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CHAPTER 1—THE DESIGN PROCEDURE

The fun of driving is not all due to
power or fop speed. A major part is the
fun of driving a good-handling car. The
phrase mayi and machine have become one
best describes good handling. It is the con-
fidence-arpusing condition where every
command|of the driver is obeyed precisely
by the car,

An evilthandling car will ruin all the
fun of driying, as well as cause danger to
its occupants and other drivers sharing
the highwiy. For the various types of
racing, gopd handling is essential—even on
the drag s{rip. It is my purpose in this
book to show what makes good handling,
and give you methods of achieving this
goal with your own car.

Handling involves all conditions found
in driving-acceleration, straight-line driv-
ing, braking and cornering on good sur-
faces and bad. The good-handling car will
be controllable and predictable in all
these conditions, and it will provide some

degree of riding comfort. Naturally there
are compromises, and the use of the car
will determine how to make them.

[deal handling for all types of driving
is impossible to obtain, so a multi-pur-
pose vehigle is not the best for any
specialized use. A good street car may
have a grept combination of ride and cor-
nering on street tires, but will not corner
as fast as an all-out racing car on racing
rubber. A |racing machine may wear you
out on 4 300 mile trip, and would scrape
on every driveway you enter. A car set up

for oval-t
right-hand corners, but a racing sports car
will not lap a high-banked track as fast as

the car sef up for left turns only.

Good handling means superior trac-
tion. This/is lack of wheelspin or axle hop
in acceleration, maximum braking power
on all surfaces, and outstanding cornering
speed. Here again we are faced with com-
promises, depending on the use of the car.
A car set up for maximum acceleration at
a drag race will suffer a loss of traction in
cornering, Likewise the car that sticks to
the road hest under all weather conditions
will not have the cornering ability of a
car set up/for a clean dry racetrack.
Always keep in mind the use of the car,
and work for best handling in that type
of driving

ack racing will corner poorly on

The fun in driving is a car that handles well. No matter what type of car you drive, from
family sedan to grand prix racer, it can be made to handle by methods in this book.

Here's what can be done in an all-out effort to get better handling on the street. The
Datsun on the right belongs to George Louis of San Diego. Besides the obvious lower-
ing of ride height, the car has many hidden improvements: Interpart Mulholland springs
on Koni shocks, 23mm anti-roll bar front and rear, Goodrich 50-series radial TA tires
on 13 x 7 mag wheels. Solid bushings are used in the suspension pivots. Mitchell steer-
ing rack in stiffer rack-mounting bushings gives quicker steering response. Stopping is
improved with Velvetouch brake linings, steel braided brake hoses. Brake cooling ducts
are in the front spoiler. This car is an ultimate street machine, and is only slightly illegal
in California. A stock Datsun is shown on the left.
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Mario Andretti’s Indy car shows a design for maximum traction. The huge tires and rear wing do this, but create additional
weight and air drag. This makes sense on a high-horsepower car, but these same items on a 100 horsepower Formula C car

would add many seconds to its lap time. (Photo courtesy of Kensington Products.)

Perhaps you drive to work every day
in an|ordinary production car. That dull
trip might be made fun if your car could
be driven with confidence at speed on
banked freeway ramps, and around the
occasional tight turn. Driving in traffic
can be more enjoyable and safe if you
know your car can stop faster and turn
more| precisely than the other cars in the
mob around you.

If you drive for recreation on weekends
vou surely want better handling. That
trip to the country to get away from it
all can be an exciting adventure, as you
look for interesting new turns. A good-
handling car makes pleasure driving
much more enjoyable and satisfying, 1f
you take pride in your driving ability you
want the utmost in response [rom your
machine. The best driver in the world is
frustrated with a bad-handling car.

If racing is your bag, good handling is
essential. This book deals with all the
intricate problems that are common to
racing machines. Here are methods for sus-
pension tuning and modification tech-
niques. You will find that it is possible
to convert an everyday sports car into a
slalom winner by addition of some new
equipment plus suspension adjustments.
If the car is set up properly it can be
returned to street use after the event. For
drag racing, handling and traction are

vital, and following chapters will tell
you how to achieve that end. A family
car can be competitive at the strip and
then driven to the grocery store if pro-
perly set up.

There are three stages in making your
car handle, The first is minor tinkering
around the garage on weekends, with
minimum money and time invested in
the job. Even with this limited approach
your car can be improved and this book
will show you how. Suspension tuning is
the answer here. First you should analyze
what the car is and then change it for the
better. Every car owner should start with
this stage to see how well his car can be
made to handle without any major modi-
fications. Suspension tuning is cheap too,
as you virtually eliminate that costly trip
to the front-end shop. With simple tools
it is possible to do most of that work in
your own garage.

Chapter 2 deals with the reasons for
good and poor handling. Understanding
the reasons is vital when working on your
car. A great deal of time and money is
wasted each year by uninformed people
trying to fix handling problems. You may
put on $500 worth of new shocks, wheels
and tires, when all the car really needed
was a proper bump steer and suspension
adjustment. Many suspension alignment
shops are not aware of the really sophisti-

cated demands of high-speed driving.
Many professionals can do a fine job of
making the factory settings, but are not
trained to @lter handling with suspension
adjustments. You can be your own
expert alter understanding Chapter 3 and
doing some experimenting.

Stage 2 in suspension improvement
is modifications, which is the main object
ol this book. In this stage you have to
spend some real money on parts and
install them on your car. Chapter 4
explains how to get the right parts the
first time. Too many car owners go to the
store and come back with wide tires,
mag wheels, and heavy-duty shocks—and
then are disappointed with the results. The
tires may hit the body because the wheels
are wrong. The shocks may hurt the ride
without improving the handling. Careful
planning of moditications is a must, and
Chapter 4 gives you information on buy-
ing each new part. There is a suppliers
list in the back of the book. In addition
there are home-built modifications that
can be of great benefit. If you are a home
craftsman, you can build such things as
adjustable anti-roll bars which may not
even be available for your car. It not only
provides great satisfaction to build your
own parts, but also can put you ahead of
other drivers on the road. It is possible to
have a really superior and unique car




THE DESIGN PROCEDURE

through modification.

Stage 3 is one that few people should
attempt| This is designing your own
chassis. There are books on design, but
none really emphasize all aspects of the
entire job. To put your ideas on paper is
one ll1inlg, but it is entirely another to
fabricate the parts and get the entire
package assembled and tested to
perfection.

In this book I have supplied sufficient
information to attempt a design, but have
not covered many of the related technical
problems. Structural strength and stiff-
ness is one of these problems. Unless you
are a mechanical engineer, most of these
problems will be impossible to solve.
Another|fundamental problem is fabrica-
tion techniques. [t takes a high degree of
skill to Build critical parts in your garage,
and the results are greatly influenced by
workmanship. This part of designing and
building a complete chassis is best left
to professionals.

Even though you may never design
and build a complete car, an appreciation
of design procedures and goals is impor-
tant to you because any maodification to
an existipg car is a change in the design of
that car.

Very |few production cars are a design
failure in the sense that they don’t do
what the designer and factory intended.
Practically all domestic cars are developed
to be very stable for Interstate driving,

As a result, they suffer from poor response
and feel “mushy.” People who are not
satisfiediwith the car they drive are often
unusual drivers or those who want the car
to do un[ljsua] things. Cornering well in a
family car is unusual—both in the design
of family cars and in the drivers who
expect it.

You may rue the day you bought the
machine or argue that the factory should
have built it better, but that doesn’t alter
two important facts: To get it the way
you want it, you have to change things.
When you change something, you have
changed the car to a different design.
Your design.

Changing one part of the design often
has far-reaching effects and it is rare that
making a single change does anything
good. !tiis necessary to think all the way
to the end result and explore all side-

This isn't your friendly neighborhood freeway, but it could be. Photo by Goodyear on
their proving ground near San Angelo, Texas, shows the difference tires make to wet

weather control.

effects before you start cutting and weld-
ing, or installing racing tires.

Because the discipline of looking clear
to the end is vital in any modification
program, the remainder of this chapter
is a discussion of things the designer has
in mind when he designs a racing car.

1t will be useful to you as a way of
thinking when you undertake to re-design
even a part of your car.

There are a few technical terms used in

this discussion which are commonly under-
stood by people interested in automobiles.

If you happen not to understand one or
two of them, don’t worry about it now,
because the main purpose here is to give
you an overview of design procedure,

All technical terms are carefully
explained and defined in later chapters
of this book, where they are applied to
specilic modifications and improvements
you can do.

Before putting paper on the drawing
board a designer establishes his design
criteria, This is a list of objectives and
specifications for the racing car which will
be guide and ground rules all through the
design. Criteria are essential to having a
finished product that is consistent in all
areas and meets the design objectives.
How many times have you seen a
specially-built car that is lightweight in
one area and super-heavy in another?
Criteria, if followed faithfully, will pre-
vent that sort of mistake.

The criteria should answer these
questions.

Why are you designing the car
rather than buying one?

What makes your design better
than the ones currently win-
ning races?

What class will you compete in?
What length races will the car
be designed for?

What force-loading conditions
are expected?

What specifications and per-
formance are you trying to
beat?

The first two questions deserve a good
answer belore starting a design. Many
racing cars are designed by one man, and
it is human nature for him to think that
just because he designed it the car must be
superior. There are a number of valid rea-
sons for designing a new car, Some of
these are: to take advantage of the latest
tires, Lo use a unique engine in a compati-
ble chassis, or Lo test out a new suspension
idea. These and other reasons are based on
sound engineering and must be clearly
written in the criteria before the job is
started. Once written down, these reasons
should be reviewed by the designer fre-
quently to be sure he does not lose sight
of his initial objectives.

To start the engineering job the designer
should first establish the torce-loading
conditions for the car. Obviously there is
quite a difference between an Indy racer
and a dune buggy in the loading condi-
tions. The designer will have to limit
his design to withstand those that are
important and reasonable. If he doesn’t
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If you decide to design a better car than Team McLaren USAC e

better. It isn't easy.

the car will turn out too heavy.

The most severe load imposed on a
racing car usually occurs when one wheel
hits a bump. The suspension, frame, and
other structure are all designed for a
bump load condition. Obviously if the
driver runs off the road, as happensin the
life ol any race car, it may hit any sort of
bump. The car can always hit a bump
larger than it was designed for and break.

The reason for selecting a particular bump

load is so the entire car is designed to the

same set of conditions. Think of the struc-

ture ay a chain. The strength of the entire
chain is determined by the weakest link.
The lightest possible chain always has
links equal in strength.

The designer may have his own ideas
on how strong he wants the car to be, but
the following loading conditions seem (o
give reasonable resulis on road-racing cars
competing in short races:

§ ¢ bump on one wheel (one g
is the force of gravity)

5 g bump on all four wheels
Corneringat 2.5 g’s

Braking at 2.5 g's

Crash at 10 g’s (for design of
safety equipment only )
Maximum engine torque times
impact factor of 2 (used to
design drive train and engine
mounts)

These loading conditions would be
modified for other types of racing cars.
Aerodynamic loads from wings must be
added to loads caused by bumps.

A

A

. MCLAREN CARS \

7

e
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ntries like this, first decide what things you intend to do

P

This is supposed to be road racing, but sometimes it becomes off-road. |f suspension com-

ponents are designed for a reasonable bump load, there will be no damage except for the
driver's ego. The terrain out there sometimes gets a bit rough, such as the rocky areas
next to this track at Willow Springs, California.

All during the design process the
designer will make decisions which deter-
mine the requirements for the car. The

following are desired for most racing cars:

Lightest possible overall weight
Lowest unsprung weight
Lowest center of gravity height
Lowest frontal area
Minimum rolling drag
Minimum aerodynamic drag
Maximum traction from the
tires
Maximum power delivered to
the driving tires
Some of these characteristics are in
direct conflict. Minimum rolling drag
might be obtained with small tires, but
this gives up some traction. Maximum
aerodynamic downforce will give good

traction but will increase aerodynamic
drag. The right decisions on these and
other compromises make the difference.

Now the designer begins to select com-
ponents for the car, keeping in mind the
above list ol goals. Tires are selected first
because they influence almost every aspect
of the design. Suspension geometry is

determined by size und type of the tires.
Aerodynamics are to a very great extent
affected by the tires. The weight and cen-
ter of gravity (CG) height is determined
by the tires, as well as the loading on the
suspension and the drive train. The car is
designed around the tires.

To get tire data the designer asks the
manufacturers for help. He submits pro-
posed specifications for his car: Weight,
speed, power, class of car, and other
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tire manufacturers respond with recom-
mended tire sizes.

In addition the designer goes to the
races and checks the winning cars’ tires.
If they use several different brands or
sizes he must try to get comparison infor-
mation.|One technique is timing the cars
througha corner to compare cornering
speeds. The best spot is a series of closely
spaced dorners slow enough to require
that the|driver reduce speed to make the
turn. A Jong series of right and left turns
is best, hecause it gives a longer distance
over wlm}ch to time the cars and reduces
errors in timing. Times are recorded, and
the different types of tires are compared.
A desigu'cr may spot one tire as consis-
tently superior to all others,

After collecting all the information,
the designer compares available tires in
the following areas:

Manufacturer (possibly related
m@ design of the tire)

Outside diameter of the tire
Tread width

Recommended wheel size
Tire weight

Casing construction

Rubber compound

The gize of the tires is the most impor-
tant in determining the final specifications
of the car. The designer tries to use the
lowest tires possible, all other factors
being equal, to lower the CG and reduce
frontal area. This is particularly true on
the front tires. At the rear the tire size
may be determined by the rear axle height,
which in turn may be determined by the
engine and gearbox used. One engineering
decision is whether to keep the axles
straight and run larger tires, or to use
small tires and allow the U-joints in the
axles to run at an angle. Angled U-joints
consume power, which may hurt overall
performiance.

Selecting the tire tread width is also a
hard decision. A wider tire gives higher
cornering speeds, but the increased weight
and air drag slows the car on the straights.
Usually use the largest allowable width
the class permits, The ideal compromise
may reqhire extensive calculations, as well
as obseryations of the existing cars out on
the track. If the car is to race on various

— 4 . :
perlme:F operating conditions. Racing-

e

A series of tight corners in rapid succession is an ideal place to time cornering speeds.

Tight turns are the best for this because horsepower will not be much of a factor in cor-
nering speeds. In this corner, the formula Vee shown was nearly as quick as cars with

5 times the power.

tracks the ideal set-up at one track may be
wrong for another, Selecting the wheel rim
width is a similar decision, with a com-
promise usually being required for the best
overall results.

Wheel diameter may also be a difficult
decision. On some cars the size of the
brakes is limited by the space available
inside the wheel. On this type of car the
selection of a smaller wheel diameter
reduces weight and air drag, but may hurt
braking. If brakes are mounted inboard
on the chassis, their size may be almost
unlimited, but overall weight and com-
plexity of the car is increased. Because of
the added complexity of half-shafts and
U-joints, more servicing is required and
there is greater chance for failure. In
addition there may be space problems,
such as brakes interfering with the gearbox
or the driver’s feet. All these compromises
are hard ones requiring sound engineering
judgment and comparisons ol alternate
designs.

Now the designer begins selecting other
components and arranging them in the car,
The car is drawn to scale, and alternate
designs are drawn up so intelligent com-
parisons can be made. The choice and
arrangement of components determines
the following characteristics:

Weight, CG location, and polar
moment of inertia

Frontal area

Aerodynamic shape

All of these determine the performance
of the car as [ will explain in later chapters.
The decisions involved in component lay-
out include:

Wheelbase length

Track width

Fuel tank shape and location
Location of engine and gearbox
Driver location and driving
position

Cooling system design and
radiator location

Miscellaneous system design
and location

Each decision interacts with other
decisions, so the overall goal must be kept
clearly in mind. Here is where the designer
can go wrong unless he constantly refers
back to his design criteria.

When making these decisions the
designer must emphasize the performance
characteristics most important to his
design. There often is conflict between two
characteristics, such as high cornering
speed and low aerodynamic drag. It is
virtually impossible to have the maximum
of both in a single design, so a compro-
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mise must be reached.

The type of racetrack largely deter-
mines the decision. On a fast track where
the car spends most of its time near top
speed, low drag is vitally important. It
may be possible to get faster lap times by
reducihg the cornering speed to gain a top-
speed advantage. One way of doing this is
to use smaller tires. On a tight course where
much of the lap is spent in cornering, top
speed can be sacrificed to gain cornering
speed. One method for achieving this is
to use large wings on the car. If the car is
used at varied tracks, perhaps the designer
can figure out ways to convert the car
from one specification to another,

The car itself determines which charac-
teristics are important. A small-engine car
spends more time at its top speed, so dero-
dynamic drag is one of the most impor-
tant characteristics in determining the
car’s lap time. On the same track a car
with a huge engine never reaches top
speed,|and has to slow down for virtually
every bend in the road. Thus cornering
speed and traction are more important in
4 big-engine car than top speed. The
designer must arrive at a judgment for his

car as to the important characteristics, The ADF Formula Ford went through aerodynamic testing before it was built. A model
and try to emphasize those wherever was used to determine air flow patterns over the body. The design was highly successful,
possible. winning the National Championship. Proper attention to aerodynamics is essential in

Along with mechanical design the this highly competitive class. The engines have just over 100 hp, making low drag very
aerodynamic shape must be developed. important.

If the designer leaves this to the very end
he will surely build a loser, The shape and
size of the body determine handling as
well as the top speed. Compromises with
the ideal shape are required, but the
designer should be aware of all the facts
to make an intelligent decision. The lay-
out of the components, particularly
engine and driver, will determine the size
and shape of the bodywork.

Extra streamlining increases weight
and reduces accessibility. Some designers
make tests of streamlining devices by
mounting the device on another car and
measuring the effect on performance. On
really expensive racing cars, a model of

' [ e . . o the body is placed in a wind tunnel, so
The low profile fl'()f‘lt tires on Rich Amick’s Quasar allow a smooth air flow over the fen- drag and downforce can be measured.
dt?rs. Larger front tires would seriously affect the air flow all the way back to the rear If wings are used they must be designed
wing, plus would add frontal area. This small sports racer—designed by the author—will
attain speeds of 140 MPH with only about 100 horsepower, due to the low-drag body.,
The body design was based entirely on the tire sizes,

along with the rest of the body, The wing
is not an add-on device, and its effect
must be included in all the calculations
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made during the desigr. The suspension

is designed to work under varying aerody-
namic 1dads, and the bodywork is designed
to flow air over the wing surface in a
desired way. Adjustable features are
designed-in to allow the wing to be used
for suspension tuning.

Proper design of the suspension is
essential to good handling. A great deal
of effor is spent by the designer on sus-
pension geometry and making the required
compromises, This book presents many
features|of existing suspensions, You will
soon see| there are no perfect suspension
systems4-all involve some sort of com-
promise} A racing car requires fewer com-
promise$ than a road car, but they are
still the

Along with all previously mentioned
considerations, the designer must develop
a rigid frame to hold the car together. To
do this properly he must have a working

knowledge of stress analysis or get expert
help. Frame design can cause an otherwise
excellent car to fail due to insufficient
stiffness. Some testing can be done prior
to completion, such as torsional rigidity
testing. Models can also be used to predict
stiffness. There are a number of construc-

tion methods the designer can choose from

including welded space frames and mono-
coque construction, He can use materials
such as steel, aluminum, magnesium,
titanium, and fiberglass. Selection of the
right material will depend on many factors
including such practical considerations as
ease of repair, The frame often requires
many compromises, and requires many
design layouts before the best can be
selected.

After the design is complete, parts are
fabricated and assembled into a complete
car, This job must go in a big hurry,
because a good design can become obso-

THE OIJIGANIZATGON OF THIS BOOK
Everybody agrees, all the parts of a
car must work together to get good per-
formange and fine handling. For exactiy
that reaion, the design of all parts must

be coordinated and interrelated. When
the car Ts built, the adjustment or tuning
of all parts must be done so everything
works tpgether,

This pook is intended for readers
with a sfrong interest in automaotive
performance but little experience in
tuning gr modifying. It attempts to first
provide|the theoretical base which atlows
understinding how things work and
therefore understanding how to tune or
adijust them to work betier. This
informaktion is mainiy in Chapter 2,
General|Information on Handling.

Chagter 2 is intended to give you
what ygu need to know before you
approadh your car with tools in hand and
determipation in your stride, Therefore
it stops just short of practical applica-
tions. 1 some part of Chapter 2 leaves
you hanging; perhaps saying, "Wow,
let’s get on with the modification?”;
forgive me.

The practical how-to-do-it info is
mainly |n Chapter 3, Suspension Tuning,

and Chapter 4, Chassis Modifications.

I thought it unwise, in this book, to
study some part of the vehicle and then
proceed directly to modification instruc-
tions — for the same reason it is unwise
to do that when working on a car. Very
seldom is a single modification useful
because of its impact on other parts of
the vehicle. It's better to study the entire
chassis in Chapter 2, then proceed to a
balanced modification program using
infermation in later chapters.

