950s—Cooper successfully raced with independent, transverse leaf spring suspension.

			From the late 1950s through the 1960s, suspension progressed at a rapid rate. Highlights being the MacPherson strut that morphed into the Chapman strut and the adoption of double wishbone suspension in Formula 1 and sports prototypes.

			1960—Lotus Type 18 with reversed lower wishbones, two radius rods.

			Eventually, suspension design and construction for all top-level motorsport categories consisted of:

			·	Kinematics that took into account roll center location, camber gain, anti-dive and anti-squat.

			·	Unequal length wishbones.

			·	Coil springs.

			·	Anti-roll bars front and rear.

			·	Oil-filled dampers.

			In the twenty-first century, these concepts and components still make up the majority of race cars constructed for both club and professional classes. The only exception being torsion bars replacing coils in F1 and a lot of LMP cars.

			Active ride made it into F1 during the late eighties / early nineties before it was banned. It made a return to F1 in a passive form in 2011 with the Mercedes FRIC system (Front to Rear Interconnected Suspension) before being once again banned by the FIA.

			However, with road car suspension becoming more and more sophisticated, different interconnected suspension systems are becoming more likely to reappear in top-level motorsport. When you also consider that reduced downforce with increased mechanical grip is often being touted as the way to produce better racing, then you can see the need to understand these systems.

			So, as you can see, suspension design is paramount to winning your next championship. It’s a fascinating, complex and at times, contradictory subject that will keep you awake at night, thinking of how to get just a little more grip.

			What a Motorsport Engineer Needs to Know

			1.	What suspension systems come from what eras?

			You never know what race series you will end up in and you could be in a team that races modern and historic race cars.

			

		

	
		
			Chapter 2

			Types of 
Suspension

			There are many different types of suspension that are used in race cars in the modern era. Some are throwbacks from days gone by, some are derived from production cars and some are pure twenty-first century. We will look at the ones you are most likely to come across as a race engineer.

			Front Suspension

			The front suspension in all cars will have to cater to the steering and with front-wheel drive, it will have to cope with the driveline as well.

			Rear Suspension

			In the vast majority of race cars, the rear suspension will be dealing with getting the power down.

			Rear suspension can be divided into 3 main types:

			1.	Live axles—incorporating the final drive and differential.

			2.	Dead axles—in a front-wheel drive or as part of a De Dion assembly.

			3.	Independent rear suspension.

			Types of Suspension

			There are many different types of suspension systems with an infinite number of variations on the race cars you will be dealing with.

			·	Double wishbone.

			·	Pushrod.

			·	Pullrod.

			·	Third element.

			·	Monoshock.

			·	MacPherson strut.

			

			·	Chapman strut.

			·	Solid/beam axle.

			·	De Dion.

			·	Trailing arm.

			·	Semi-trailing arm.

			·	4 link radius rods.

			·	Swing axle.

			·	Trailing link front.

			·	Multilink rear suspension.

			·	Weissach axle.

			·	Twist beam.

			·	Sliding pillar front.

			Double Wishbone

			In the 1930s, Cadillac, Buick and Oldsmobile offered double wishbone front suspension in their passenger cars.

			
				
					
						Figure 2-1 Double Wishbone Suspension with Pushrod—On Display at the Autosport Show 2011
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			Double wishbone suspension and derivatives of it are the most common types of suspension used in race cars of all types. Since the early 1960s, double wishbones have become the standard for motorsport.

			Double wishbone suspension is by far the most common type of suspension in motor racing for both the front and rear.

			It consists of both an upper link and a lower link in the shape of a wishbone. The two wishbones are mounted on chassis (inboard) pivots. These pivots allow the wishbones to move up and down in an arc prescribed by their length.

			The outer ends (wheel side) are connected to the uprights with ball-joints or rod ends. These joints provide enough rotational movement to provide the steering. One of the main advantages of this type of suspension is the number of kinematic options available. Its key advantage of double wishbones is the ratio of the top and bottom arm lengths.

			The relationship between their lengths as well as the vertical distance they are apart, determines the camber gain in bump. The number of combinations available, makes it possible for a race engineer to have the correct camber gain for the particular tire they are using.

			It is, in most cases, relatively simple to design, manufacture and install in a race car. Despite its simplicity, double wishbone suspension allows a clever designer almost total freedom to achieve all the performance objectives they desire.

			Different Double Wishbone Configurations

			There are three possible layouts with double wishbone suspension but only one that can be realistically used.

			1.	Equal length parallel arms.

			2.	Unequal length parallel arms.

			3.	Unequal length non-parallel arms.

			Equal Length Parallel Arms

			If you were designing your first double wishbone suspension, this would probably be your first choice. However, with some knowledge of kinematics, you will see this is not an ideal setup. This is due to several factors that will negatively affect handling.

			[image: ]

			Figure 2-2 Equal Length Parallel Double Wishbone Suspension Showing Track Change in Bump

			With the wishbones being parallel, it means there is no instant center as any lines extending from the wishbones will never intersect. In this case, the roll center is regarded as being located on the ground in the center of the chassis.

			Equal length parallel arms form a parallelogram. In regard to kinematics, this means there will be no camber gain in heave or one-wheel bump. However, at the same, there will be a large change in the track width, which will cause the tires contact patch to ‘scrub’ across the track.

			The amount of track change is directly related to the length of the wishbones. The longer the wishbone, the less track change per millimeter of vertical wheel travel.