Chapter % discusses the application of
theory and practice te specialized racers
where some aspects of performance
greatly outweigh others. For example,
if a vehicle must turn ondy to the left,
then it should do that as well as possible
no matter how poorly it may turn in
the other direction.

Chapter 6 is a brief speculation about
the future. I'll be surprised if all my
guesses are futfilled, but anyway it's fun
10 guess.

At the back of the book is a suppliers
list, organized 1o help you locate vendors
who sell things you need. And an index,
hopefully organized to help you locate
some elusive fact or formula later, when
you may be using this as a reference.

lete if too much time elapses before it is
ready to race. After completion the
design must be proven in test sessions on
the track. With adjustable features on the
chassis, many test sessions are required
to get the car to its optimum state of
chassis tune, This book will assist in test-
ing te develop the best overall handling.
In the following pages are solutions
to handling problems on existing cars
of all types. Many illustrations show racing
car suspensions because they are simple
and easy to photograph. However, the
discussions of racing car suspensions apply
also to the suspension of a family road
car. The problems and their solutions are
commeon to both racing cars and road cars
alike, even though the cars may appeur 10
be quite different. The fact that all cars
run on the road and run on rubber tires
makes them very similar in the handling
department.




CHAPTER 2 — GENERAL INFORMATION ON HANDLING

That outside front tire is really bending under the cornering load. Tire deflection in a turn is what makes the science of sus-

L T 2

pension tuning possible. A car with completely rigid tires would be untunable and undriveable at speeds above a walking pace.

To set your car up for the best pos-
sible handling it is important to under-
stand how the chassis works. The various
factors affecting handling are all related
to each other, so sometimes the subject
seems A bit confusing. Without going
into deep mathematics I will show you
the physical reasons for certain handling
characteristics, and illustrate in later
chapters how to change them. Once you
know these basic reasons it will then be
time to head tor the workshop to set your
car up for action.

HOW TIRES AFFECT HANDLING

Any discussion of handling must start
with the tires. The car’s only link with
the road are those four contact patches
of rubber, and their actions can determine
how your car will handle and how many
races you will win. A chassis expert under
stands what is happening at the tires, and
learns how to change the situation if
needed.

A tire is elastic. A force applied to it
in any direction will distort the tire’s
basic shape. A cornering force on the tire
distorts it sideways at the point of con-
tact with the road. This sideways dis-
tortion makes the car follow a path at an

10
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A side force on a rolling tire is resisted by a cornering force against the pavement. The
sideways distortion of the tire causes the car to travel in a path at an angle to the direc-
tion the wheel is pointing. This angle is the very important s/ip angle.

angle to the direction the wheel is point-
ing. This angle is called the slip angle and
it gives the driver a feel of what the car is
doing in a turn. A car would be next to
impossible to corner fast without slip
angles, because there would be no warn-
ing to the driver when the tire is about to
break loose completely.

A ““chicken and the egg”™ problem
arises here. Cornering force causes slip
angle, and slip angle causes cornering
force. Basically it is the grip of the tire
on the pavement which resists sliding

sideways when there is side force on the
wheel. Because the tire is elastic, it dis-
torts while gripping the surface. Because
it is elastic, the tire exerts a force which
tends to pull the distorted rubber back to
its normal position. Cornering force
exists between tread and surface due to
tire distortion. It is in the opposite direc-
tion to side force caused by turning, Even
if the tire is sliding sideways, the two
forces are always equal.

Cornering force measures the ability
of a tire to resist sliding sideways in a
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To visualize slip angle, it helps to imagine
the path of one small point on the sur-
face of the tire tread as it rotates under
the whe‘lzl and passes through the tire
contact @patch. Because the contact patch
is distorted by a side force, each point

on the tire tread moves to the side as it
goes through the contact patch. While

it is moving to the side, it is also in con-
tact with the surface. The direction the
car actuplly travels is influenced mainly
by the path of individual bits of tread

as they go through the distorted contact
patch.

turn. It would not exist without tire dis-
tortion and a resulting slip angle. On the
other hand, slip angle would not exist
without cornering force.

Both slip angle and cornering force
increasq as a car is driven into a turn with
decreasing radius until a point is reached
where the tire slides. When sliding, the
tire still has some resistance to sliding-
which i§ a sort of cornering force but it
is no lopger caused entirely by tread dis-

tortion! It is caused by sliding friction
across the surface.

Because slip angle is defined as a condi-
tion when the tire has not yet lost its grip,
slip angle has no meaning when the car is
in a skid.

There is no abrupt transition between
a tire holding its grip and a tire losing its
sideways grip, even though it often feels
that way to the driver. Therefore there

is no definite point at which the term slip
angle is no longer relevant to the angle
between car travel and the direction the
wheel is pointing.

However any driver who has lost it in
a turn can testify that during a skid there
is no relation at all to the direction the
car is traveling and the direction the driver
is pointing the front wheels. You can
turn them any direction you please with-

out much effect on the overall excitement.

They will only grip again when the car
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SLIP ANGLE

has slowed down or is making a larger-
radius turn so the side force is reduced
once more to an amount the tire can with-
stand without skidding.

To avoid getting trapped by our own
words, let’s agree that as long as a tire is
having some influence on the direction
of travel of the car, it has a slip angle
even though the angle may be large.

A small cornering force on the tire
creates small slip angle, and increasing the
cornering force increases the slip angle. A

A — RACING TIRE
/ B — HIGH PERFORMANCE STREET TIRE

< [ C — ORDINARY STREET TIRE

Figure 1/This graph shows the relationship between cornering force and slip angle for
three different tires. Curve A has the highest cornering force at the limit of adhesion,
but it gives the driver less warning of a skid because of the sharp peak of the curve.
Curve C gives a lot of warning as it is relatively flat. The three curves are what you might
expect for a racing tire, a high performance street tire, and an ordinary street tire. The
street tire never gives as much cornering force as the racing tire,

The Formula Vee in the lead has exceeded the limit of adhesion in this right turn and

is spinning out of control, presently pointing in the wrong direction. If he is lucky he
won’t hit the guard rail or be run over by the oncoming racer. The limit of adhesion
represents the maximum possible cornering force for the car, and not even a superdriver
can go beyond it. Not even you and me.

1
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relationship between slip angle and cor-
nering force is shown in Figure 1. The cor-
nering force at which the driver senses the
tire breaking loose is called the limit of
adhesion, and this is the maximum corner-
ing force that can be obtained trom that
tire. Nptice how the cornering force
becomes smaller at slip angles above the
limit of adhesion. This causes a sudden
light feeling to the steering, which is a
signal to the driver that the limit has been
exceeded.,

The top of the cornering force curve
can be flat or sharp, depending on the
characteristics of the tire and its particu-
lar operating conditions. A flat curve will
give the driver more latitude. due to a
large increase in slip angle without any
drop i cornering force, Drivers learn to
sense the increase in slip angle and inter-
pref it as a warning of imminent loss of
adhesion. This is desirable, becuuse it
allows the driver a chance to correct
excessive cornering speed and keep within
the limits of control. A slip angle versus
cornering force curve with a sharp peak
means sudden breakaway into a skid,
with very little warning to the driver,
Unfortunarely the tires with the highest
limit of adhesion—racing tires — usuually
give the least warning.

Luckily for the high-performance
driver, a tire operating at a large slip angle
has a considerable amount of resistance
to forward motion. The larger the slip
angle the greater the resistance, Thus if
the driver does not apply power in a hard
turn, the car will rapidly slow down, much
like hitting the brakes.

Using large slip angles to slow the car
down i$ a technique used in racing known
as scrubbing off speed. This allows the
driver to reduce speed while cornering
without actually using the brakes. He
throws the car very hard into the turn,
generating large slip angles. As this slows
the car he can tighten the radius of the
turn or otherwise use the reduced speed
to his advantage, Occasionally a driver of
a car without brakes is able to make a
reasonable showing in a race by scrubbing
off speed entering the turns.

Because of relatively large slip angles
many racing cars appear to be sliding side-
ways through the turns. This attitude in
a turn is often called a drifr, and is looked
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This drawing shows a car cornering with a 15-degree slip angle. For simplicity | am
showing neutral steer characteristics—equal slip angles on all tires. It is also assumed
that the driver is not applying power, nor is he braking. In this case the cornering forces
act sideways on the tires as shown. The force S is the portion of the cornering force
which slows the car. The larger the slip angle, the greater this force S becomes and the

more quickly the car loses speed.

Jackie Stewart in Car # 8 demonstrates the classic drift through a turn. All four tires

are at an angle to the direction the car is traveling, and the front tires are pointing

straight ahead. (Don Larsen Photo)

on by many as the ultimate cornering
technique. A car nearing the limit of
adhesion will naturally assume this drift
if the rear tires operate at large slip angles.
However, many racing drivers try to limit
slip angles to smaller than maximum
values so as not to serub off speed in fast

turns. A smoother driving technique may
pay off with higher exit speeds from the
turns and faster lap times. Maximum slip
angles are used only in extreme conditions
or when the driver is deliberately scrub-
bing off speed.

Now we come to another area where
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an enginegring term doesn’t serve us well :
in understanding practical matters. Some
books speak of friction between the tire
and the road and use the engineering

idea of caefficient of friction. This coeffi-
cient is a 'pumber which indicates the
difficulty in sliding one surface against
another.

Coefficient of friction is the side force
required to slide an object, divided by
the weight of that object. If a 60-pound
box requires a side force of 60 pounds to
keep it sliding, the coefficient of friction
is one,

Stated another way, the coefficient
of friction is the fraction of the weight
of the object which is required to slide
it. If lubricating the surface reduced the
coefficient to 0.5 in the example above,
you could slide the box with a side force
of only 30 pounds.

COEFFICiENT OF FRICTION SIDE RUHEE
VERTICAL FORCE

VERTICAL FORCE

Here is a drag-racing tire in action. These are run at extremely low pressure so the con-
SIDE FORCE tact patch will be long as well as wide. The wrinkles in the sidewall are due to driving
torque being transmitted from the wheel rim to the road. A grip greater than 1.0 is
obtained from these super-sticky slicks.

SLIDING ALONG SURFACE IN THIS DIRECTION

For any object sliding on a surface the it leave the course. It will also have more beyond the limit and the driver will
coefficiept of frictior? i‘s the force required downforce on the tires because it is lose control.
to slide i$ s‘ideways divided by the vertical heavier, and it will have more [riction For ordinary street tires, grip is about
force piessing the abject against the suy: because friction is some percent of the 0.6 under average conditions on dry pave-
face. This rP:Iati?nship applies'to a tire downforee, ment. This means that the tire will grip
bt e o3l T grip- | prefer to avoid the question of what the pavement with a maximum of 600
kind of friction the tire has and whal is pounds of force for every 1000 pounds
Friction is far from simple and it must its theoretical limit and pin the whole of vertical force on the tire. Racing tires
be subdivided into several categories. The responsibility on tire grip. Grip is what liave much higher grips. up to about 1.2 for
initial fo:}ce required to move the box causes cornering force. [ is equal to the road racing tires. This type of tire will
first is higher than that required to keep side force divided by the vertical force on grip the pavement with a sideways force
it slidingjafter you get it into motion, the tire, just as it would be it we called it of 1200 pounds at the limit of adhesion
Those are two different kinds of friction: coefficient of friction. for each 1000 pounds of vertical force
static and sliding. Another kind is called Grip is also responsible for traction on the tire. A car with aerodynamic
rolling friction. When a tire is in a corner, while accelerating and braking, figured forces pushing down on it may seem to
it is doing some sliding and some rolling. in exactly the same way except the have even higher grip but in reality the
You can make a good case that a tire directions of the forces are different. extra cornering force is caused by the
has a coefficient of friction with a particu- A tire with high grip will corner fast, added vertical force.
lar surface because there is both side accelerate rapidly without spinning It says in some science books that
force and downforce due to the weight the tire, and brake quickly. coefficient of friction can never be
on the tire, and they have some ratio. When comparing one car against larger than 1.0. This “fact’ led people to
It is the ratio of side force to down- another or one tire against another we predict that dragsters could never beat a
force that’s important. In the same turn talk about grip at the limit of adhesion. 200 MPH speed or 9 seconds in the
at the same speed, a heavier car will have If the driver tries to use more grip than quarter mile, Drag racers proved other-
more centrifugal force tending to make the maximum possible, the car will go wise, as they broke these “impossible”

13
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limits and speeds went well above

200 MPH, They did it with grip. The
drawling shows interiocking of the tire
tread with the road surface. The softer
the mibber compound, the more the inter-
tocking and the more grip is increased. A
rubbegr tire on pavement interlocks with
smal] holes and bumps in the pavement,
Grip|between tire and road can be in-
creased by increasing the total area of
rubbegr in contact with the road because
therd are more interlocking points. Thus
the wide and low pressure tire came into
use. ln general, the farger the contact
patch of a tire, the greater will be its
grip at the linit of adhesicn.

der a sliding condition, the inter-
locked rubber is actually ripping off the

develpp. it is the maximum total traction
force|in all directions. If you are corner-
ing the car at a speed below the limit of
adhesion, there will be some traction
remaining for acceleration or for braking.
Thergfore you can apply the brakesina
corner while driving at a moderate speed.
But if the car is cornering at the absolute
limit, the slightest touch of brakes will
bring|instant disaster.

Likewise, if 4 car is accelerating at the
limit pf adhesion, say in a drag race,
there fis very little cornering force avail-
able from the rear tires, If the car starts
to go sideways, the only way the driver
can correct is to back off the throttle,

Both front and rear tires develop a
slip amgle in a turn. The path followed by
the cdr is determined by the steering of
the front tires and the slip angles of bath
front pnd rear tires.

If something changes any one of those
three, the path followed by the car will
change,

Suppose a car is running smoothly
around a curve, in a stable condition
with some slip angle at front and rear.
If the|driver increases power, a driving
tire has to develop more torward thrust
againgt the pavement, which causes an
increase in slip angle of the rear driving
tires. This enables the driver to sieer
with the throttle in a hard corner. By
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applying more throttle on a rear-drive car
the rear slip angle increases and the car
turns tighter into the turn. Less throttle
does the reverse. This is a way to maintain
the delicate bulance between cornering

on the limit and out of control.

Applying the brakes in 2 hard corner
has a similar effect, The added thrust
from the brakes increases the distortien
and slip angle of the tires. This ¢can affect
both front and rear tires, Braking usually
affects the rear tires more than the front,
and the result can be a spin-out. It’s best
to keep your foot off the brake in a hard
corner unless you have completely mas-
tered the art of driving at the limit of
adhesion. Proper brake balance will solve
this problem.

When a tire is cornering there is a side-
ways force on it. The addition of power
adds another force in line with the tire as
shown in Figure 2. The total traction
force against the pavement is a combina-
tion of these two forces. Because they act
in different directions, 90 degrees apart,
they cannot be combined simply by add-
ing their values together.

Notice that the total traction force in
Figure 2 is less than if you added the
values of cornering force and acceleration
force directly. The value of the total trac-

-
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CORNERING TOTAL TRACTION
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Figure 2/The tire has a maximum amount
of traction force available, which can act
in any direction. It can be entirely corner-
ing force, entirely acceleration or braking
force, or it can be a combination, Two
forces acting together on the tire are
shown in the drawing. To increase cor-
nering force, acceleration force has to
decrease when the tire is at the limit of
adhesion. Remember, the total traction
force is the limit of adhesion of the tire.

tion force is larger than either the accel-
eration or the cornering force. This shows
in vector form why the tire slip angle
increases when a¢celeration or braking
force is added to cornering force.

{magine what happens to a tire that is
cornering at the limit of adhesion. The
sideways cornering force is equal to the
maximum fraction force that the tire
can develop in any direction. Thus the
addition of any acceleration or braking
force, no matter how small, will demand
a total traction force beyond that possible.
The tire will go into a skid.

If you are cornering at the limit of adhe-
sion, any apptication of accelerator or
brake will cause loss of control. In such
a case the driver can only steer, keep a
constani throttle, and wait for the car to
scrub off speed enough to gain traction.
Even suddenly backing off the throttle
can send the tire into a skid.

TN e T T
.~ ROAD'SURFACE o © " %-.
This drawing depicts the interlocking of
the tire tread with the road surface.

WHAT'S VECTOR ADDITION?
Combining forces which act in dif-
ferent directions is called vector add/-
tion. It can be done graphically as
illustrated in Figure 2, Each force is
represented by an arrow, called a vee-
tor, because it shows both size and
direction of the force. Size or amount
of force is indicated by the length of

the arrow,

In Figure 2, a cornering force and an
acceleration force are drawn 90-degrees
apart as they are in real life,

Ta find the net effect, or resuftant
force due to the action of these two
forces at right angles, complete the rec-
tangle as shown by dotted lines on the
figure. Then draw the diagonal, The
diagonal shows the net force and the
direction of the total traction force acting
on the tire.
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THE DYNAMICS OF CORNERING

A car driving at a constant speed
through a constant-radius corner is acted
on by a cpnsiant force acting away from
the center of the turn. This is cenfrifigal
foree, and it varies with speed and the
radius of|the turn. Centrifugal force causes
the car 19 lean, slides you across the seat
ina tum‘Iand makes the car skid if the
limit of adhesion is exceeded.

A law of nature says that anything mov-
ing in a eraight line will continue in a
straight ljne unless acted on by an external
force. With a car the extlernal force is the
cornering force of the tires. Centrifugal
force represents the fnertia of the car, or
its resistance to traveling in a curved path.
If the cofnering force is suddenly reduced
to zero, ay by driving onto a patch of
glare iceﬁhe car merely resumes its
naturaf path, a straight line.

The j’nount of centrifugal force on
the car i§ easily calculated. You need to
know the weight of the car, the corpering
speed, and the radius of the corner. The
formula fis:

Centrifupal force =
Car weight x (Cornering speed)?®
| 14.97 x Corner radius

In thjs formula the car weight is
expressed in pounds, cornering speed in

miles per hour, and corner radius in feet.

The centrifugal force comes out in pounds.

This equals total cornering force devel-
oped by all four tires, if the car remains
in the curved path.

Lateral Accelergtion of the car is found
by dividing the centrifugal force by the
car weight,

i i forge
lateral acceleration = ML_‘:
Car weight

Lateral acceleration can also be deter-
mined without getting weights involved:

Lateral acceleration in feet/second’ =
R
395
1‘2
where R is corner radius in feet and
t is seconds, In terms of g's

o 1.226R
Lateral acceleration in g's = e

Lateral acceleration is expressed in g's.
If the car has zero aerodynamic lift or
downforce, ithe lateral acceleration equals
the average grip of the car’s tires. You
sometimes hear how many g’s a car will
corner al, and this is a4 useful relationship
for comparing one car against another. The
car with the highest correring power is
the car which has the highest iateral accel-
eration in a corner. The actual testing is
usually done on a skid pad, a flat piece of

CORNERING FORCE

CARS INERTIA TENDS TO
MAKE IT TRAVEL IN
THIS STRAIGHT PATH

CURVED PATH THROUGH CORNER

CENTRIFUGAL
FORCE

CORNERING FORCE

-
CENTER OF CORNER

Cornering forces on the tires keep the car in a curved path. Centrifugat force acts away
from thie center of the corner, and is equal to the cornering forces as long as the car
remaing on the curved path, If the cornering forces suddenly went to zero, the centrifu-
gal force would disappear and the car would travel in a straight-line as shown.

pavement with a circle painted on it to
provide a corner of a known radius. The
car is driven around the skid pad as fast
as possible without leaving the circle, the
cornering speed is measured, and the grip
or lateral acceleration is calculated, 1 will
discuss using a skid pad in Chapter 3.

The centrifugal force is distributed all
over the car. Each part of the car has a
small centrifugal force on it in proportion
to its weight. [f all these small forces
are added up they equal the centrifugal
force on the entire car. It can be thought
of as a single force acting at the center of
gravity or G of the car.

If there were some way to support the car
at the center of gravity it would hang
balanced. If the car were rotated into an-
other position it would still be balanced.
The CG is the on/y support point where
it would be balanced no matter to what
position the car is rotated.

15
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The CG is the balance point for the
entirg car. If you could support the car at
a single point, the CG wouid be the only
place you could attach the support with-
out the car rotating. The car could be
turned on its side, or at any angle and it
would still hang balanced if supported at
the CG. The location of the CG is always
above|the road and between the tires. Its
exact [position can be measured or calcu-
lated, |and methods are shown later.

The car’s weight distribution is deter-
mined by the lacation of the CG., Weight
distriQution can be fore-and-aft or it can
be lateral, meaning side to side. Weight
distribution is given by a pair of numbers

such as 40/60, 50/50, 60/40, etc. For fore-

and-afft weight distribution, the numbers
are the percentage of weight on the front
and rear tires respectively, If a car has
40/60|fore-and-aft weight distribution,
40% of the weight is on the front tires and
60% of the weight is on the rear tires.

Lateral weight distribution can be
expressed the same way, but you must
also sfate which side of the car is heavy
and which side is light. If a car has 50/50
lateral weight distribution, then the CG
is on the centerline, On this car the left
tires cprry equal weight to the right tires,

Every car has a static weight distribu-
tion, whether at rest or traveling in a
straight line at a constant speed. This is
changed laterally by centrifugal force
when the car is in a turn, and it is changed
fore and aft when the car is accelerating
ot braking,

Centrifugal force puts more weight
on the outside wheels in a corner. Accel-
eration puis more weight on the rear
wheels and less on the front wheels while
the can is accelerating, Braking or decelera-
tion dges the reverse—the front tires
becomg more heavily loaded and the rear
tires legs.

Each of these conditions causes dif-
ferent handling because of different
weight|distribution among the four tires,
This is|discussed in more detail fater,

UNDERSTEER,

OVERSTEER, NEUTRAL STEER
Centrifugal force tries to push the car

away from the corner, and it is resisted

by the cornering forces of the tires.

These two forces act in opposing direc-
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If you know the location of the CG you can compute the front/rear weight distribution,
MNotice that the percentage of weight at one end is larger if the CG is closer to that end.
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CENTRIFUGAL FORCE

Figure 3/This drawing shows a car rounding a right hand corner. The slip angles of the
rear tires are greater than the front in this example—an oversteering condition. We are
most concerned about the two outside tires, because they do most of the work in a

corner,

tions and are equal if the car remains in

a constant-radius corner at a steady speed,
This is steady-state cornering. A diagram
of the forces acting on the car during
steady-state cornering is in Figure 3,

The tires have slip angles due to the
corpering forces acting on them. Because
the cornering forces at front and rear
of the car are not necessarily equal, the
slip angles can be different at front and
rear, {n this discussion we will only be
concerned about the two outside tires—
they do most of the work int a corner.

Let’s assume the Figure 3 car is tail-

heavy. That is, the CG closer to the rear
tires, and thus the two rear tires carry
more of the car’s weight than the front
tires. This is typical of a rear engine car.
If this car uses the same size tires all
around, and all other conditions are equal
front and rear, then the rear tires rrust
operate at a higher slip angle than the
front tires. This is due to the larger side
forces acting on them, which in turn
results in greater tire distortion, The con-
dition of higher slip angles in the rear of
the car causes oversteer.
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This car is using power coming out of a turn and is in an extreme oversteering attitude. Notice the front wheels are turned to

the right even though this is a left hand corner. If the driver backed off on the power the car would straighten out, but he
wc1uid have to do it very gently to avoid losing control.

The entertainment offered the driver
in an oversteering car is something like
this: A you approach a corner and turn
the stegring wheel an amount you think
will be just right, the car is very docile
about it and goes into the turn. As soon
as centrifugal force begins to affect the
car, the tires develop slip angles. But
the rear tires develop larger slip angles
than the front tires, so the car starts
turning i7ito the turn more than you
had planned.

If you don’t correct for it, the car
begins making a tighter turn and that
further increases the centrifugal force.
The tires respond again by increasing
their slip angles—again more at the rear
than thic front.

Thelend result, if not corrected, is
the car makes a turn of ever-decreasing
radius even though you haven’t moved
the steering wheel at all since entering
the curve. Finally the cornering force
of the tires is exceeded by the centri-
fugal force on the car and you spin out.
Guess which tires break loose first.

When the car begins to oversteer, the
driver must correct for it by turning the
steering wheel away from the direction
of the turn. This correction of the steer-
ing if done properly will keep the car

on its intended path on the road. In a car
which has a strong oversteering tendency,
the driver may back off on the steering
so far that he actually ends up turning
the wheels in a direction opposite to the
turn. This is opposite lock cornering, and

is widely used when racing on a dirt track.

Now let’s reverse the situation and
assume that the car in our example is

a1

nose-heavy. For similar reasons. the front
tires will end up cornering with larger
slip angles than the rear tires, and the car
is then said to understeer.

Understeer is a common handling
characteristic of a stock sedan. It is con-
sidered safe by passenger car designers,
and so understeer is designed into most
road cars.

This stock Mazda comes with severe understeer in tight turns. In this slalom the car is
close to hitting the cone in front of the car even though the driver has the steering
near full lock. Understeer is safe for your grandmother, but it isn’t the quickest way

around a race course.

17
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Two racing cars demonstrating different
steer characteristics. The car at the top
is understeering, as you can see by the
larger slip angle of the front tires. The
lower car is oversteering, and the driver
has to turn the steering wheel away from
the corner to maintain control. Neutral
steer is generally favorable, depending
on the specific track. Oversteer on an
lndianaho!is car would be suicide, how-
ever, it is preferable on a dirt-track car.
(Courtesy of Road and Track magazine)
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The driver notices understeer by the
fact that the car isn’t turning as sharply
as he wants it to, so he cranks in more
steering to compensate. This increases the
slip angle on the front tires, and the car
stays on the proper path through the
corner. The driver always reacts instinc-
tively to an understeering car, and this
is why it is considered safe. Also if the
driver does not correct soon enough, the
car increases its radius of turning, which
in turn reduces the centrifugal force on
the car. This is a safe and stable condition
if’ the road is wide enough.

At the limit of adhesion, an understeer-
ing car will leave the road nose first on
the outside of the corner with the driver
vainly turning the wheels as much into
the turn as he can. A car out of control
in an understeering condition will surely
crash if there is a solid object on the out-
side of the corner, and there is little the
driver can do to prevent il.

An oversteerinig car upon exceeding
the limit of adhesion will spin out with
the driver perhaps turning the steering
wheel as far into the skid—away from the
turn—as possible in an attempt to save it.
The car may swap ends and leave the road
on the outside, it may spin off the road
to the inside, or if the driver is lucky,
it may spin down the center of the road
and slide to a safe stop. Thus an oversteer-
ing car is less predictable as to where it
will end up in an out-of-control situation.

There isn’t much difference in the grip
of an understeering versus an oversteering
car. However, there is quite a large differ-
ence in the way the car feels to the driver.
[t is sometimes said that the condition of
understeer is where the driver is scared,
and the condition of oversteer is where
the passenger is scared. There is some
truth to this statement.

For general street driving, understeer
is considered safest, because the correc-
tion is a natural and instinctive one—turn-
ing the steering wheel more into the turn.

Oversteer is usually preferred for racing,

because a skilled driver can control the
car more easily and come out of the cor-
ners faster.

For good handling, the car must not
exhibit a strong tendency to either under-
steer or oversteer. The point in between is

called neutral steer, and you should try to
adjust the chassis to get close to this con-
dition. A neutral steering car can be made
to either understeer or oversteer by the
driver’s use of the throttle or by small
adjustments to the chassis. Thus the car
can be made to handle exactly the way
the driver likes it. A strongly understeer-
ing or oversteering car is no fun to drive
and cannot be finely tuned.

It’s worth spending a minute here to
review the relationship between grip and
steering characteristics.

If a car exceeds the limit of adhesion
in a corner, one end or the other will
break away first, unless the steer charac-
teristics are exactly neutral. If the rear end
slides out first, it had the lowest grip and
the car leaves the road in an oversteering
condition.

Cars that oversteer when skidding will
normally oversteer a smaller amount while
still under control. Therefore less grip at
the rear means oversteer and less grip at
the front means understeer, in normal
driving conditions.

We have been considering oversteer
and understeer in terms of slip angles, so
there must be some relationship between
slip angle and grip. At a certain cornering
speed a tire has a side force and a vertical
force acting on it. Tire distortion under
these forces results in a certain slip angle.
At this cornering speed perhaps there is a
way to reduce the tire distortion, say by
using a wider wheel rim to support the tire
better. Then the reduced tire distortion
results in a lower slip angle at that corner-
ing speed. [f you compare the grip of
these two arrangements at the limit of
adhesion, you will find the tire with the
higher slip angle has a lower grip. Thus if
you can reduce the slip angle of a tire at a
given cornering speed it will usually have
a higher grip at the limit of adhesion.

This is the reason a car usually has the
same steer characteristics at the limit of
adhesion as it does at lower cornering
speeds. [f a car oversteers because of excess
weight on the rear tires, the car will reach
the limit of adhesion on the rear tires first.
Thus higher slip angles in the rear mean
lower grip in the rear. If the car owner can
reduce the slip angles on the rear tires, he
can expect higher cornering power along
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with less oversteer,

FACTORS AFFECTING TIRE GRIP

Because of a number of factors which
affect the tires, a nose-heavy car is not
always doomed to understeer, and a tail-
heavy car does not always oversteer.
Among|the factors that determine grip
is tire pfessure. The relationship between
grip and tire pressure is shown in Figure
4. Netice that there is an optimum pres-
sure for each tire, giving the highest pos-
ip. Any pressure over this will
bulge the tread in the center causing a
tuss of fraction, and any pressure under
this wil] cause excess distortion of the tire
and a lgss of traction. I will show you
how to [find these optimum tire pressures
in Chapter 3. Obviously tire pressure can
be used|to fine-tune the chassis when
nothing else is possible, but in doing this
you are|reducing grip to get steer charac-
teristicy you want.

As an example, let us say you drove
your stpek Datsun to a slalom, took off
the hubcaps, and are running in a stock
class, With street suspension and tires,
the car understeers so much in tight turns
you can’t get around them. So you let
enough|air out of the rear tires to reduce
grip at the rear and increase slip angle at
the reay. This promotes oversteer, or
reduces understeer depending on your
point of view. Either way, with less under-
steer, the car helps you more by wanting
to turn|tight corners and you win the
slalom.

Thiq works unless some crafty competi-
tor has|adjusted his suspension to give the
right amount of oversteer and s#lf aliow
use of proper tire pressures for maximum
grip. Then he wins, and you should find
the experience instructive,

Changing tire pressures from the values
that give best grip is not a normal part of
chassis|tuning any more and should be
done only as a last resort.

If ypu must do it, here are some rules,
Below |the pressure for best grip, reducing
tire pressure makes the tire more floppy.
It will distort more and have a higher slip
angle.

Increasing tire pressure makes it less
floppyl It resists distortion more and will
have smaller slip angles. However, if you
increase pressure above the value that
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TIRE PRESSURE — PSI

Figure 4/The relationship between tire pressure and grip is shown for three different
tires. The optimum pressure will vary with the size of the tire, the wheel rim width, and
the sidewall construction, Notice that you lose more by a small amount of underinflation
than a small amount of overinflation, When in doubt, increase the pressure before you
try decreasing it. You can find the best tire pressures for your car by testing as described

in chapter 3.

gives best grip, the tread bulges out and
there is less rubber in contact with the
road.

If you are driving below the limit of
adhesion so you don’t need all available
traction, increasing tire pressure decreases
slip angle. If you are driving at the limit
with tire pressure higher than optimum,
the limit of adhesion is lower and break-
away occurs at a smaller slip angle, so you
don’t benefit from the higher pressure.

In this case reducing the slip angles at

low cornering speed does not necessarily
increase the grip at the limit of adhesion.
This is an exception to the relationship
between grip and slip angle discussed
earlier, If you tried to reduce the under-
steer of your Datsun by putting 50 pounds
of air in the front tires the car would over-
steer at very low cornering speeds,
become neutral at higher speeds, and have
understeer at the limit of adhesion. This
sort of handling may be fun, but you
don’t win races with it.
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Ancther factor that affects grip of the
tires is\camber. Camber is the angle the
tire makes with the vertical as shown in
Figure|5. Note that positive camber tilts
the top of the wheel outward; negative
camberf tilts the top of the tire inward.

Camber is both simple and complicated,

From fhe simple point of view, if you
take a bicycle wheel and lean it to the
left, it will roll to the left. Also, if you
lean lhtvtop of 2 wheel in either direction
and put some weight on it, the contact
patch between tire and surface will move
in the direction the top of the tire is lean-
ing. Thjs distorts the elastic rubber and it
will exert a force tending to resiore the
tread to its normal location on the tire,
The resulting force is called camber thrust.
Camber thrust tends to pull the bottom
of the fire in the same direction the top

is leaned.

In the early days of chassis design,
cars ra) with small tires which were
round in section—something like a bicy-
cle tire jor motorcycle tire, Cambering a
wheel with a small tire was interrelated
with other factors affecting sreering with
the goal of a balanced design of the front
end. |

Modern tires, particularly those used on
high-pefformance cars, are wide and flat
on Lhe bottom, When inclined or leanad
over, such tires do not continue to make
a flat contact patch on the surface. They
lift up one side of the tread! This has a
drastic effect on traction.

The emphasis today is not the effect
of camber on steering but its effect on
traction). Suspensions are designed and
adjusted mainly to keep those wide tires
flat on the surface even during suspension
movemgnts. This naturally conflicts with
other aspects of suspension design but
very often “keeping rubber on the road”
dominages. Design of the suspension link-
age is critical here, and this complex sub-
ject is discussed later. Suffice it to say
that camber angle is very critical in
determining the handling characteristics
of the gar,

A tire has an optimum camber angle
for maximum grip just as it has an opti-
mum tire pressure. Changing camber from
the optimum value reduces the maximum
grip of the tire, $0 use this method of
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Tires have a relationship between camber and grip as shown in this graph. Note that the
best grip occurs with the tire at almost zero camber, This is more critical for wide-tread
tires than for narrow ones. Also notice that grip drops morve for positive camber than it

does for an equal amount of negative camber,

adjustment only as a [ast resort and only
in small increments, A method for finding
the optimum camber angle is discussed

in Chapter 3. In general, a car should have
nearly zero camber on the outside tires

in cornering, and this can sometimes be
checked just by observing the car,
Ancther factor that affects the grip is
the size of the tire. A wide tire will have
more grip and a smaller slip angle than a
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Figure 5/This racing car is shown with the tires set at positive and negative camber, Zero
camber is where the tires are exactly vertical. The camber is always measured from verti-
cal. When the car leans in a turn it is important that the tires not fean with the chassis or
else camber will change. Keeping camber near zero under all conditions in the primary

goal of modern suspension systems.
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RIM WIDTH — INCHES

The relationship between grip and wheel rim width is shown for two different size tires.

These arg wide racing tires as might be used on a Can-Am car. Notice you lose less with
too wide a rim than with too narrow a rim. Also note that wider tires have more grip
which is[the direct result of more rubber on the road.

narrow tire. You can adjust steer charac-
teristics pf the car by tire width. Rac-

ing cars yse wider tires at the rear,
because the typical racing car is tail-heavy
to get maximum straight-line traction.
Thus the steer characteristics can be near
neutral gn a rear-engine race car with two-
thirds of] the static weight on the rear
wheels. $Sounds hard to believe, but it’s
true.

The wheel-rim width also affects grip
and slip angle in a way similar to the effect
of tire sige. A wider rim offers less side-
ways flexibility and thus reduces tire dis-
tortion. Wide rims are used on cars
where cqrnering power is important. The
rim can be too wide, however, causing
curvaturg of the tread surface and a sub-
sequent [oss of grip. Also wide rims may
be limited by racing rules or by the width
of the bedywork. As with anything else,
there is an optimum condition for the
particular use of the car,

Another important characteristic of
tires is the effect of temperature on
grip. In modern raciag tires the rubber
is compqgunded to operate best at a cer-
tain temperature, and anything other than
this optimum temperature will result in
a loss of grip. Tire temperature is deter-
mined by both the temperature of the day
and also [the heating effect of cornering
and traction forces applied to the tire.

This complex relationship will vary with
the race course and the weather, so best
performance will vary from one day to
the next. A well-equipped racing team
will have various tire compounds avail-

able and pay attention to tire tempera-
tures. For street tires temperatures are
not nearly as important as with racing
tires, so the average motorist need not be
concerned with this problem.
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TIRE TEMPERATURE — °F

A tire sticks best at a certain temperature, and anything hotter or colder loses traction.
The shape of this curve is quite different for various tires, and it is most critical for

modern racing tires. Each tire has a maximum allowable temperature beyond which the
tire will fail. Thrown treads on street tires are often the result of overheating caused by

underinflation or sustained high-speed driving.
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A critical part of a turn is the instant when the driver first starts to turn the wheel. The
car’s transitional handling characteristics describe what happens at this instant between
going|straight and turning. This is very complex and sensitive to many factors in chassis
design and adjustment. (Chuck Engberg photo.)

Drag racing tires are brought up to racing temperatures with a burnout before a run.
Here Don Prudhomme heats the tires of his funny car. The tires are deliberately
allowed to break traction by pouring liquid bleach in front of them before the
driver gets of the throttle. (Photo courtesy of Cragar Industries.)
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THE RELATIONSHIP OF
GRIP TO WEIGHT

This will be mentioned more than
once and used in following discussions
because it’s important. Grip is not a con-
stant percentage of the downforce on
the wheel.

Suppose there is 800 pounds on one
wheel and the grip is 0.8 or 80 percent.
There will be 640 pounds of side force or
traction force available at the contact
patch of the tire.

Now double the weight on the wheel.
Measurements of traction and cornering
force show that these forces do not
double. With a load of 1,600 pounds on
the wheel, the side force may be only
1,120 pounds instead of 1,280 as you
might expect, based on a grip of 0.8. The
grip at a tire loading of 1,600 pounds
decreased with the higher load and is now
only 0.7 Slip angle increased.

When a car is in motion, accelerating,
braking, turning, going uphill and down,
the weight or downforce changes on each
tire according to the operating condition
of the car at each instant.

The rule is, when a tire is more heavily
loaded, grip of that tire is reduced.

TRANSIENT HANDLING
CHARACTERISTICS

In previous discussion we talked
about steady-state cornering. This condi-
tion rarely happens, because most cor-
nering is done under varying conditions
of speed, road surface, corner radius and
banking. Of particular importance is
entering and leaving of a corner, where
both speed and cornering radius are chang-
ing. This is called rransitional cornering.

Most critical is entering a corner from
the straight. Here the driver turns the
steering wheel into the turn and the car
reacts. How the car reacts to this initial
turn of the wheel will determine what
happens in the corner as the car
approaches steady-state cornering. Some
cars are sluggish and don’t want to change
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1. LOW POLAR MOMENT
l, =2 (300) (10)* = 60,000 Ib. in,?
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2. HIGH POLAR MOMENT
I, =2 (300) (20)* = 240,000 Ib. in.?

W = weight of component in Ibs.
D = distance of component from center of rotation in inches
| = Polar moment of inertia in Ib.-inches?

(9]

Polar moment can be described as the ““dumb-bell effect.” Identical weights can produce
different polar moments, depending on the location from the center of rotation.

directions quickly. Other cars are too
sensitive and dart into the turn. Others
exhibit too much body roll and delay
assuming the steady-state cornering
attitude. All these complex characteris-
tics and many more determine transi-
tional or fransient handling.

One suspension setting that strongly
affects transitional cornering is foe. Toe
setting is the angle measured between the
tires. looking down on them [rom above.
This is shown in Figure 6. Toe-in brings
the front of the tires closer than the rear,
and toe-out is when the front ol the tires
are farther apart. Zero toe is the setting
where the wheels are parallel. Toe can be
adjusted at the front of all cars, and
at the rear of cars with independent sus-
pension. It is an adjustment that is easy
to make and strongly alters the handling
characteristics of the car,

It should be obvious that toe setting
influences slip angle of the tire. If the toe
changes dt1ring cornering, say when the
body leans or when a tire hits a bump,
then thiswill instantly change the slip
angle of that tire. The car will change
direction of travel, causing an unexpected
event for the driver, Toe change is called
roll steer|if caused by body roll, and
bump stéer if caused by vertical suspen-
sion movement. Both are critical in
obtaining a stable controllable car, not

only in the corners but also on the straight.

Adjustment of these characteristics is
discussed in Chapter 3. Bump steer is
undesirable in any form. Roll steer is
seldom found on high-performance cars,
but is nearly always designed into pro-
duction street automobiles to change the
steer characteristics, i.e., usually toward
more understeer. On rear-engine produc-
tion cars roll steer is used to reduce
oversteer caused by excess weight on the
rear tires. Roll steer is usually not easily
adjustable, but sometimes you can change

it with suspension modifications,

Another transient-handling characteris-
tic of a car is high-speed stability. This is
the term used to describe the handling of
a car traveling in a straight line, such as
on the freeway, at the drag strip, or on
the dry lakes. If a car tends to hold a
straight line without regard to wind gusts
or changing road conditions it is said to be
stable. 1f the car changes direction with-
out the driver turning the wheel it is
unstable—a scary and sometimes very
dangerous condition. If you have ever
driven an old VW in a cross wind you
know what unstable means—and the faster
you go the worse it gets. High-speed
instability is a potential problem with all
cars, and aerodynamic devices are often
used to correct the problem.