			In roll, the degrees of tire camber change will generally be the same as the chassis roll. The outside (loaded) tire goes into positive camber. This amount will vary slightly with different length wishbones.

			Unequal Length Parallel Arms

			[image: ]

			Figure 2-3 Unequal Length Parallel Wishbones Showing Positive Camber Gain in Roll 

			With this type of double wishbone suspension, the top wishbone will always be shorter than the bottom arm.

			The top wishbone, being shorter in length than the bottom, rotates with a shorter radius. This means the wheel is pulled into negative camber when it goes into bump. The amount of camber gain is directly related to the ratio of the length of the top wishbone to the length of the bottom wishbone. The shorter the top link, the greater the camber gain.

			With the wishbones being of different lengths, they will not remain parallel with vertical wheel movement, so the instantaneous swing arm length varies a lot. So, the further the wheel travels, the steeper the camber curve will be.

			Despite the different wishbone lengths during roll, the wheels will gain camber in the same manner as with equal length wishbones. The loaded wheel still goes into positive camber but not as much as equal length wishbones. The unloaded wheel gains less negative camber than it does with equal length wishbones.

			The roll center maintains a constant distance to the center of mass, meaning the roll moment remains constant.

			

			Unequal Length Non-Parallel Links

			This is the ideal setup and is what you will find in the vast majority of race cars. Compared to the parallel wishbone suspensions, the unequal and parallel link setup reduces the positive camber of the loaded wheel in roll.

			[image: ]

			Figure 2-4 Unequal Length Non Parallel Wishbones on a Van Diemen RF92 – Note Pushrod Attached To the Lower Wishbone

			Camber—Double Wishbone

			With a double wishbone suspension, camber gain in roll is determined by:

			1.	The angles of the top and bottom arms.

			2.	The ratio of the length of the upper arm to the length of the lower arm. A 1:1 ratio will produce a linear camber gain during wheel movement. The greater the ratio, the greater the camber gain per millimeter of wheel travel.

			3.	The lengths of the individual wishbones.

			4.	The height of the upright.

			5.	The length of the instant center.

			Advantages

			·	Large range of instant center lengths possible.

			·	Large range of roll center heights possible.

			·	Non-linear geometry if desired.

			·	Any amount of anti-dive possible.

			·	Any amount of anti-squat possible.

			·	No roll steer.

			

			·	Can be used as front or rear suspension.

			·	Can be used with front or rear-wheel drive.

			·	Excellent strength to weight ratio.

			·	Wheels of all widths can easily be accommodated.

			·	Low unsprung weight.

			·	Strong laterally.

			·	Strong longitudinally.

			
				
					
						Figure 2-5 Rocker on the Pushrod Suspension of a Formula Renault
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			Suspension Rockers

			Rocker arm suspension is usually made up of a double wishbone base with some external means to operate the spring damper unit. Usually push or pullrod.

			The early versions had the spring damper unit compressed by the top wishbone. Current rocker suspension is now operated by either a pushrod or pullrod located at the bottom wishbone.

			Rocker arm suspension, regardless of how it is actuated, provides the means to have the correct motion ratio for the full travel of the suspension.

			Another advantage of rocker suspension is that it frees up the airflow around the rear of the car. It does this by moving the dampers and springs out of the area between the gearbox and rear wheels. Doing this is especially important on sports prototype and Formula 1 cars.

			Pushrod

			Pushrod suspension is normally incorporated in a double wishbone setup with a rod that ‘pushes’ on an inboard mounted rocker that compresses the spring / damper unit.

			One end of the pushrod is mounted on either the lower wishbone or upright and the other is connected to the rocker. The distance between the rocker and spring / damper mounting determines the motion ratio.

			With pushrod suspension, as the wheel goes into bump, the rod is pushed and compresses the spring / damper through the rocker (bell crank).

			

			Advantages

			·	Allows the spring / damper unit and rockers to be mounted inside the chassis.

			·	Improved airflow in and around the chassis, producing less drag.

			·	During cornering, the pushrod takes a lot of the load from the loaded lower wishbone and transfers it to the suspension rocker. This means the lower wishbone doesn’t have to be strong and can therefore be made lighter.

			Disadvantages

			·	Complex to design.

			·	Difficult to package in some chassis.

			·	More expensive than simple forms of suspension.

			Pullrod

			Pullrod suspension made its first appearance in racing on the VI6 Auto Union. Pullrods were used to operate the inboard friction dampers at the rear of the car. Pullrods sporadically appeared in race cars in the 1950s and ’60s.

			It was not until the 1970s that their use started to become common in Formula 1 cars. The Lotus 72 in 1970 had pullrod suspension front and rear. Other notable cars with pullrods are the Brabham BT44, 48, 49, 50. Williams FW08, Tyrrell 011.

			Pullrod suspension came into its own in the ground effects era when every effort was being made not to disturb the airflow downstream. Pullrod suspension is also normally incorporated in a double wishbone setup with a rod that ‘pulls’ on an inboard mounted rocker that compresses the spring / damper unit.

			One end of the pullrod is mounted on either the upper wishbone or upright and the other is connected to the rocker. The distance between the rocker and spring / damper mounting determines the motion ratio.

			With pullrod suspension, as the wheel goes into bump, the rod is pulled and compresses the spring / damper through the rocker (bell crank).

			Advantages

			·	Lower center of gravity.

			·	More suspension components lower to the ground-rocker assembly, etc.

			·	Improved airflow around and through the car.

			

			Disadvantages

			[image: ]

			Figure 2-6 Pushrod Suspension
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