How quickly a car reacts to a turn of
the steering wheel depends on a charac-
teristic called polar moment of inertia.
This is the resistance ol a car to turning,
It is calculated by multiplying the weight
of each component of the car by the
square of the distance of that component
to the CG of the car. Thus the polar
moment of inertia not only depends on
the car’s weight, but also on the distri-
bution of the weight. The farther the
weight is from the CG, the greater its
polar moment of inertia.
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Figure 6/This drawing shows how to measure toe-in or toe-out. The measurements are
taken at the tire tread and are given in inches. A small amount of toe-in is the setting for
most cars for reasons explained in chapter 3. Toe-out is sometimes used, particularly on
front wheel drive cars. The rear suspension can also have a toe setting on independent

suspension systems.
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/— COMPONENT, WEIGHT = W
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POLAR MOMENT OF INERTIA = SUM OF (WR?)

FOR ALL COMPONENTS

To find polar moment of inertia, add up the sum of (WR?) for all components of the
car. The drawing shows one component, the battery as an example. If its weight is 40
pounds and it is located 30 inches from the CG of the car, its contribution to the total
polar moment of inertia is as follows: (WR?) = (40} (30)? = 36,000 Ib.-in.2

The same calculation is performed for each compcnent of the car, and the results are all
added together for the total polar moment of inertia. A high number means a car that
reacts slowly to steering. The distance R is measured looking down on the car.

A car with a high polar moment has
high resistance to changing direction.
Thus it reacts slower Lo the steering
than g car with a low polar moment of
inertia. At high speeds a car with a high
polar moment tends to be more stable,
Forceg that tend to turn the car have a
slower-acting effect, and the driver has
an easier time keeping the car in a straight
line.

In & corner, a car with a high polar
moment of inertia starts a spin slowly,
giving the driver more time to correct.
However, once the spin is started it takes
longer for a steering correction to stop it.
A high polar moment of inertia tends to
understeer at the initial turn of the steer-
ing wheel.

A large heavy car such as a production
sedan has a very high polar moment of
inertia. Both size and weight contribute.
On the other end of the scale, a go-kart
has the lowest polar moment of inertia.
Again the tiny dimensions and low weight
combine for the low figure. In between
these extremes are all the various smaller
road gars and race cars.

Another interesting conirast is between
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old-style racers with a heavy engine up
front and the driver and relatively heavy
rear axle located at the rear. These cars
had high polar moments of inertia and
would feel very sluggish to the driver of
a modern racer, Current mid-engine cars
put most of the engine weight and the
driver’s weight near the center of the
wheelbase, resulting in a low polar
moment of inertia and a car that
maneuvers very quickly.

The busic size and weight of a car are
difficult items to change, so most people
make no attempt to change the polar
moment of inertia. However, small
changes can be made on some cars by re-
locating various components such as a
battery.

FORE-AND-AFT WEIGHT TRANSFER
When a car accelerates, the tires move
the car forward by traction force against

the road. The car is subjected to an inertia

foree which acts opposite to the force
accelerating the car. The inertia force is

what pushes you back into the seat during

acceleration. Inertia force acts on every
part of the car, but it can be considered

WHAT IS A g?

IT all this business about g's puzzles
you, let's spend a minute getting
unpuzzled.

The symbol g means the force due
to gravity and is also used to mean the
acceleration of a falling body due to
gravity.

Use of the symbol or expression in
race-car talk is mainly as a standard of
comparison between what theoretically
happens to falling bodies due to gravity
and what happens to a race car when it
is moving horizontally along the surface.
When we say a car is accelerating at one
g, we don't mean gravity is doing it.
The engine is doing it, but we are
proud of the fact that the car is accel-
erating as much as if you had driven it
out of an airplane and it was headed
for the finish line. The word finish was
carefully chosen in the sentence above.

If you pick up something and hold
it in your hand, the force of gravity
is pulling it toward the earth. What we
call weight is the force of gravity, g.

If you drop it, it will gain speed as it
falls due to acceleration by the force
of gravity—until it hits you on the foot.
Because it is being accelerated by
gravity, the amount of acceleration is
standard and is called one g. How
much acceleration is that?

If there were no air resistance, a
free falling body close to earth will
have the following speeds, starting at
zero when you drop it.

Time Speed

0 0

1second 32 feet per second

2 seconds 64 feet per second

3 seconds 96 feet per second
4 seconds 128 feet per second
5 seconds 160 feet per second

We can stop there, but the speed will
increase without limit if there is no
air to hold it back—until it hits the
ground.
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Notice that during each second, the
speed increases by the same amount—
32 feet per second. Acceleration is the
rate of change of speed and in this case
acceleration is 32 feet per second per
second. That means the speed increases
by 32 feet per second in every second,
while it is accelerating at one g.

We can convert the speed in feet per
second shown above into miles per hour.
One-hundred-sixty feet per second is
about 109 miles per hour, In five
seconds, that's romping along pretty
good.

One g is one g whether horizontally
at the race track or vertically due to
falling,

The main reason g is handy is that
whenever a car is doing something at
one g, we know the force on the car has
to be equal to the weight of the car.

There are one-g turns at a certain
speed which depends on radius. If
your car can make a one-g turn, the
centrifugal force on the car is equal
to the weight of the car. There is also
a centrifugal force on you equal to
your weight.

When a car accelerates at one-g, the
traction force between driving tires
and surface must equal the weight of
the car. Same for braking. Same for you.

It happens that the coefficient of
friction of tires, which we are calling
grip, is the same as the maximum g's
the tires gan produce. If the grip of the
tires is 1.2, the car can brake or turn at
1.2 g’s and the forces will be 1.2 times
the Weighit of the car.

In acceleration the traction force is
1.2 times the vertical force on the driving
tires, so acceleration can only be 1.2 g's
if 100% of the car’s weight is on the driv-
ing tires. This is possible in a wheelie, or
with four-wheel drive.

_”

W=TOTAL WEIGHT OF CAR
| = INERTIAL FORCE
T=TRACTION FORCE ON TIRES
AGAINST PAVEMENT

.l_
* ~—— ACCELERATION mmmmm
F ¢

w

F=WEIGHT ON FRONT TIRES
R =WEIGHT ON REAR TIRES

The forces acting on an accelerating car are shown. Both the weight and the inertia force
can be thought of as acting at the CG, even though they are distributed on every part of
the car, The forces on the tires are reactions against the pavement. Car weight is resisted
by upward forces on the tires, and torque on the rear axles results in a forward thrust at
the pavement, which accelerates the car. Air drag is not shown in this drawing.

as acting on the CG of the car which is
some distance above the surface. The
accelerating force between rear tires and
the surface is of course at ground level.
The effect of these two forces, one push-
ing forward at ground level and the other
pushing backward at the higher CG, is to
lift the front of the car. At the drag races
if the front tires leave the ground this is
called a wheelstand. Motoreyclists call it
a wheelie.

This pickup truck has exceeded the limit
of adhesion of the rear tires by accelerat-
ing too hard. Burning rubber is not the way
to win a drag race, as maximum traction

is obtained just before the point where

the tires break loose. Nose-heavy weight
distribution and powerful engine of this
pickup make smoking the rear tires very
easy.

Just as centrifugal force in a turn causes
the outside tires to be more heavily loaded,
during acceleration weight is reduced at
the front and increased by the same
amount at the rear of the car.

By increasing the weight or vertical
force on the rear tires during acceleration,
welght fransfer increases the traction force
which can be produced by the rear tires.
Grip does not change much and should
decrease slightly, but the result is more
available traction force at the rear and
better acceleration of a rear-drive car.

To calculate weight transfer requires
knowing the inertia force, which in turn
requires measuring acceleration which is
difficult to do.

The formula is
Car weight x acceleration

9

Inertia force =

where g is the acceleration due (o gravity
which is 32 feet per second per second.

[n this formula, acceleration of the car

is expressed in feet per second per second.

If the acceleration of the car is one g,
common among powerful cars with racing
tires, then the inertia force is equal to the
weight of the car.

The maximum possible acceleration of
acar is al a g-rate which is the same as the
grip of the tires. This is only possible if
100% of the car’s weight is on the driving
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wheels. The car would also be on the
verge of doing a wheelstand. Cars other
than |drag racers have some weight on
the front tires during acceleration, so
the maximum possible acceleration

in g’s never equals the grip of the rear tires.

Let’s assume an acceleration of 1/2 g
and show the effect of weight transfer
from the front tires to the rear.

Weight transfer =
Inertia force x CG height
Wheelbase

Assume the following specifications
for the car:

Wheelbase = 100 inches

CG height = 20 inches above the
ground

Car weight = 2,000 pounds

Static weight on front tires =
1,000 pounds

Static weight on rear tires = 1,000
pounds

First calculate the weight transfer by

substituting numbers in the formula above.

Weight transfer =

1, 2,000x 20

= 200 pounds
2 100

During a 1/2 g acceleration, 200

pounds would be lifted off the front tires
and added to the rear-tire loading. Weight
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distribution while accelerating would be
800 pounds at the front and 1,200
pounds at the rear. With less acceleration
the weight transfer is less and when the
vehicle stops accelerating and runs at a
constant speed there is no inertia force

and no weight transfer due to acceleration.

If you make a fraction, dividing CG
height by wheelbase—-20/100 or 1/5 in
this example-—that fraction of the total
car weight will be transferred from the
front tires to the rear tires during a one
g acceleration, If you want more weight
transfer, make the ratio of CG height to
wheelbase a larger number.

3
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Chuck Neal has this sand dragster set up so that there is just enough weight on the front tires to equal the weight transfer
during acceleration. The front tires are off the ground, which means that 100% of the car’s weight is on the driving tires.
This results in the maximum possible acceleration. (Photo by Shirley DePasse, Off Road Action News.)

Drag racers often try to transfer more
weight than exists on the front wheels
and they obligingly lift up in the air.

Weight transfer works just the oppo-
site way during braking. The inertia force
acts in a forward direction, and the trac-
tion forces at the tires act towards the
rear, slowing the car. This causes the car
to have negative acceleration—that is, the
speed is reduced. The method of calcula-
tion is the same. Weight transter during
braking reduces the vertical force on the
rear tires and increases the vertical force
on the front. This forward weight transfer
is why the front brakes generally wear

This Alfa is braking hard for a corner. You can see the nosedive resulting from forward
weight transfer. The front brakes take most of the heat on this car because the front

tires do most of the stopping.
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unsprung weight. The axle shaft and the lower suspension arm are both 50% unsprung,

Wheel, tiE, stub axle, and upright all move together as a rigid unit, and thus are all 100%

an averag

between the twe ends. The shock is 36% unsprung because the lower end is

moving 72% of the unsprung weight’s motion. The 36% is an average of the two ends of
the shock. The ¢oil spring mounted on the shock is alse 36% unsprung weight,

out quicker than the rear, and also why
disk brakes are used on the front of the
car. Because the front tires have larger
forces on them during heavy braking, the
heat put ipto the front brakes is also
greater.
SUSPENSION SYSTEMS

The suspension is the link between the
tires and the frame of a car, and includes
the springs and shock absorbers, If afl
roads werg smooth, suspension would not
be necessary. Specialized racing cars have
been built without any suspension such as
go-karts, which are very small and light
compared| to other vehicles. In addition
to providing comfort, the suspension is
used to tune the chassis for the best pos-
sible handling qualities. It is also to blame
for most ¢f the poor handling qualities
you may be trying to get rid of,

The chiassis supports the engine, body
and occupants. It rests on springs which
insulate the chassis from road irregulari-
ties, and firom the driver’s point of view
the chassis bounces up and down on the
springs. The weight of the chassis and all
parts mounted on the chassis is considered
to be sprung weight,

The tires, wheels and suspension parts

that move up and down with the wheels
are effectively underneath the springs and
are not ipsutated from bumps in the road
by the cushioning eftect of the springs.
The moving suspension parts are con-
sidered unsprieng weight.

Some parts are attached to the frame
at one end and to the wheel at the other.
The frame end is sprung and the wheel
end is ul:Lsprung. As noted in the accom-
panying drawing, there are ways to cal-
culate the sprung and the unsprung
portions jof any moving suspension part,

Every'component of a car is sprung,
unsprung, or a combination of the two.

The ratio of sprung-to-unsprung weight
has an important effect on the handling
of a car on bumpy surfaces, and is a factor
in autompbile design. It can be calculated
for the overall car by dividing the total
sprung weight by the total unsprung
weight of all four wheels. It can also be
calculatedl separately for each end of the
car—thatiis, the sprung weight of the front
end divided by the unsprung weight at the
front.

A ratio of 5 is good and a ratic of 2 is
very poo*. Sprung-to-unsprung weight
ratio takes different values because of

different designs of chassis and suspension.
In following discussions, this ratio will be
mentiened as a good or bad feature of
some designs.

A car with a high sprung-to-unsprung
weight ratio will stick better on bumpy
roads than a car with a lower ratio. The
car will also ride better. The reason is,
the heavy body of the car is not disturbed
much by the relatively light wheels bounc-
ing up and down. The inertia of the body
resists the movement of the tires, and
thus the tire is pressed into reasonably
firm contact with a bumpy road surface,

You can get this effect by adding a
heavy load to your car. The ride will
vsually be noticeably smoother, parti-
cularly on a washboard surface. You may
not notice it as much, but the cornering
and acceleration or braking traction on
bumps is improved too, However, the
added weight of the entire car will cancel
out some of this gain, so the better ride
is the most noticeable effect.

A heavy luxury sedan rides better
than a lighter stripped-down model. There
isn't much difference in the unsprung
weight of a Cadillac and a Chevy, but the
sprung-weight difference usually changes
the ride a noticeable amount.

To get better handling on bumps, it is
much better to reduce the unsprung
weight and keep the sprung weight as
light as possible. This is done on all high-
performance cars with good suspension
designs. The usual reason for buying a car
with expensive independent rear suspen-
sion is to reduce the unsprung weight
and thus improve the handling,

The amount of suspension movement
is important in extreme driving conditions.
The total movement of the suspension is
called the suspension travel A car with a
large amount of travel can be operated on
rougher roads without botroming. Bottont-
ing is the condition where the suspension
runs into the bump stops at the end of its
travel. The driver can hear bottoming as
a loud thump, and sometimes can feel a
joit. The extreme position of the suspen-
sion against the bump stops is called ful!
bump. At full bump, the body of the
car is ¢losest to the road but with proper
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suspension design the car does not hit
the road surface.

Full downward extension of the sus-
pension is called full droop. The motion
in the droop direction is usually limited
by the shocks, but on some cars separate
droop stops are provided. The body of the

car is at its highest position above the

road when the suspension is at full droop.

The suspension will move to full droop
if you jack up the car and put jack stands
under the frame.

Motion of the suspension is a combi-
nation of vertical motion of the sprung

Here is the classic solid front axle suspension used on a dirt track racer. It is located by

radius rods, one on each side, which run back to pivots near the mid-point of the chassis.

These suspensions have been replaced with independent front suspension on almost all
cars, but the old solid axle system still is used for dirt oval racing. It is a rugged and sim-
ple suspension and is highly developed for this type of racing.

A modern A-arm front suspension on the ADF Formula Ford. Every effort is made to
save weight and reduce drag. The suspension is even streamlined by the use of airfoil

shaped tubes. Every little bit helps in Formula Ford racing!
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weight, rolling of the car sideways, and
pitching in a fore-and-aft direction. In
addition, a single tire can hit a bump and
move upwards without any change in the
position of the sprung weight.

The position of the suspension with
the car at rest is called the static position.
There is no body roll, pitch, or vertical
motion on the suspension. All suspension
measurements are taken at the static posi-
tion when tuning the chassis.

Cars have been built with many types
of suspension through the years, but they
can all be divided into two basic types,
solid axle and independent. The solid axle
is the earliest type, starting with the horse
and buggy. It was used on both the front
and rear of all early cars, but today its
use is mostly limited to the rear suspen-
sion. A solid front axle is still used on
oval-track and drag-racing cars, and on
heavy-duty trucks. A solid axle is low in
cost and simple, and it keeps the wheels
upright under all normal road conditions.
There are disadvantages in comfort and
performance on bumps, due to high
unsprung weight.

With a conventional solid rear axle, the
relatively heavy axle, axle housing, differ-
ential and part of the drive shaft move up
and down with the wheels.

A design called De Dion has been used
on racing cars and expensive road cars.

It mounts the differential on the chassis
at the rear of the car and drives the rear
wheels through U-jointed drive shafts.
Sometimes the rear brakes are also chassis-
mounted on the inboard side of the drive
shafts. In that case, the wheels and part

of the springs move up and down over
bumps. The wheels are held vertical and
parallel to each other by a stiff tube which
runs from wheel to wheel across the car.
This De Dion tube also moves up and down
with the wheels. It reduces unsprung
weight because only the De Dion tube
moves with the wheels—the differential

is bolted to the frame. De Dion is as
complex as a fully independent rear sus-
pension, but it does not provide all of the
advantages. And, it wastes space.

To reduce unsprung weight and im-
prove the ride most car manufacturers
have gone to independent suspension at
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least on the front of the car. These take
many forms, with the geometry being the
major difference. All types tend to be
lower in unsprung weight than a solid
axle, and they also allow large objects
such as the engine to be placed between
the wheels.

The most popular type of independent
suspension is the double A-arm type. This
is commonly used on the front suspension
and has been increasing in use at the
rear of high-performance cars. 1t is almost
universally used on racing cars.

With double A-arm suspension the
upright supporting the wheel is attached
to the frame by a pair of links, usually in
the form of an A-arm or wishbone. The
links are connected to the frame by bear-
ings called suspension pivots, either metal
or rubber, The links are not always
parallel, and are usually unequal length.
They provide camber characteristics that
change with both vertical suspension
movement and body roll. These camber
characteristics can be designed to be
almost an ideal compromise for cornering,

VW, Porsche and other makes have in
the past used a pure trailing-arm suspen-
sion at the front. The wheels move
straight up and down with this suspension
system, having zero camber change with
vertical motion. However, the wheels cam-
ber with body roll, and thus tend to less
than optimum for maximum cornering
power. This type of suspension is also
rather heavy, and is losing popularity
with carmanufacturers.

Another ancient independent suspen-
sion still 'used by Morgan is the famous
sliding pillar, In this one the wheel is
guided up and down a nearly vertical
track on bushings so it has no camber
change with vertical motion. It is simple
but suffers the bad feature of cambering
as much as the body rolls. In addition,
friction against the guides tends to bind
the suspension in a corner resulting in
very little movement on a rough road. It
is probably good that the Morgan looks
like an old-fashioned sports car, because
it certainly handles like one.

A current independent suspension is
the MacPherson strut. This is known also
as a Chapman strut when used at the rear
of the car. The wheel is located by a

The slalom car uses the trailing-arm front suspension from a VW. Even though this sus-
pension is used on a lot of race cars its best features are simplicity and strength. It is not
very rigid and it does not offer good geometry for cornering. The only reason it works
at all in a slalom car is that the springs are very stiff allowing very little lean in the turns.

Simplified drawings of three suspension
types courtesy of Road and Track maga-
zine. From top to bottom: Swing axles,
De Dion, unequal-length A-arms. Modern
design is the A-arms.

handling sports cars in stock form due to y
the swing-axle rear suspension. Jacking N
effect in a turn causes the car to thrust its |
tail upwards like a stink bug. The result
is a large amount of positive camber on
both rear tires and lost traction. Late

model Spitfires have greatly improved rear
suspension.
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MacPherson or Chapman strut uses a
single control arm at bottom of wheel
suspension, which may be an A-arm or
some other arrangement as shown in this
drawing. Remainder of suspension is the
vertical or near-vertical strut composed
of shock absorber and coil spring. This
requires a rather high mounting point for
the top of the strut which makes the sus-
pension more suitable for passenger cars
than racing cars.

This early VW suspension is the swing-axle type. Each axle pivots about the single
U-joint next to the transmission. The axle housing provides a rigid connection with the
bearing carrier at the wheel. This autocross car (a motified Formula Vee) uses coil-
spring suspension instead of VW torsion bars.
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lower A-arm and a near-vertical strut
which is integral with the shock absorber.
This is a very simple and compact suspen-
sion, but it is quite tall. Its vertical height
limits its use mainly to road cars, but

the geometry can be very favorable for
good handling. Some of the best-handling
road cars made today use the MacPherson
strut, and it is gaining in popularity.

In years gone by a popular type of inde-
pendent rear suspension was the swing
axle. In this design each axle pivots aboul
a U-joint next to the chassis-mounted rear-
end housing. It has several nasty charac-
teristics including a tendency to lift the
car when acted on by a cornering force -
called jacking effect. This suspension also
has a very large amount of camber change
with vertical motion, making it poor for
cars with a large variation in load. Except
for simplicity and reduced unsprung
weight the swing axle has little to recom-
mend it, and let’s hope Ralph Nader and
others have nailed the lid on its coffin
once and for all.

In modern times Mercedes developed
a great improvement on the traditional
swing-axle suspension. This is the single-
pivot swing axle design, and it is used only
at the rear of the car. To reduce the cam-
ber change and the jacking effect of the
swing axle, Mercedes used a single pivot
point under the differential as the pivot
for both wheels. The effect is a reasonable
compromise between the simple swing
axle and more complex types of inde-
pendent suspension.

Another variation on the swing axle
design has been used by Ford on their
light trucks. They call this Twin [-Beam
front suspension, but it is nothing more
than a pair of elongated swing axles, each
pivoting on the opposite side of the vehi-
cle. This still has the bad features of the
swing axle, but to a lesser degree. It is my
opinion that Ford “*had a better idea”
with the solid front axle previously used
on their light trucks. At least the old
solid axle didn’t suffer from bump steer.

Another variation on the swing-axle
rear suspension is the semi-trailing arm.
With this design the wheel is located by
a single large A-arm with the pivoting
axis at an angle to the longitudinal axis
of the car, This semi-trailing arm suspen-
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Rear axle and suspension

The Datsun 510 rear suspension is typical of the semi-trailing arm type. The arm pivots
make an angle with the centerline of the car. The result is a considerable amount of toe-
in change with suspension movement. This is not ideal for racing, and works reasonably

well only if the suspension is ultra-stiff.

sion is used on the rear of many produc-
tion cars, Semi-trailing arm suspension

almost always exhibits some roll steer, and

this is used to alter the handling of the
car. Thus this type of suspension is sel-
dom used on racing cars, as the designer
usually doees not like roll steer for racing.

ROLL CENTERS

When a car is in a turn, centrifugal
force causes the body to lean toward the
outside of the turn. This is called roll. The
mechanigal facts are, roll tends to com-
press the springs on the outside of the
turn and allow the springs on the inside
to extend.

In several aspects of car design, we
look for an equivalent, such as CG, which
can simpiify our thinking—particularly
during design of the vehicle.

Such an equivalent is roll center. View-
ing a car which is rolling in a turn, it is
evident that the body is no longer hori-
zontal with respect to the road. There
must be some point in space about which
the car body could have rotated to assume
that same angle. This point can be real

SPRUNG—TO—-UNSPRUNG WEIGHT RATIOS
FOR VARIOUS REAR—SUSPENSION TYPES

TYPICAL ROAD CAR WITH 1000 POUNDS ON THE REAR TIRES

Sprung Weight  Unsprung Weight
Per Wheel Per Wheel Sprung Weight
Suspension Type (LBS) (LBS) Unsprung Weight
Solid Axle with leaf springs 370 130 2.85
Solid Axle with coil springs 390 110 3.54
De Dion with coil springs 400 100 4.00
Independent with brakes at wheel 410 90 4.55
De Dion with inboard brakes, coil springs 425 75 5.66
Independent with inboard brakes 435 65 6.69

Notice the great improvement in the ratio of sprung to unsprung weight between the
early solid-axle designs and a modern independent suspension with inboard brakes.
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ibout the roll axis.

or imaginary, depending on the design of
the car. It is called the rolf center. Height
of thee roll center above the road is impor-
tant and it need not be the same at the
fron{ as the back of a car.

The discussion of roll centers in this
section may be difficult for vou, depend-
ing an your ability to visualize imaginary
points in space or even a car body pivot-
ing ayound a real point on the car. If so,
it should not concern you greatly and you
are welcome to read this section for the
general information it contains without
worrying about the details.

Rpll centers on paper are mainly
impdrtant to designers. The idea of roll-
centgr height is important to car buyers
and drivers because it influences handling;
howgver. all the buyer really needs to
know is which type of suspensions tend
to gite good handling due to good roll-
center locations. This section discusses
that and it comes up again later in the
boold. Also, the idea of roll-center height
is important to anyone who decides to
modify the suspension of a car because
somg modifications change roll center.
This s also covered in specific terms
later|in the book,
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Also, the treatment of roll centers in
later chapters is more practical—the
effects are discussed in terms of handling
or performance that you can test and
observe. If it doesn’t test right, there are
practical modifications in some cases that
can improve test resulis or performance
on the road.

The point I am circling around here is
that there is just no way to talk about
roll centers without actually doing it
and some people don’t communicate on
that wavelength. If you don’t, don’t
worry about it. Grab as much of the idea
as you can and bring it with you to the
testing and meodification chapters which
follow.

The exact point about which the body
rodls is important, The front suspension
has a roll center and the rear suspension
has a roll center, A line between the front
and rear roll centers is called the rolf axis.

The roll center is an actual pivot point
on some suspension system, but on others
it is a point in space. The roll center is
located near the ¢enter of the car, usually
at a height somewhere between the road
surface and the center of the wheels. The
roll center height above the ground is very

This drawing shows how the side force is applied to the unsprung weight at the roll centers. Solid axle suspension is shown
for simplicity, but roll centers serve the same purpose with independent suspension too. When the body rolls in a turn it pivots

important, and on some suspensions it
changes as the body rolls. This gets quite
complicated but it can be figured out and
used to help the handling,

In addition o being the pivot point for
body roll, the roll center hus another
important characteristic. The side force
due to centrifugal force is transmitted
from the sprung weight to the unsprung
weight through the roll center. This is
very simple to understand if the roll cen-
ter is an actual pivot point between the
suspension and the body. However, even
on complicated independent suspension
systemns the suspension links act in a way
that is equivalent to a single roll center
between the sprung weight and the
unsprung weight.

The roll-center height on a solid-axle
suspension depends on the type of link-
age locating the axle. The linkage locates
the axle fore-and-aft, and it prevents side-
ways motion between axle and frame. The
roll-center height is usually found by draw-
ing the linkage to scale and making some
geometrical constructions on the drawing.
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Figures 7A through 7F show how to
find the roll center on various types of
solid-axle suspensions. In each case point
A is located, and another point B is
found. A line is drawn through points
A and B. The roll center is located where
this line crosses a vertical plane through
the axle centerline. The captions under
each figure show how to find points
A and B, and what they mean.

The simplest type of solid-axle sus-
pension is the Hotchkiss drive, where the
axle is locpted by two leaf springs,
Hotchkiss drive is used on most low-cost
production cars. Its roll center is found as
shown in Figure 7A. If an additional locat-
ing device is used between the axle and
frame, this may change the roll-center
height. Such a locating device, to be
effective, must be stiffer than the leaf
springs in resisting sideways motion
between axle and frame. Thus the leaf
springs no|longer serve to locate the axle
sideways, and they only locate in a fore-
and-aft direction. The new locating device
must always be made with stiff bearings
or bushings, not the rubber mounts com-
monly used in leal spring eyes. More detail
on axle-locating devices is presented in
Chapter 4.

FRAME

/ROLL CENTER

Figure 7A/If the rear axle is located only by two leaf springs it is a Hotchkiss drive.
The roll center is found by drawing a line between points A and B, the spring mount-
ing pivots at the ends of the spring. The roll center is located where the line crosses a
vertical plane through the axle centerline, Line A—B is the roll axis. Adding a Panhard
rod or other axle locating device to a Hotchkiss drive suspension may change the

roll-center height.
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Figure 7B/On a suspension using a Panhard
rod for lateral location of the axle first find
point A. This is where the Panhard rod
crosses the centerline of the car as viewed
from the top. On the torque tube suspen-
sion shown, point B is the front ball joint
on the torque tube, Point B is the point
about which the axle would rotate if the
Panhard rod were disconnected, viewed
from the top. Join points A and B with a
line. The roll center is where this line crosses
a vertical plane through the axle centerline.
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PANHARD
ROD

Figure 7C/The three-link suspension with the Panhard

rod is similar to the torque tube suspension shown in
Figure 7B. Point A is on the Panhard rod where it crosses
the centerline of the car, viewed from the top. Point 8

is where the lower links intersect. Point 5 is the point
about which the axle would rotate if the Panhard rod were
disconnected, viewed from the top. The roll center is
where a line from A to B crosses a vertical plane through
the axle centerline. This arrangement provides roll under-
steer.

Figure 7D/The four-link suspension using non-parallel
links is shown here. Point A is the intersection of the top
links, and point B is the intersection of the lower links.
The roll center is located where the line from A to B
crosses a vertical plane through the axle centerline.

This arrangement provides roll understeer.

A roll axis which points down towards the front of
the car is an understeering roll axis.

B
AT INFINITY —— — —

B ROLL CENTER

AT INFINITY
WHERE LOWER
LINKS INTERSECT

Figure 7E/This is a four-link suspension with parallel lower
links. Point A is the intersection of the upper links. Point
B is the point where the lower links would intersect at
infinity. The line from A to B is parallel to the lower

links because it too intersects the lower links at infinity.
The roll center is where this line crosses a vertical plane
through the axle centerline. This arrangement, or any
other where the roll axle points up toward the front of

the car provides roll oversteer.
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Figure 7F/If the sideways location of the axle is provided
by a pivot point on the center of the axle, that pivot
point is the roll center. In this case the attachment of the
A-arm to the axle housing is the roll center. |f the locating
device is a Watts linkage or a Panhard rod mounted to the
axle in the same spot, the roll center is still at that spot.
The type of locating linkage makes no difference; only
the height of its attachment to the axle. This arrange-
ment provides neutral steer because the roll axis is

parallel to the ground.
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Locating the roll center for an inde-
pendent suspension is usually done by
constructing lines on a scale drawing,
This requires identifying some additional
points and links which may be real or
imaginary.

When a wheel has been tilted from ver-
tical as a result of a bump or suspension
movement, we can find some point about
which the wheel could have rotated to
assume the tilted position, and imagine
that the wheel is connected to that dis-
tant point by a radius arm of some sort.
If the wheel assumes a different angle, it
may appear to be connected to a different
center of rotation, however at any instant
there is always some center about which
the wheel appears to rotate. This is
called the instantaneous center. As you
will see, the designer can put the instan-
taneous center nearly anywhere he
chooses and it may not even be between
the wheels of the car.

Wherever the instantaneous center is,
we also imagine the wheel to be connected
to it by a radius arm or a swing arm.
Because this swing arm is not necessarily
real, it is called the virtual swing arm.

The only way you can predict such
behavior and draw the position of the
wheel as it comes to full bump or full
droop is to recognize the instantaneous
center and the virtual swing arm, real
or not.

One of the simplest cases is a swing
axle because both are real and made of
metal which you can see and touch.
Figure 8 shows this suspension. Each axle
swings, pivoting around the U-joint next
to the differential. The instantaneous cen-
ter is the U-joint, the virtual swing arm is
the length of the axle between the U-joint
and the wheel. Both are real and the
instantane jus center doesn’t move around
when the wheel changes its attitude.

To find the roll center for this suspen-
sion, draw lines between the center of the
tire contact patch on the ground and the
instantaneous center for that wheel. Do it
on both sides of the car and extend the
two lines until they cross each other, The
roll center is at the point where the two
lines intersect. As you can see in Figure
8 A, the roll center is always very high with
conventional swing axles.

INSTANTANEOUS
CENTER

(PIVOT POINT
FOR AXLE)

SPRUNG

WEIGHT G

SWING AXLE -+

GROUND

VIRTUAL
- SWING ARM -

Figure 8/The simple swing axle pivots about a point next to the differential which is

mounted on the chassis. This pivot point is the instantaneous center for the suspension.

The length of the swing axle is the virtual swing arm length as shown.
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Figure 8A/Swing-axie suspension has a very high roll center. It is located by the inter-
section of the two lines connecting the tire contact patch with the axle pivot point on
each side. The high roll center results in the infamous jacking effect, which tends to
raise the car under the action of cornering forces.
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Other types of independent suspensions
are analyzed in the same way. The proce-
dure is: Find the instantaneous center and
the virtual swing arm. Construct a line
through the tire contact patch of each
whee| and its instantaneous center. Locate
the rell center at the intersection of these
two lines.

THe virtual swing arm und instantaneous
center are easy to find on a double A-arm
suspension, Draw a front or rear view of
the syspension, Extend lines down the cen-
ter of each A-army until they cross. This is
the irjstantaneous center, and is shown as
point| A in Figure 9. The tire moves the
sameJas if it had a swing axle in place of

the virtual swing arm. However, the virtual
swing arm changes length as the suspen-
sion moves, and this is why double A-arm
suspension offers advantages for high-per-
form{nce driving. The design can be so the
instantaneous center moves to give proper
caml:—rr changes as the body rolls.

THhe roll center for the double A-arm
suspehsion is found by connecting the
instavtltaneous center point A with the tire
cont ct patch point B as shown in Figure

% to the long virtual swing arm, the
roll center is usuvally quite close to the
grourid It is on the ground if the A-arms
are parallel, because the virtual swing
arm i mfinitely long. Lines which intersect
at mi nity are parallel to each other.

With suitable A-arm angles the roll cen-
ter can be below the ground. This is only
possible with independent suspension,
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Figure 9/The roll center for double A-arm suspension can be at almost any height,
depending on the angles of the A-arms. The three designs shown all have the same length
A-arms and the only difference is in the height of the upper inboard pivot point. On
conventional cars, the roll center with this type suspension is usually close to the

ground. It can even be below the ground.

because it would be very hard to build a
solid axle with a lateral locating device
below the ground. A roll center below
the ground is not usually used on high
performance cars, but it does exist on
sorne sedans.

The roll centers shown in Figure 9 are
with the car at zero roll angle, The roll
centers can move around as the car rolls,
and this semetimes hurts handling. A
drawing must be made at various sngles
of body roil to accurately determine how
the roll center moves, When making the
drawing the body must be pivoted about
the roll center at each angle of roll, so the
process has to be done in small steps for
accuracy. I suggest drawing the car at one
degree roll, two degrees roll, and so forth,

The roll center location of a Chapman
strut or MacPherson strut suspension is
shown in Figure 10. This suspension has

similar geometry to the double A-arm
type, except that the strut replaces the
upper A-arm. To find the instantaneous
center draw a line through the pivot at the
top of the strut at 90 degrees to the strut
centerline. Where this line intersects the
line through the center of the lower A.arm
is the instantaneous center. The roll cen-
ter is determined the same way as for the
double A-arm suspension by drawing lines
between the tire contact patch and the
instantaneous center of each wheel.
Because location of the strut limits the
geometry, the roll center cannot have as
many different locations as with double
A-arm suspension. With MacPherson strut
suspension, the roll center is always above
the ground, but it is never very high, This
is typical of roll-center locations on high-
performance cars, no matter what type
of suspension system is used.
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This Trawing shows how the roll center [R.C.} moves on a double A-arm suspension at 5 degrees roll. Each suspension pivot
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usual
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e chassis is drawn in the 5 degree roll position, using the roll center at zero dearees as a pivot point. The tinks are drawn
new positions with the tires on the ground and the new roll center at 5 degrees is plotted. With this suspension the roll
r remained at about the same height but moved to the left considerably. When designing or analyzing a suspension it is

to take one degree increments for roll angle and check the roll center position at a number of angles up to a maximum
put & degrees.
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o 10/The Chapman strut suspension of the Lotus Elan has the same geometry as the popular MacPherson strut. The
difference is that Chapman strut suspension is used at the rear of the car where MacPherson strut refers to front suspen-
The roll center is low, sitmilar to a double A-arm suspension.
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The semi-trailing-arm suspension has a virtual swing arm longer than a pure swing axle.
This lowers the roll center and makes this type of suspension more acceptable for high

performance cars.

The old-fashioned swing axle is very
similar in concept to the modern semi-
trailing-arm suspension. The only differ-
ence is that the semi-trailing-arm
suspension has its pivot axis at an angle
to the centerline of the car. To find the
instantaneous center of this suspension
draw a view looking down on the suspen-
sion. Draw a line between the pivot points
of the A-arm and extend it until it crosses
the axle centerline. This is the instan-
taneous center. Notice that the virtual
swing arm is quite long with this type of
suspension—much longer than the actual
A-arm length, This results in a roll center
much lower than the swing axle. The roll
center is found the same way as for other
independent suspensions.

Length of the virtual swing arm gives
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an indication of the amount of camber
change which will occur as a wheel moves
up and down. Obviously longer virtual
swing arms will allow less camber change
for the same amount of vertical wheel
movement. By inference, a suspension
which allows zero camber change must
have a virtual swing arm which is infinitely
long.

If the semi-trailing arm has its pivot
axis moved to 90 degrees from the center-
line of the car it has the geometry of a
pure trailing arm, or leading arm suspen-
sion. This type, familiar as the old VW
front suspension, has no camber change
with suspension movement. The wheels
are always the same camber as the angle
of body roll. This type of suspension has
its roll center at ground level and the

virtual swing arm is infinitely long.

The sliding pillar suspension also has
its roll center at ground level. It guides
the wheel vertically along a straight line
at the frame, thus forcing the wheel
always to have a camber angle equal to
the angle of body roll. Except for the link-
age the sliding pillar has the same geome-
try as trailing arm suspension,

CENTRIFUGAL FORCE AND
MAXIMUM CORNERING SPEED

When a car rounds a bend in the road,
the car and its occupants are acted on by
centrifugal force. As all of us know from
experience, this force increases if the
weight of the car is larger, the speed
higher, or the radius of the turn shorter.

For a turn of constant radius, centri-
fugal force can be calculated as follows:

Weight x (speed)?
14.97 x radius

Centrifugal force =

where weight is the total weight of the
car and occupants expressed in pounds,
radius of the curve is in feet, and speed
is in MPH.

It is sometimes interesting to calculate
the maximum theoretical speed a car can
travel in a turn without tipping over:

Max speed = 2.74 _/Radius x Track

CG Height

where maximum speed is in MPH, and
all other units are in feet. This is theoreti-
cal only in that it requires the car not to
spin out or slide off the road. If the tires
hold the car on the radius of the turn
used in the calculation, then the indicated
max speed can be experimentally verified.

Notice that weight of the car doesn’l
have anything to do with tip-over speed
under the stated assumptions and the fur-
ther assumption that the car isn’t heavier
on one side than the other. It is all deter-
mined by the height of the CG and the
track or distance between the wheel cen-
ters. A wide car with a low CG is less
likely to tip over than a tall narrow car.

As an example, on a turn with a 200-
toot radius, a car with a 5-foot track and
a CG height of 2 feet can corner at 61
MPH if the tires allow it.

Raise the CG height to 4 feet and maxi-
mum cornering speed in that same turn
becomes 43 MPH,
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LATERAL WEIGHT TRANSFER

Lateral weight transfer occurs in cor-
nering, similar to fore-and aft weight
transfer during acceleration or braking.
The centrifugal force acts sideways at the
CG of the car in a direction away from the
center of the corner. Because the CG is
some distance above the ground, weight
is removed from the inside tires and added
to the outside tires. The total weight on
all four tiires remains the same during this
process.

The amount of lateral weight transfer
can be easily calculated by the following
formula:

Total lateral weight transfer =
Centrifugal force x CG height
Track width

In this formula the lateral weight transfer
and the ¢entrifugal force are in pounds,
and the CG height and the track width
are in inches. The total lateral weight trans-
fer is the amount of weight removed from
both inside tires. It gives no information
on the distribution of this weight transfer
between ithe front and the rear of the car,

In addition there is a small additional
weight transfer due to the sideways move-
ment of the CG as the body rolls. This
effect is very small on modern high-per-
formance cars due to the low CG height
and smalj roll angles. T only mention it
here so the discussion of weight transfer
will be complete. Unless you have a very
tall car with a huge amount of lean, the
weight transfer due to CG movement will
be less than 3% of the car’s weight.

In the following discussion I am going
to talk about weight transfer associated
with body roll and other apparent sources
or reasons for weight transfer, It is con-
venient to assign some part of the total
weight transfer to a particular part of the
car or toits behavior during cornering.
However, this can lead to the assumption
that something such as body roll causes
weight transfer, which is not true.

Even J[Iwugh the point has just been
made in the preceding formula for total
weight transfer, it is worth restating. The
total weight transfer from the inside
wheels to the outside wheels in a corner
is determined entirely by the centrifugal
force acting on the CG of the car, assum-

C = CENTRIFUGAL FORCE
W=TOTAL WEIGHT OF CAR

O =WEIGHT ON OUTSIDE TIRES
P = CORNERING FORCE ON

OUTSIDE TIRES
| =WEIGHT ON QUTSIDE TIRES

J=CORNERING FORCE ON
INSIDE TIRES

h=CGHEIGHT ABOVE GROUND

e =

1/2t
o I

t=TRACK WIDTH

This drawing shows all the forces acting on a car in a corner except aero-dynamic forces.
The CG is shown in the center of the car, that is the car is assumed to have 50/50 lateral
distribution. The weight on the outside tires is greater than the inside tires because of

lateral weight transfer.

™ ROLL ANGLE

F- ROLL AXIS

LATERAL MOVEMENT

'1' OF CG

This shows how the CG moves laterally a small amount due to body roll. The car in this
example has a very high CG, making the lateral movement quite large. Most high-perfor-
mance cars have low CG height and a small roll angle, resulting in a very small CG shift.

ing that any lateral movement of the CG
can be ignored.

No arrangement or design of a car can
reduce total weight transfer in a corner
unless the height of the CG is lowered, the
track increased, or the car weighs less. The
driver can reduce weight transfer by slow-
ing down or using a larger radius through
the turn, but that’s not part of the car
design,

A car with no suspension—all parts
solidly welded to each other—will have
a certain amount of weight transfer in a
corner. The addition of a suspension
does not change the total weight transfer,
but it allows it to gppear or manifest

itself in different ways. Because of springs
in suspension the body can roll or lean.
The weight transfer changes the forces on
the springs, causing the outside springs to
compress and the inside springs to extend.
Thus weight transfer causes body roll, not
the other way around,

The outside tires are more heavily
laden as a result, and the inside tires are
less heavily loaded. We say this part of the
total weight transfer is associated with or
due to body roll, which is OK as long as
we remember that the original cause of it
is centrifugal force acting on the CG of
the car.
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The total lateral weight transfer as cal-
culated in the preceding formula is made
up of three portions as follows:

Total lateral weight transfer =
Weight transfer due to body roll +
Weight transfer due to roll center heights +

Weight transfer due to unsprung weight.

Each of these portions must be under-
stood, as they are adjusted separately when
tuning the chassis. The art of chassis tun-
ing is much concerned with the adjustment
of weight transfer—changing the propor-
tion hetween front and rear of the chassis.

To understand lateral weight transfer,
you must look at three different parts of
the car—the sprung weight, the front sus-
pension unsprung weight, and the rear
suspension unsprung weight, The weight
of the car is the total weight of these
three parts. Each part can be considered
to have its own separate CG, and the
centrifugal force acts on the CG of each
part in proportion to its weight. The
effect on the car is exactly the same as
considering the total centrifugal force act-
ing at the CG of the entire car. A drawing
of a car with weight and centrifugal forces
divided among the three parts is shown
in Figure 11.

If for example the front unsprung
weight is 10% of the total car weight, then
10% of the total centrifugal force acts on
the front unsprung weight. If the rear
unsprung weight is 20% of the total car
weight, it receives 20% of the total cen-
trifugal force. The sprung weight would
receive the remaining 70% of the total
centrifugal force, which will cuase body
roll.

Weight Transfer Due To Body Roll—-Roll
stiffness of a suspension is its resistance
to body roll. The part of the car that
rolls in a turn is the sprung weight, and

it rotates around the roll axis. As men-
tioned earlier the roll axis is a line joining
the roll centers of the front and rear sus-
pensions. Think of the roll axis as an

axle about which the sprung weight of
the car pivots.

The stiffness of the springs at each end
of the roll axis affects the roll stiffness of
the front and the rear suspension respec-
tively. Roll stiffness is expressed in inch-
pounds per degree of roll.

If a suspension has a roll stiffness of
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WF = FRONT UNSPRUNG WEIGHT
WR = REAR UNSPRUNG WEIGHT
WS = SPRUNG WEIGHT

WF

CF = CENTRIFUGAL FORCE ON FRONT
UNSPRUNG WEIGHT

CR = CENTRIFUGAL FORCE ON REAR
UNSPRUNG WEIGHT

CS = CENTRIFUGAL FORCE ON
SPRUNG WEIGHT

Figure 11/A car can be considered as the three parts shown, each with its own CG. The
weight of each part and the centrifugal force on that part are shown acting at the CG
of each part. The result on the car is the same as if all weight and centrifugal force were

acting at the CG of the entire car.

ROLL STIFFNESS OF SUSPENSION

CG OF
CENTRIFUGAL
FORCE ON
SPRUNG WEIGHT

ROLL STIFFNESS
OF SUSPENSION

SPRUNG WEIGHT

T o

H = DISTANCE BETWEEN ROLL
AXIS AND CG OF SPRUNG WEIGHT

The roll stiffness of each suspension can be represented as a clock spring. The centrifugal
force at the CG rolls the sprung weight about the roll axis, twisting each clock spring
the same amount and meeting resistance according to the stiffness of each spring. The
resistance of both springs is the total roll stiffness of the car.

5000 inch-pounds per degree, this means
it takes 5000 inch-pounds of torque about
the roll axis to cause one degree of body
roll. The total roll stiffness of the car is
equal to the roll stiffness of the front sus-
pension plus the roll stiffness of the rear
suspension.

Roll stiffness of the suspension is
determined by the suspension springs. The
position of the springs as well as their
stiffness determines roll stiffness of the
suspension. For example, look at a typical
solid-axle suspension with longitudinal
leaf springs. The distance between the
springs is called spring base and is applied
only to solid axles. As you can see in
Figure 12, distance between the springs

Centrifugal Force
Q—Q.Center af

Gravity

Roll Center

Figure 12/In a solid-axle suspension,
notice how the position of the springs
on the axle affects the roll stiffness. If
the springs are spaced wide apart the

roll stiffness is high. If the springs are
closely spaced the roll stiffness is low,
The vertical stiffness of the springs could
be the same in either case.
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This front anti-roll bar is installed on top of the front frame rails. The levers operating
the bar are connected to the lower A-arms with short links consisting of a pair of rod
ends. Body roll causes one A-arm to rise and the other one to fall relative to the frame
rails. This puts a twist into the anti-roll bar, which resists the rolling motion.

determines roll stiffness. The suspension
can be designed with stiff springs but with
low roll stiffness just by placing the springs
close to the center of the car.

The most common device used to
increase roll stiffness of the basic suspen-
sion is an anti-roll bar. This is sometimes
called a sway bar, a roll stabilizer bar, or
an anti-sway bar. Whatever you call it,
it’s a simple and highly effective way of
limiting body roll. An anti-roll bar is a
torsion bar mounted across the frame,
with links driving its cranked ends from
the two sides of the suspension. The bar
is not twisted during vertical suspension
movement of both wheels, but is twisted
when unequal suspension movements
occur on the two sides of the car. When
the body rolls in a turn, one side of the
suspension travels up and the other down,
thus putting a twist in the anti-roll bar.
Its torsional stiffness resists twist and
thus reduces the amount of rolling move-
ment that occurs,

An anti-roll bar can be built so its stiff-
ness can be adjusted to change the weight-
transfer distribution. It is one of the most
useful items for chassis tuning.

The CG of the car is above the roll

axis on all conventional cars. This means
that centrifugal force causes a torque
about the roll axis equal to the centrifugal
force on the sprung weight multiplied by
the distance from the roll axis to the CG
of the sprung weight. This torque is

called rotal roll couple.

The total roll couple acts to rotate the
sprung weight around the roll axis, and
this motion is resisted by the roll stiffness
of the suspension. Notice that the total
roll couple can be resisted by either the
front suspension, the rear suspension, or a
combination of both,

Here is the secret of chassis tuning:
THE SUSPENSION WITH THE HIGHEST
ROLL STIFFNESS WILL RECEIVE THE
LARGEST PORTION OF WEIGHT
TRANSFER CAUSED BY BODY ROLL.

Because roll stiffness can be adjusted by
means of the anti-roll bars, this weight
transfer distribution can be adjusted to
suit the needs of the chassis tuner. It can
even be done without changing the roll
angle of the car by increasing the roll stiff-
ness at one end of the car and reducing it
the same amount at the other end. The
only thing changed by this adjustment
is the weight-transfer distribution.

The portion of the total roll couple
taken by one end of the car is in direct
proportion to the roll stiffness at that
end of the car. It can be expressed as a
formula as follows:

Front roll couple =

Front roll stiffness x Total roll couple

Total roll stiffness
Rear roll couple =

Rear roll stiffness

Total roll stiffness

x Total roll couple

In this formula front roll couple means
the roll couple resisted by the front sus-
pension, and the rear roll couple is the

roll couple resisted by the rear suspension.
Obviously the total roll couple is the sum
of the front and rear roll couples.

C =CENTRIFUGAL FORCE
ON SPRUNG WEIGHT

H = DISTANCE BETWEEN ROLL AXIS AND
CG OF SPRUNG WEIGHT

TOTAL ROLL COUPLE=CxH

C

‘T CG OF SPRUNG WEIGHT

" EQUIVALENT
ROLL STIFFNESS

ROLL AXIS
VIEW LOOKING DOWN ROLL AXIS

This is a view looking along the roll axis.
The centrifugal force acting laterally on
the CG of the sprung weight rolls the
sprung weight around the roll axis as
shown. Roll stiffness resists. The torque
about the roll axis is the total roll couple.

NOTE:

This entire discussion assumes the frame
is completely rigid and does not twist.
A “flexy" frame will make this sort of
suspension tuning impossible. See
Chapter 3.
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WHAIT IS TORQUE AND COUPLE?

Engine people sometimes get a little
vagug about the meaning of the word
torgue whereas chassis people are always
very specific about it. Engine folk some-
times leave the impression that torque
inhabiits an engine with more of it in
largertdisplacement engines, and it
comes out mainly at low engine speeds.

IfJ/ou happen to be just how getting
intergsted in chassis tuning as an aid to
laying some of that torque on the
ground, it may help to say precisely
what Jt is.

Targue is the effect of a force applied
in such a way as to cause rotation. This
implies a lever arm as shown in this

sketch: FORCE T
H
TORQUE Ql

The amount of torgue is calculated

by myltiplying the amount of force by
the length of the lever arm, Increasing
either makes the turning effort greater.
Units pf torque are pound-feet, or
pound-inches, sometimes written in
reversg order such as inch-pounds.
An|engine person might offer the
opinidn that a couple should drive
aroundl in a two-passenger car and then
ga on fto telf you some of his expetiences.
Chassis people, being more high-
minded, define a couple as two equal
forces|in the same plane, acting in
opposlte directions, as in the sketch

below
FORCE —=
FORCE ™  FORCE
I TORQUE 1
This is applicable 1o weight transfer

of a cdr in a corner, Centrifugal force
acting|on the lever arm h, which is the
height of the CG, causes a torque on
the car. The effect is increased down-
force on the outside tire and the same
amount of force removed from the
inside :tire—in other words, a couple.
Torqup applied on the rolt axis of a
car cayises a couple of forces at the
tires-?ne up and one down,
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CENTRIFUGAL FORCE
| ON SPRUNG WEIGHT
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SIDE LOAD TRANSMITTED
THROUGH ROLL CENTER

SIDE LOAD TRANSMITTED THROUGH

ROLL CENTER
UNSPRUNG

e

WEIGHT " RC

=

)

ROLL-CENTER HEIGHT

CORNERING
FORCE

)

T WEIGHT TRANSFER DUE TO
ROLL-CENTER HEIGHT

THACK—'-‘

WIDTH

Figure 13/Side loads are transmitted from the sprung weight to the unsprung weight
through the rofl centers. Only one roll center is shown hera, that of the rear suspension.
Notice in the lower half of the drawing the side load tends to tip over the axle, causing
weight transfer from one side to the other. This is weight transfer due to roll-center

height.

It is possible to design a suspension
with zero roll stiffness at one end of the
car. This has been tried on several racing
cars to get an absolute minimum of
weight transfer on the rear driving wheels.
In such a case the rear rolt couple is zero
and the total roll couple is resisted by the
front suspension. A solid rear axle with a
spring in the center of it accomplishes
this trick, or a complex linkage design
with independent suspension. H you want
to try a zero roll stiffness suspension
remember that it only eliminates the
weight transfer due to body roll, and not
necessarily the other portions of the
total weight transfer.

The weight transfer due to body roll
can be calculated for each end of the car
as follows:

Front weight transfer due to body roll =
Front roll couple
Front track width

Rear weight transfer due to body roll =
Bear roll couple
Rear track width

That’s all there is to it. The total weight
transfer due to body roll can be found
by adding the front and rear weight trans-
fers together. As with other formulas, the
roll couple is expressed in inch-pounds,
the weight transfer in pounds, and the

track width in inches.
Weight transfer Due To Roll-Center
Heights—The roll-center heights are the
second major itei causing weight trans-
fer in a corner. The roll centers can be
located anywhere, but the normal height
is somewhere between the axle center
and the road. Remember I said that one
characteristic of the roll center is that it
can be considered as the point where all
the side load is transferred from the
sprung weight to the unsprung weight,
To visualize this ook at Figure 13. Here
the roll center is drawn as a pivet point,
as it would be on some solid-axle suspen-
sion systems. You can see fiow the side
force acting on the unsprung weight
causes weight transfer from the inside
tire to the outside tire. The higher the
roll center the larger this weight transfer.
The side load acting at the roll centers
is a part of the centrifugal force on the
sprung weight. It is proportioned between
the front roll center and the rear rolt cen-
ter according to the location of the CG
of the sprung weight. 1f the sprung weight
CG is midway between the front and rear
axles, the centrifugal force is divided
50/50. If the CG of the sprung weight
is closer to the front axle, then the front
roll center will receive the majority of the
side load.
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CG OF SPRUNG WEIGHT
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] WHEELBASE
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Figure 14/The formulas given in the text calculate the centrifugal force acting on both
the front and rear roll centers. The roll centers are located on the vertical lines passing
through the axle centers. F and R are the distances from the CG to the front and rear

roll centers respectively.

To compute the portion of the centri-
fugal force carried by each end of the car
look at the drawing in Figure 14. The
location ol the CG of the sprung weight
must be known. The technique of finding
CG location is discussed in Chapter 4. For
now let’s assume you already know where
it is located for the sprung weight. Deter-
mine the distance from CG to the front
and to the rear axles, lengths F and R in
Figure 14, The formula for the centrifugal
force carried at each end of the car is as
follows:

Centrifugal force on front roll center =

R
Wheelbase
Centrifugal force on rear roll center =

Sprung w?ight centrifugal force x

Sprung weight centrifugal force x ————
priTe ’ ? Wheelbase

Because you now know the side load
acting at/both roll centers, the final step
is to compute weight transfer due to roll-
center height.

Front weight transfer due to roll-center height =

Front CF x front RC height
Front track width

Rear weight transfer due to roll-center height =
Rear CF x rear RC height
Rear track width

Where CF is Centrifugal Force and RC is
Roll Center,

Again, the total weight transter due to
roll-center height is the sum of the front
and the rear-weight transfer.

In the old days it was common to use
roll-center height as an adjustment to tune
the chassis. The theory is, by raising the
roll-center height at one end of the car
you get more weight transfer at that end.
There are two problems with this and the
method is no longer used.

First, raising the roll center does
increase weight transfer due to roll-center
height, but it decreases the weight transfer
due to body roll. This introduces compli-
tions into the chassis tuning process that
are hard to figure out. Whenever you
make two changes at once with a chassis
adjustment you are in for trouble, and if
the changes act in opposite directions,
then you make a bad situation even worse!

The second and by far the worst prob-
lem is the almost impossible task of

changing roll-center height without chang-
ing the suspension geometry radically. Peo-
ple used to move the upper A-arm of the
double A-arm suspension, thinking it
would only alter the roll-center height,
but they were changing the camber char-
acteristics and bump steer of the suspen-
sion at the same time. These multiple
changes make adjusting the roll center

a very risky and confusing guessing game
with independent suspension. To me it
seems so much easier to use adjustable
anti-roll bars, They are not only easier to
adjust, but the anti-roll bars give you an
infinitely fine adjustment.

Weight Transfer Due To Unsprung Weight—
The third portion of weight transfer in a
corner is the weight transfer due to the
unsprung weight. This is almost com-
pletely non-adjustable, except by a major
re-design of the suspension. Even then

the results would be small.

The unsprung weight has its CG roughly
at the center of the axle. The centrifugal
force acting at this CG causes weight trans-
fer, and all of it caused at one end of the
car acts on those two tires. Thus on a car
with conventional solid-rear-axle suspen-
sion, that huge heavy axle is causing quite
a bit of weight transfer to exist on the
rear tires. There is no way to get rid of
this except maybe to go to independent
rear suspension. If this were done, the
weight of the heavy differential would
then be part of the sprung weight, and
its weight transfer could be proportioned
between the front and rear suspensions
as described previously.

CG OF UNSPRUNG WEIGHT

W

' W

‘ TRACK WIDTH ‘

Height of the CG of the unsprung weight above the ground determines the weight trans-
fer caused by the unsprung weight. In this drawing "“C" is the centrifugal force on the
unsprung weight, “H’* is the CG height, and “W"’ is the weight transfer.
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Weight transfer due to the unsprung
weight is computed as follows:

Front weight transfer due to unsprung weight =
Front unsprung CF x front unsprung CG height
Front track width

Rear weight transfer due to unsprung weight =
Rear unsprung CF x rear unsprung CG height
Rear track width

Now the total weight transfer at each
end of the car may be found.

Total front weight transfer =
Front weight transfer due to body roll +
Front weight transfer due to roll-center
height + Front weight transfer due to

| unsprung weight.

Total rear weight transfer =
Rear weight transfer due to body roll +
Rear weight transfer due to roll-center
height + Rear weight transfer due to
unsprung weight.

When using weight transfer distribu-
tion as a chassis-tuning method you will
reach a limit. The maximum weight trans-
fer on one end of the car can never
exceed the static weight on one of the
tires at that end of the car. When you try
to exceed this limit of weight transfer,
the inside tire transfers as much weight
as it had on it without any cornering, then
lifts off the road surface. Any additional
weight transfer must then be carried on
the opposite end of the car no matter
how rthat car is set up.

Wheel lifting must be avoided for good
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This Porsche has been set up with too much roll stiffness in the front suspension, and

the front tire is lifting off the road. The car would corner flatter if more roll stiffness
were added to the rear suspension—and cornering speed would be improved.

handling. A car with one wheel off the
ground is a three-wheeled vehicle, and its
weight-transfer distribution cannot be
adjusted in any way. It also leans an exces-
sive amount, which usually has adverse
effects on the camber. With a solid-axle
suspension, lifting one side of the axle
causes positive camber on the opposite
tire with a resulting loss of traction.

The maximum limit to total weight
transfer of the car is the total static weight
carried by both inside tires. If the total
weight transfer exceeds this amount both
inside tires lift off the road and the car tips
over, The resulting 90-degree camber angle
causes total loss of control plus great fear
and expense for the driver. The only solu-
tion for a car that tends to overturn is to
lower the CG, widen the track, or slow
down!

WEIGHT TRANSFER
IN CHASSIS TUNING

The helpful feature of lateral weight
transfer is its use in tuning the chassis.
By adjusting the ratio of front weight
transfer to rear weight transfer the car’s
steer characteristics can be adjusted to
suit the driver.

The secret behind this chassis tuning
is the fact that grip of a tire changes with
vertical force on the tire. If you increase
the vertical force on a tire, it distorts more
and its grip is reduced.

It does have the ability to transmit

more side force against the pavement, but
not in proportion to the increase in verti-
cal force.

The inside tire in a corner has a reduced
vertical force on it due to weight transfer,
and it gains some grip. However, the
increased grip of the inside tire is less than
the reduced grip of the outside tire. The
result is a #2et loss of grip. Thus increasing
weight transfer at one end of the car
reduces the grip at that end of the car.

If you ignore the effect of aerody-
namic forces, the [ollowing rules hold true:
1. All other factors being equal, a light
car will corner faster than a heavy car.

2. A car with a small amount of lateral
weight transfer will corner faster than a
car with a large amount of lateral weight
transfer, again all other factors being
equal.

3. Increased weight transfer means
reduced grip. Thus the steer characteris-
tics can be adjusted by increasing roll
stiffness of one end of the car and reduc-
ing roll stiffness at the other end.,

The effect of changing the vertical
force on a tire is shown in Figure 15.
This graph shows the relationship between
slip angle and vertical force on a tire
while cornering at a lateral acceleration
of 0.6 g’s. At this lateral acceleration the
tire is not at the limit of adhesion, so slip
angle indicates distortion of the tire, The
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Figure 15/Here is the relationship between slip angle and vertical force on a particular
tire for a lateral acceleration of 0.6 g. This same general relationship holds true at any
lateral acceleration. Notice that a tire has a low slip angle if the vertical force is low, and
it has a high slip angle for a high vertical force. Because low slip angles imply that the
tire has more traction available, this curve shows why light cars tend to corner faster
than heavy cars. The curve indicates that with lateral weight transfer on a pair of tires,
the outside tire tends to lose more grip than the inside tire gains. Thus a pair of tires will
have an overall loss of cornering power with increasing weight transfer. This is the basis
for chassis tuning using the proportioning of weight transfer between front and rear
suspensions.

low slip angles indicate small tire distor-
tion, which to the driver means more
control. If the car were pushed to higher
cornering speeds, the low slip angle at
0.6 g’s means the tire would allow con-
siderably greater cornering speed before
reaching the limit of adhesion.

To illustrate what weight transfer does
to a pair of tires let’s take an example.
Assume a pair of tires support a vertical
force of 2200 pounds, this means each
tire supports 1100 pounds when there is
no lateral weight transfer. If the car was
somehow designed to have zero weight
transfer at that end of the car, both tires
would operate at an 8° slip angle at a
lateral acceleration of 0.6 g’s. This can
be seen from Figure 15. Now let’s assume
we adjust the car to a lateral weight trans-
fer of 200 pounds. This means that the

operate at a slip angle of 6'4° and the
outside tire at 10%°. This averages to a
slip angle of approximately 815° for the
pair of tires. This is a greater average slip
angle than the 8° angle corresponding to
zero weight transfer, Thus increasing the
lateral weight transfer increases the
average slip angle for the pair of tires.
This means a total increase in tire distor-
tion, or a net loss of grip for that pair of
tires.

THE EFFECT OF BODY ROLL

An excessive amount of body roll feels
bad to the driver, but does it affect the
cornering power of the car? The answer
is a qualified yes.

The angle of roll of the sprung weight
can atfect camber on a car with indepen-
dent suspension, and in this way it can
affect grip of the tires. It is difficult to
keep camber angles within reasonable
limits under all conditions on a car that
rolls a lot. For racing, roll is reduced as
much as possible, usually by use of stiff
anti-roll bars. For street use, a car that
rolls a very small amount may handle
well, but the ride usually suffers.

Another undesirable property of large
angle of roll is that it uses up most of the
suspension travel, and bottoming can
occur easier on bumpy or banked corners.

inside tire supports a 900-pound force

in the turn, and the outside tire supports
1300 pounds. Again looking at Figure
15 we find that the inside tire would

This stock Triumph shows a lot of body roll in this slalom turn. Notice the large amount
of positive camber on both outside tires, particularly the front. This car is strongly under-
steering, and just from looking at the photo it seems mostly due to this camber change.
This car would corner faster and probably understeer less if roll stiffness were increased.
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Thus you may wish to limit the roll in a
turn to some minimum value.

Also there is a small amount of lateral
weight transfer due to lateral motion of
the CG during body roll. A large amount
of body roll may add noticeably to the
weight transfer, particularly on a car with
a high CG.

For best handling and fun in driving,
body roll should be small. Most produc-
tion cars roll too much, and will handle
better at reduced roll angles.

FRAME STRUCTURE

The frame is a large bracket connect-
ing the various components of the car
into one unit. It sometimes also includes
the body structure. The frame must be
strong enough to support the weight of
the car and its contents on the worst
bumps encountered. In addition the
frame must be sufficiently rigid to allow
the suspension to act as the designer
intended.

For good handling the most important
characteristic of the frame is torsional
stiffness. If the suspension roll stiffness
is different on the two ends of the car,

the frame is subjected to torsion loading
from front to rear. The torque can be as

large as the total roll couple. If the frame
is not stiff it will twist under the applica-
tion of this torque,

Twisting of the frame modities the
lateral weight distribution between the
front and rear suspensions. All efforts
to use lateral weight transfer for chassis
tuning will be useless if the frame does
not have sufficient torsional stiffness.

A good frame should be at least 10
times as stiff as the roll stiffness of the
suspension. This is measured in inch-
pounds per degree of twist, just as roll
stiffness is measured, Frame torsional
stiffness is measured by clamping one
end of the frame and applying a known
torque to the opposite end. The angle of
twist between front and rear of the
frame is measured. The frame torsional
stiffness equals the applied torque
divided by the measured angle of twist.

There are three basic types of frame
structure, twin rail, space frame, and
monocoque. The trame materials can
be steel, aluminum, reinforced plastic,

wood, or exotic metals such as nowatium
and unobtanium. Most production and
racing cars use a steel frame because it is
a low cost and very stiff material. Other
materials are rarely used on production
car frames, but more often on racing cars,
The twin-rail frame is the oldest type,
dating back to the horse and buggy. It
consists of two longitudinal members,
either tubes or open sections, usually of
steel. These carry the bending loads
between the front and rear suspension.
Large brackets tie on all the necessary
components, and cross members are
used for additional strength at several
points along the frame. Torsional stiffness
is very poor with this type of frame, as
only the twisting or bending of the indi-
vidual frame rails can resist torsion. This
type of frame is very simple and easy to
build, but it suffers from lack of stiffness,
and should not be seriously considered
for a track or road racing car. It works
reasonably well in drag racing where cor-
nering is not too important. Many road
cars use this type of frame, but most
derive some extra stiffness from the heavy
body structure.

This racing car illustrates the twin-rail frame—old-fashioned but still common on many production cats. It has very low tot-

sional stiffness, and should be beefed up for better handling. On production cars the body can be used to stiffen the frame.
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The space frame is seldom used on
road cars due to high manufacturing cost.
[t has been the popular design for road
racing cars for the past 20 years. It con-
sists of a network of relatively slender
tubes, arranged in a large three-dimensional
framework surrounding the majority ol
the components of the car. In a good space
frame, the basic geometrical form is a
triangle. There are no rectangular or trapa-
zoidal planes in the structure along the
outside surfaces of the frame. This is said
to be fully triangulated. Loads in a space
frame are carried down the center of the
tubes, providing the centerlines of tubes
always meet at a point where they are
joined. If the centerlines do not meet at
a point, bending in the tubes is introduced,
with a resulting loss of both strength and
stiffness,

All loads from components attached
to a space frame must be introduced at
the joints, This is a very important aspect
of design. A bracket in the middle of a
frame tube is a sure way to promote frame
failure.

il

Space frames are welded or brazed
together, and have been made of steel,
aluminum, or magnesium. Various alloys
are used, depending on the application.
Most racing cars, particularly those built
in England, are made of low-carbon mild
steel tubing, brazed together. This material
is the lowest in cost, but it also is the
least efficient on a strength-to-weight
basis. Strength is the ability of a material
to withstand a load without damage.
Damage can be either fracture or per-
manent deformation, Mild steel is a good
material for a car with a minimum weight
restriction in the class.

The stiffness-to-weight ratio for mild
steel is as good as any other material, and
it is cheap. It also has the desirable pro-
perty of being very ductile, so repairs in
the field can sometimes be made by bend-
ing damaged tubes back into shape.

If high strength-to-weight ratio is
desired of a space frame, other materials
are used, Alloy steels such as 4130 chrome
moly offer much higher strength for
equal weight and stiffness compared to

This space frame is fully triangulated on the top. There are a large number of tubes in this frame, which adds weight and cost.
The best design is one with the minimum number of tubes, but still fully triangulated.

mild steel. It is more expensive and
requires expert welding technique to get
good joints. Heliarc TIG welding should
be used with chrome moly and other
exotic materials to get the best possible
welds. Alloy steels must be stress-

relieved after welding, and they can

also be healt treated to a desired strength
level greater than the as-welded condition.

Higher strength implies less ductility,
so the compromise is between lightest
weight and the ability to absorb overload-
ing in the event of an accident. A material
with low ductility will fracture if over-
stressed, whereas a material with high
ductility will stretch, bend, or crumple
without fracturing.

Aluminum or magnesium tubing is
sometimes used in space frames. These
have application on very light cars, where
the theoretically optimum steel tubing
would be so thin it can’t be successfully
welded. Then aluminum or magnesium
offers a weight savings. On loaded mem-
bers where the steel is not at minimum
practical wall thickness, alloy steel offers
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| This is a monocoque frame on a racing car, made of sheet aluminum riveted to tubular welded bulkheads. On this car the
lower portion of the frame serves as the body and fuel tanks. Notice the anti-roll bar (arrow) on the front suspension.

a higher strength-to-weight ratio,

A combination of materials provides
the lightest possible design. Say aluminum
tor the frame and alloy steel for the highly
stressed suspension parts. Some of the
best racing cars in the world are designed
this way. Aluminum requires expert
welding, and magnesium is even more
difficult. Fabrication of these materials
is only for experts.

Monocoque frames were developed in
the aircraft industry. The loads are carried
in a stressed skin, forming the outside of
the structure. Where the basic geometrical
unit of a space frame is a triangle, the
monocoque frame uses a sheet, usually
rectangular or trapezoidal in shape. While
the loads in a space frame are tension or
comptession, the loads in a sheet are
carried in shear in the plane of the sheet,
To form a stiff unit, the sheets must form
a closed box. This is vital if any stiffness
is to be achieved. You can easily visualize
how a monocoque frame works by fold- _ ’ _ _ _ - _
ing up a square box out of paper. Twist This suspension bracket ties into the corner of the monocoque frame. Loads must be

the box in torsion from end to end as introduced into a monocoque structure at corners where the panels join, and a large
you are building it, and see how the number of small rivets must be used to spread the load over a large area. The design
stiffness dramatically increases as you of brackets is one of the more troublesome parts of monocoque frame design.

48



GENERAL INFORMATION ON HANDLING

tape the final end, forming a closed box.
In a carj any opening in the box structure
must be heavily reinforced to be as stiff
as the missing panel. This is usually done
with wellded bulkheads or by edge mem-
bers surounding a cut-out.

The monocoque frame is very common
on production cars. Here it is known as
unit costruction. Frame and body is a
single welded sheet-steel unit. Thisis a
relative]y light and stiff frame for a mass-
produced car. The disadvantages are diffi-
cult replairs and noise transmission from
the runping gear. Rather than monocoque
construction, rail frames are used on some
sedans to silence the car. By mounting the
separate body on the frame rails with
rubber pads, noise is isolated from the
passengrs. The monocoque frame is
superiqr for good handling due to its
stiffness.

On jll frames a loss of stiffness occurs
in the ¢enter of the car where the doors
are. Open cars are much worse than sedans,
because the body top adds considerable
torsional stiffness, On a convertible with
4 rail fiame it is common for the frame
to be bleefed up with an X-member in the
center.llThus convertible frames are pre-
ferred [or stock car racing classes which
requirg a rail frame.

AERODYNAMICS

Thq handling of a car can be greatly
affectjd by body aerodynamics. This has a
small effect at legal road speeds and
bepon‘+es increasingly important at higher
sp}éedsr It should be noted that high
head winds and cross winds encountered
during highway driving can be quite
similag to those encountered at racing
speedd. On racing cars aerodynamics is a
maj0r|factor in deternining the steer
charadteristics and the cornering speed of
the cay.

Aerodynamic forces on a car are drag,
downforce, vaw and lift. Drag acts toward
the repr and tends to slow the car. Drag
exists|on all car bodies. It increases with
the square of the speed. Drag affects
handling. The amount of the effect is
largely determined by the center of pres-
sure. The higher the center of pressure, the
more|the front wheels are unloaded and
undeysteer resuits, An exaggerated example
of this is a Top Fuel Dragster using a wing,

RESULTANT

WING DRAG

BODY
CENTER
OF
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%

|
x\_U |

Drag force on the wing changes the resultant total vehicle center of pressure by raising

it, thereby unloading the front wheals.

as shown in the accompanying sketch. The
tradeoff between drag and downforce is
important in tuning a racing-car suspen-
sion. Drag determines the car’s top speed,
and can be as imporstant as the engine
power. For road use, drag has a big effect
on fuel economy. A streamlined car has
low drag, and will get good gas mileage.

Downforce directly affects the hand-
ling. It is a downward force on the body,
adding o the vertical force due to gravity,
Downforce adds traction in acceleration,
braking, and cornering. Because aerodyna-
niic downforce doesn’t add centrifugal
force in a turn, the effect on the car is
higher cornering speeds. Downforce feels
the same to the driver as increasing the
grip of the tires, but it acts strongly only
at high speeds. It increases with the
square of speed.

The opposite of downforce is lift. This
is an upward force on the body. It tends
to make any car handle poorly at high
speeds, so lift should be avoided if at all
possible. Many road cars develop lift
rather than downforce due to the body
shape. The VW beetle is a classic example
of this, developing severe nose lift at high-
speeds. The body shape—{flat bottom and
a rounded top—is largely responsible for
the lift on the car and very little can be
done to correct it.

Aerodynamics may change the hand-
ling characteristics with speed. On many
cars the lift gets so bad at high speeds
that the steer characieristics change radi-
cally, Many cars understeer at low speeds
and oversteer at high speeds. This is not a
desirable characieristic in any car, and

should be changed if racing is considered,

All sorts of devices are used on racing
cars to generate downforce and kill lift.
Racing cars have low noses to prevent air
from passing under the body which tends
to create a high pressure between body
and road, causing lift. In addition to a
tow nose, the racing car often has less
ground clearance at the front than at the
rear. This adds downforce on the entire
body, even on a stock sedan body.

Another item used on racing cars to
kill lift is the spoiler. They are placed on
the front of the body to prevent air from
passing under the car. Nose spoilers are
common on production bodies which
have been modified for racing. At the rear
of a racing car a spoiler is mounted on
the top of the body. This deflects air
upward which adds to the downforce,
or reduces lift. These devices are used
extensively on cars which cannot use wings
in their racing class.

A wing is the most efficient device for
developing downforce. It is very common
on racing cars of all types wherever it is
permitted by the rules. The only racing
cars that do not benefit from wings are
land speed record vehicles, where mini-
mum drag is the most important considera-
tion. If possible a racing car should be
designed with both front and rear wings,
so they can be used to adjust steer char-
acteristics. Traction can be increased at
either end of the car by adding down-
force at that end, Techniques for adjust-
ing handling with aerodynamic devices
are discussed in later chapters.
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Funny cars are very prone to aerodynamic problems and spectacular accidents because they are fast, light, and have a large body
area, Notice the front and rear spoilers and the extreme body rake. All of these devices usually keep the car glued to the road

at 220 mph.

This Chevron B-sports racer has a low
nose to prevent air from building up pres- - : o :
. ‘ Ry

2

sure underneath it. The plate below the
radiator air intake provides a little extra
air flow to the radiator, thus compen-

sating for the air consumed by the frog.

The ADF Formula Ford shows a well-designed fairing behind the driver. This reduces
drag, thus reducing the ability of a following car to benefit from the slipstreaming. The
smooth upslope of the tail body surface causes a small amount of downforce.

50



CHAPTER 3 —SUSPENSION TUNING

First step in suspension tuning is to wash the grime off the parts. A trip to the local car
wash is a quick way to accomplish this. It is particularly easy if the body comes off the
car as on this sports-racer. Don't forget to protect critical parts from water, and lube the
car after washing to make sure water isn‘t trapped inside moving parts.

To check for wear in the steering linkage jack the car up and shake the wheel from side
to side as shown. There will be some play in the steering system, but if the tire wiggles
more than 1/8"' look for worn or misadjusted parts.

Making your car handle is a step-by-
step process much like making your
engine put out more power. The first
step is tuning. In tuning your suspension
you set each adjustment to the position
you or the manufacturer think is best.
Then take the car out and test it so you
can make final adjustments. Keep in mind
that tuning the suspension is a vital part
of making your car handle. Take plenty
of time to do the job right. With a few
tools, suspension tuning can be done in
your own garage.

As in working with any part of a
machine, first check for broken or worn-
out parts. The suspension of a car some-
times gets no care or inspection, and often
a handling problem is caused by a part
needing repair. To make the job easier,
first clean the underside of the car, This
can be done in several ways; steam clean-
ing, elbow grease with solvent, a high
pressure solvent gun, or the local do-it-
yourself car wash. Wear goggles to protect
your eyes. Whatever the method used, a
clean underside will pay off later in work-
ing on the car,

With the car ready to work on, jack it
up and check the suspension for play.
Grab a tire with one hand at the front
and one at the rear and shake the tire in
a steering direction. It should not have
slop or play. Then check for play in the
other direction by grabbing the tire on top
and bottom and shaking it in a cambering
direction. Again there should be no play.
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If it rattles back and forth a noticeable
amount, find out where the movement is
coming from. It may be a combination of
parts in the suspension, so check all possi-
bilities. Here a friend is of great help in
wiggling the wheel while you check the
cause of the movement. The play could
be in wheel bearings, ball joints, suspen-
sion pivots, or steering joints. Once you
locate the trouble, fix the parts to as-new
condition. Sloppy suspension is impossible
to tune properly and a waste of time to
work on.

You may find some play in the steer-
ing system. You can adjust most steering
systems to get rid of play at the steering
box with shims or by an external adjust-
ment. Consult your workshop manual.
Running with defective or questionable
steering is dangerous to you and your fel-

low drivers. Also, bad steering will make
the car handle badly in almost every case.
It your steering has worn out beyond
repair, replace worn parts with new ones.

Play in the upper and lower suspension pivots is checked by attempting to move the
tire in a camber direction. Play in this direction could be in either the steering pivots or
in the suspension linkage pivots on the frame. Loose wheel bearings will also be notice-
able with this test,

It pays off in driving pleasure and peace
of mind.

When looking under the car, check
the springs for breaks. Coil springs some-
times break near the end and wedge in
place without obvious indication of the
failure, A careful look will locate any
breaks. A leaf spring may contain a
broken leaf and still hold the car up.
Look carefully along the edge of each
leaf for cracks. Better yet, disassemble
the entire spring. Also check out the
rubber bushings in the suspension and
replace any that are cracking or are ques-
tionable. These are low-cost parts, but
they make a big difference.

The adjustment for steering slop is some-
times right on the box. The adjuster on
this Datsun steering is the screw with the
locknut, sticking out of the top cover
plate. Rack and pinion steering often has
adjustments by means of internal shims.
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The lower rubber washer on this anti-roll
bar link is in bad shape—cracks are visible
on close inspection. Some rubber bushings
in the suspension are not that easy to
inspect, and must be removed for close
inspection.
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To measure ball-joint wear, support the suspension as shown—depending on whether
the coil spring is mounted on the lower or upper control arm. (Drawings courtesy
of TRW Inc.)

On many cars, just shaking the wheels
will not test for worn-out ball joints in
the front end. The accompanying drawings
and Figure 16 show you the proper way
to test ball joints for wear. To do it you
will need a jack and some instrument to
measure movement—such as a caliper or a
dial indicator. Specs in Figure 16 call for
an acceptable amount of play. Even new
ball joints have play in them. If they didn’t
they couldn’t move freely. For best han-
dling you must be sure the play is below
the maximum allowed.

The load-carrying ball joint is the one
which is loaded by the spring. In the
upper drawing that is the lower ball joint.
To measure clearance in the ball joint the
jack is placed under the lower A-arm.
This allows the ball to drop to the lowest
point in its housing. The caliper measure-
ment shown is compared to the caliper
measurement taken with the weight of
the car on the ball joint. The difference
between these two measurements is the
vertical play in that ball joint.

For cars with springs above the upper
A-arm, the jack is placed under the frame
as shown in the lower drawing. This again
allows the ball joint to drop in its housing.
A measurement in this position is com-
pared to one with the car’s weight resting
on the ball joint. The difference is the
vertical play.

Some ball joints have wear indicators
which eliminate the need to jack up the
car. On these you just take a measurement
off the wear indicator as shown in Figure
16. If your car is not listed in Figure 16,
consult your shop manual or a book on
front end alignment for correct specs on
ball joints.

While inspecting the car for worn parts
take a good look at the shocks. If you see
any sign of fluid leaking replace the
shocks. Also check for rust on the shaft
where it slides through the seal. This can
also cause fluid loss. Bounce the suspen-
sion up and down and see how many
bounces it takes to come to rest. [f more
than one full bounce, the shocks are either
worn out or they are too soft for high-
performance handling. Replace them with
a good set. Various types of replacement
shocks are discussed in Chapter 4.
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(Maximurn allowable T A B L E I Vertical
vertical clearancet Model Year Movement
for load carrying Clearance specification o OLDSMOBILE
ball joints) for those cars having y \ 98, Delta 88,
the coil spring or torsion bar : Custom Cruiser, "
! Etc. 57.70 125
mounted on the , n.72 7
LOWER CONTROL ARM $ 73-74  Wear Indicatoré
F85, Cutlass, Etc. 61-63 090"
64-70 JA26*
71.72 [0625"
1973 020"+
HWEAR INDICATOR 1974 Wear Indicatoré
_ Toronado 66-74 125"
Omega 73-74 .0625*
. PLYMOUTH 5767 050
Vertical 68.72 070"
Model Year  Movement valiant, Barracuda  60-67 .050*
. " 68-74 070"
BUICK se Fury e o
+ k¥
LeSabre, Wildcat, Satellit }g;g .ggg"“
| _t—— Electra, Centurion 71.72 020"+ PORTAG :
| = 73-714  Wear Indicatord
V=i oo = Special 61-63 " Catalina,
Indigator ’ 6468 060" Bonnevitle,
; Special, Skylark, Grandville, Etc. 58-64 .060*
Indicator GS, Sport Wagon  69-70 070" €5-70 050
flush 71-72 .0625" 772 0207+
Century, Regal 1973 0207+ 713.74  Wear Indicatoré
1974 Wear Indicators Tempest 61-63* 093"
In a new joint the Apolio 13-74 5" 1964* 060"
indicator protrudes CADILLAC LeMans (Tempest) 65-69 0500
from the bottomn Calais, Deville Grand Prix, LeMans 70-72 .0625"
platg approximately £l i d 062" Grand Am,
050 inches. eetwoo s 62 Grand Prix 1973 0207*#
1974 Wear Indicatoré el N
When the indicator Eldorado b7-74 125 e Firebird 17 Wear Indlicators
is Hush or inside the CHEVROLET 56.63* 093" Ventura, N b5
hottom plate, the 64-70* 060"
joint should be . ; g
repiaced. Biscayne, Bet Aln 172 020 FORD, LINCOLN, MERCURY PASSENGER CARS
! 73.74 Wear‘ Indicator All Ford, Lincoln and Mercury products are io
Do not jack, Leave Chevelle 64-70* .060* be checked for horizontal (radial) movement
weight of vehicle Deluxe, Malibu, only. On all ball joint equipped models maxi-
on wheel, Monte Carlo, mum allowable horizental movement at the
Laguna, El Camino 7172 .0625" edge of the wheel rim is 250",
1973 0207+
1974 Wear Indicatord
Corvair 60-63 093 I A B LE l I
64-70 060"
Corvette 5563 Not Applicable
64-70* D60” Clearance specifications
Camaro g%é;* ggg? for those cars having
%Hec'n't'z.ﬁ"tthae' ball 70.73 0207+ the coil springs
joints for these cars 1974  Wear Indicatoré mounted on the
Should not exceed Nova (Chewvy 11} 62-67  See Table il UPPER CONTROL ARM.
¥ "
ception of American 68-70 .06¢
L A nn e
a i "
lr.'ar::;t axcead .160" hor- Vega 7174 0625 Vertical
izontal movement, CHRYSLER 57-64 050”7 Mode! Year Movement
Snatsiner ven, en o
T Cles, a N
ched tor bail e 1974 020"+ R AN
O0SENness is no
Lvalid. COLT-CRICKET 71-74 .020: Models 70-74* 080"
**Preicaded by DODGE 57.67 050" CHEVY I 6263 093*
rubber or springs, 68-72 070 64-67* 060"
up to 020 vertical Dart 60-67 050" ) '
;‘;:";22'10"’ owe 68-74 070" FORD AND MERCURY PASSENGER CARS
Orlﬁll‘lal aquiprment Polara 1973 -070:“ Afl Ford and Mercury products are to be
joints, Monaco 1874 -020“* checked for horizontal (radial) movement only.
Coronet, Charger  73.74 .020 On all ball joint equipped models maximum
IMPERIAL 57-66 050" allowable horizontal movement at the edge
67-74 02G7r* of the wheel rim is .250%.
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e 16/This data supplied by TRW Inc. shows wear-timit clearances for recent production cars. For ball joints equipped with wear

tors, condition is indicated by protrusion of the indicator shown by drawings at left, If your car is not listed on this chart, get

from manufacturer or a reliable source.
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Give the rubber suspension pivots a shot of rubber lube, available in most auto parts stores. Spray cans

\

also be applied with a pump-type oil can. During the lube job den’t forget to inspect rubber parts for cracks.

After checking the suspension, lubri-
cate all moving parts. It’s amazing how a
good lube job will help the handling of a
car by freeing up the suspension. The
steering and suspension pivots will usually
have grease fittings on them, and these
should be wiped free of dirt before using
the grease gun. Consult the manufacturer’s
literature for proper lubricants, or use
general purpose chassis grease if informa-
tion is lacking. Rubber pivots can be
lubricated with any of several brands of
rubber lube. This will often eliminate a
squeaking sound in the suspension. After
lubing, move the steering back and forth

to work the grease into the parts, and
bounce the car on its wheels to do the
same for the suspension pivots. Now you
are ready to start the tuning job.

A few general observations about sus-
pension tuning are in order. Unless you
have a definite reason to do otherwise,
always follow the manufacturer’s recom-
mendations to the letter. He knows about
your car, and won’t give you wrong infor-
mation. You may wish to deviate for some
specific reason, but always use the stock
settings if in doubt. If you have no stock
settings for a special car, start out with
settings for a car similar in design.

are easy to use, but lube can
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SUSPENSION INFORMATION SHEET

TIRES
Size ' Front e Rear
Manufacturer
Compound
WHEELS
Rim & Diameter Frant —_— . Rear
SRRINGS
Rate Front —_— Rear
TIRE PRESSURE _
Cold Front —_— Rear
Hot
CASTER
Front — Rear
CAMBER
Front N — Rear
TOE IN
Front - Rear
RIDE HEIGHT
Measurement Front - Rear
Reference Paints
Ground Clearance
Critical ltem
CONFIGURATION
Passengers & Weights
Fuel Load
Other Fluids
WEIGHT DISTRIBUTION
LF —_— RF
LR —_— RR
Total Weight
BRAKES
Balance Setting
Lining Material Front —— Rear
ANTI-ROLL BARS
Diameter Front st Rear
Settings
SHOCKS
Type Front Rear
Setting
TIRE TEMPERATURES
Left Front Inside - Center  —— . Cutside
Right Front
Left Rear
Right Rear
TRACK TEMPERATURE
Air Temperature
Pavement Temperature

COMMENTS:

Ap organized way to record suspension set-up information is essential. You may reproduce this sheet or make one of your own.
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In tuning the suspension it pays to
double-check everything. After you have
set the various adjustments, go back and
check tl}ose you worked on first. Some-
times one adjustment affects a previous
one, so the final tune is something of a
trial-and-error process.

One item you will need is a notebook
to record all the settings. Experts use
them, sa don’t feel like you are admitting

a lack of talent in writing everything down.

If you trust to memory you will certainly
have to do extra work later, and you can
work more relaxed by not having all

those figures in your head. Keep the note-
book with you when working on the car.
Write down all changes you make and
driver comments if any. A form for this
purpose is very useful, and a typical one is
reproduced here. You can type or write up
a similar one or have this one Xeroxed or
printed for small cost.

Inflate the tires to the pressures you
expect to run. It is not critical that the
pressures be exactly the right amount, but
it is important that the tires at each end
of the car have the same pressure. The
front pressure can be different from the
rear. If you don’t own a good quality tire
gage, now is the time to invest in one. The
right tire pressure is all-important in the
handling of every car,

Because nmany measurements require
the car sitting level, check the garage floor
with a level and a long straightedge. If it
is tilted or wavy, all is not lost. You can
set up four pads to put the tires on for a
level reference surface. Squares of mason-
ite or plywood work well for these level-
ing pads, The straightedge resting on any
two of the pads should be level. After
checking this out, use a paint spray can to
mark the pads and the floor so you can
quickly set up again. Remember to
account for the thickness of the leveling
pads when taking measurements from
the floor.

RIDE HEIGHT

After all the preliminaries, start tuning
the suspension by setting the ride height.
Ride height is the distance from the frame
to the ground. It can be different in front
and rear of the car, and is not the same
thing as minimum ground clearance.
Minimum ground clearance is the distance

Racing mechanic Dave Mundy prepares for suspension tuning by balancing each tire
and inflating to the usual operating pressure. Both are critical and should be checked
frequently. The balancing tool used here is a simple static balancer, This works, but a
more precise job is dynamically balancing by spinning the tires either on the car or on a

wheel-balancing machine.

. :
Before starting suspension alignment the
floor must be checked for level. This floor
had a low spot in it, so a square of mason-
ite is used as a pad to put the wheel on.
The pads for the four wheels are checked
to each other by placing a long level
between them. All four pads should level
with each other.

A convenient place to measure the ride
height of the 1975 Pinto is under the
rocker panel just in front of the rear
wheel. There is a convenient flat surface
on the bottom of the body at this
location. It's easy to see the scale with-
out having to crawl under the car. This
car has a ride height of 9 inches. Notice
the muffler in the background is closer
to the road.
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between the lowest part on the car and
the ground. The minimum ground clear-
ance can be anywhere on the car, and it
is often the exhaust system, some other
bolted-on item, or the bottom of the
differential housing.

It is important to measure the ride
height with the car in the same condition
as it is driven. This includes the weight of

all liquids and the weight of the occupants.

Use ballast to simulate the driver’s weight
unless you have a spare body to sit in the
car while you are taking all measurements.
Use an average fuel load, say half a tank,
and write it in your notebook.

The best spot to measure ride height is
the lower suspension pivot point on the
frame, but any convenient point on the
frame can be used. Pick a spot that is easy
to measure, preferably near the wheels at
the front and rear of the car. On a car with
a belly pan, it is usual to measure the ride
height from the belly pan to the ground.
On cars with a tubular frame, the bottom
of the lower frame-member is a convenient
spot. Whatever locations you choose to
measure ride height from, mark them in
the notebook so you can repeat the mea-
surement in the future. Also punch mark
the frame if necessary to identify the loca-
tions, Double check from the suspension
pivot or leaf spring eye to the ground, to
make sure the frame is in the same rela-
tionship to the ground as the suspension
pivot points. Cars are often built with
sloppy tolerances and the distance from
the suspension pivot to the bottom of the
frame may not be the same on both sides.
The important reference point for ride
height is the suspension pivot.

On many production cars, the place to
measure ride height is specified in the fac-
tory manual. Try to follow the manufac-
turer|s specifications whenever possible,
deviating only for a definite reason.

On many sports cars and racing cars,
the driver and passenger are the heaviest
items in the car, so their weight greatly
affects the ride height. If the caris a
sports car or sedan, the driver is off-center
and the passenger seat may or may not be
occupied. You must decide what condi-
tion j/uu want the car set up for. Any-
thing else will compromise performance.
For best handling the ride height should
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be the same on both sides of the car.

For racing, set the car up in the as-
raced condition. If a passenger is used,
ask or estimate his weight and put it in
the seat. For a road car a good compro-
mise is half the weight of a passenger. At
times, say for rally use where you want
the ultimate handling, you may want to
set up for the passenger aboard, and let
the car handle not quite as well when you
are alone driving to work, Whatever com-
promise you make, be sure to write the
weights in your suspension notebook.

Now that you are about to set ride
height, what figures should you use? The
safest place to start is the factory specs
for a car driven on the road. A road car
has a ride height designed to give adequate
clearance over bumps and dips encountered
in average use. If the car has stiffer springs
you will probably wish to lower the ride
height. Reduced ride height lowers the CG
of the car, resulting in less weight transfer
during cornering acceleration, and braking.
Less weight transfer produces more trac-
tion and better handling. You should
always use the lowest possible ride height
for best cornering, with practical limits
as described in the following pages.

The obvious limit to a reduced ride
height is the minimum ground clearance
that results. Insufficient ground clearance
will result in the car hitting the ground
going over bumps, dips, driveways, or in
racing around banked corners. Look
under the car and see what limits ground
clearance. Check the exhaust system and
any other plumbing or systems hanging
under the frame. See if any bolts hang
down to limit the ground clearance. Think
about re-routing lines, raising exhaust
pipes, and cutting off bolts to get more
ground clearance. If you find fuel lines or
electrical wires under the frame, move
them so they cannot be scraped on the
ground. Such an event can be a disaster.

The part that is most likely to cause a
ground-clearance problem is the sprung
weight. As the car moves on its suspension
the sprung weight gets much closer to the
ground than the lowest part of the
unsprung weight. Thus the muffler is
much more likely to hit the ground than
the bottom of the differential.

Also the center of the wheelbase and

The ground clearance of this 1975 Pinto
is 5 3/4 inches. The lowest point on the
car is the muffler. If this car is lowered
for better handling, the ground clearance
can be restored by modifying the exhaust
system. The muffler can be raised closer
to the bottom of the body, but heat
insulation may be required below the
floor. Watch for ground clearance prob-
lems with items hanging below the
chassis of the car.

the extreme ends of the body are more
likely to hit the ground than parts near

the axles. This will vary with the shape of
the bump and the road contour. There is

no one part of the car that is always critical,
so you should check the following areas:

The part that is the minimum ground
clearance, no matter where it is located on
the car.

The lowest part of the sprung weight.

A low part near the center of the wheel-
base.

The extreme front and rear of the body,
wherever they are closest to the ground.

One of these areas will determine how
low the ride height can be, so check them
carefully for signs of previous bottoming
against the ground. If none has ever hit
you might try a little test.

To test which part of the car is critical
for ground clearance, tape a small spacer
to the bottom of the car at each suspected
critical point. A stack of cardboard or
rubber pad will work fine. Select a uni-
form thickness for all the spacers—say one
inch. Give the car a severe workout driv-
ing over the worst bumps and dips
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The fiberglass spoiler on this Datsun has been broken against the pavement. Extra
ground clearance may be required if a spoiler is used on rough roads. For racing, a
lower ground clearance can be used as long as the tracks are smooth. For a car that
is used for both street and racing, the ground clearance can be changed by using
lower tires for racing and taller ones for the street.

Ground Clearance

Ground Clearance

(Inches) Car Make and Model (Inches) Car Make and Model

4.0 Triumph Spitfire 5.6 AM Hornet
Triumph GTE 5.7 Datsun 2602

4.2 Chevrolet Corvette Fiat 128
Pontiac Grand-Am 5.8 Audi Fox

4.3 Volvo 1B00ES Mercedes-Benz 4505E

4.6 Chevrolet Camaro 5.9 Mercedes-Benz 3005L

4.7 Ferrari Dino Porsche 911
Fiat 124 Sport Volkswagen Beetle
Maserati Ghibli Volkswagen Ghia
Porsche 914 6.0 Capri
Renault 15 Jaguar XJ

4.8 Ford Pinto Lotus Europa

4.9 SAAB Sonnett Mazada RX-3

5.0 Alfa Romeo 2000 Triumph TRE
De Tomaso Pantera 6.1 Honda 600
Jensen Intercepter Toyota Corolla
Jensen Healey 6.2 Audi 100
Lambarghini Espada Triumph Stag
MG Midget 6.3 BMW 2002
MG B 6.5 Bentley
Opel Manta Rolls Royce
Renault 17 Lotus Elan +2
TVR Vixen Mercedes-Benz 220

5.1 Ferrari Daytona Plymouth Cricket
Fiat 1285L 1300 Subaru GL Coupe
Opel GT 6.7 Datsun B210
SAAB 96 Datsun 710

5.2 Chevrolet Vega 6.8 SAAB 99

5.3 Fiat 850 Spyder 6.9 Dodge Colt
Volkswagen Type 4 Toyota Carina

5.4 AM Matador X Toyota Mark [l
Austin Marina 7.0 Mazda RX-2
Mercedes-Benz 4505L 7.1 Toyota Corona
Oldsmobile Cutlass Volvo 164
Opel 1900 Handa Civiec

5.5 Aston Martin DBS V-8B 7.3 Datsun 610
BMW Bavaria .5 Avanti
Jaguar E-Type V-12 11.0 Volkswagen Thing

Maserati Bora
Renault 12

Figure 17/Ground clearance of late-model production cars.

expected. If a one-inch block barely hits
in the extreme conditions, you know you
could lower the ride height by one inch
and have no severe problems—unless the
critical part happens to be the oil pan. If
this vital part hits the road you are likely
to regret it. I suggest at least an extra
inch of clearance under the pan.

If any of the spacers are torn off com-
pletely, severe bottoming occurred, so
reduce the spacer thickness and try again.
Don’t tape cardboard or other flammable
spacers to the muffler. Use something
that won’t burn, such as a stack of
asbestos sheets. Hold it on with wire
instead of tape.

One compromise you can make is to
allow the car to bottom on the most
severe bumps. Some bottoming may not
be severe enough to require raising the
ride height. One practice has been to
install skid pads on all four corners of the
“tub” to prevent damage to monocoque-
constructed cars.

If you are building a special car or
modifying one, you may want to know
what ground clearance other people use.
The chart in Figure 17 shows ground
clearances on a group of production cars.
These are stock settings, as reported in
Road and Track magazine road tests, For
road racing you should reduce these
figures and for off-road use they must be
increased, Notice that most road cars have
a ground clearance of from 5 to 7 inches.
Road racing cars on smooth tracks can
use as little as 2 1/2 inches, but this clear-
ance would cause severe problems on the
street and driveways.

On some cars, particularly those using
oversized tires, the limit to lowering ride
height is clearance between tires and fen-
ders. The problem here is that when the car
hits a bump, the tire will strike the under-
side of the fender before the suspension
hits the bump stops. Unless you want to
make new fenders—or have the tires do it
for you—check this out by measuring the
distance between the top of the tire and
the underside of the fender at full bump.
Do this by removing the springs and let-
ting the car down on the suspension until
it bottoms out on the bump stops. There
should still be clearance between the tire
and the fender, with the steering straight
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This car has only 4 inches of clearance between the top of the tire and the underside of
the fender. If you wanted to lower this car there wouldn't be enough clearance left. New
fenders would have to be made or smaller-diameter tires used.

or turned to the side. Obviously removing
the springs can be a lot of work, so take
some measurements first.

With the car resting on its springs, mea-
sure the distance from the lowest part of
the sprung weight to the ground. If the
distance between the top of the tire and
the underside of the fender is greater than
the distance between the sprung weight
and the ground, you have no problem with
the tires hitting; the car will hit the ground
first!

On most cars oversized tires will hit the
fenders before the body hits the ground,
so you must do something. Unless you
wish to throw away those tall tires you
can do one of the following:
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1. Raise the ride height and add
enough material to the bump stops to pre-
vent the tires from hitting the fender.

2. Make new fenders which have more
clearance.

3. Stiffen the springs to reduce the
suspension travel and add to the bump
stops to keep the tires from hitting the
fender.

4. Drive slower and live with the tires
occasionally slamming into the fenders.

Solution 1 raises the CG and reduces
the cornering power of the car. A raised
ride height may be great for drag racing,

but it doesn’t help the cornering at all.
Solution 2 costs money, but will let you
keep a low ride height for good cornering.
Solution 3 will reduce the comfort and
may hurt the cornering on bumpy corners;
4 is silly.

If you are using lower profile tires
than stock, chances are the tires are not
the limiting factor to ride height. The
bump stops often prevent additional
lowering of the car. Before getting out
your tool box remember this: Bump stops
are necessary for proper handling, so
don’t totally remove them. Without the
rubber stops, the suspension will hit
metal-to-metal at the end of its travel
and something will break!

It is possible to reduce the thickness of
the rubber stops without ruining the car.
As much as half of the stop thickness can
be removed to allow more suspension
travel on a lowered car. Just cut the rub-
ber off with a knife or saw. Leave at least
2 inches of suspension travel between
static and full bump positions, or you
are likely to have frequent bottoming,
The amount of cutting of the stops will
vary with the use of the car. Smooth-road
driving will allow a shorter, stiffer bump-
stop rubber than required for off-road
use.

It you are planning to drive on really
rough roads or off-road do not cut the
bump stops. By cutting the bump stops
you increase the impact loads on the
chassis when the suspension bottoms. The
shorter stop is stiffer, and cannot snub
the suspension motion as easily. These
increased impact loads can lead to failure
if bottoming is hard and frequent.

When lowering the car always make
sure it still has suspension travel before
hitting the bump stops. A lack of suspen-
sion travel is one of the most frequent
causes of horrible handling problems.
This is particularly true on racing cars,
where hard cornering loads and banked
corners can make the suspension rest
on the stops. When this happens you
are usually in for a wild ride, because the
bottoming results in a huge and sudden
increase in weight transfer on the tire
that bottoms out. The driver usually feels
this as a complete loss of traction on that
tire.
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If you have doubts about the suspen-
sion travel, this can be easily tested. Take
a small piece of modeling clay and place
it on the/ bump stops. Drive around without
hitting hard bumps, but going through
hard turns, accelerating, and braking. If
the suspension has not hit the clay, the
travel is adequate. If you wish to know
how much clearance remains, just increase
the thickness of the clay and test the car
until you see some contact. Many tests
are required for an accurate answer,
because bumps add to the suspension
movement,

Sometimes it is desired to add bump
stops to an existing car. The shock
absorber can be used as a bump stop if a
rubber ring is put over the shalt. Most
racing cars use this type of bump stop,
and Koni makes some beautiful rubber
bump stops specitically designed for
shock absorbers.

This Datsun has been lowered so much that there is less than an inch of clearance
between the rubber bump stop and the frame. The car is shown resting at the static ride
height. To prevent bottoming the rubber stop can be cut down or its mounting bracket
can be lowered. The best compromise for street use is to cut the bracket down in height
and reweld it. On this car the limit to lowering ride height is where the steering tie rod
hits the frame at full bump. The rubber stops are necessary to prevent this from
happeninag.

This Koni racing shock comes with a rub- A shock bushing can be made into a

ber bump stop on the shaft. The stop bump stop by splitting it on one side as
(arrow) is almost as large as the body of shown. It is then slipped over the shaft of
the shock. It is a hollow tapered part the shock. Various length shock or spring-
made of special synthetic foam rubber, eye rubber bushings are available to

This snubber gives a long and very soft choose from. Get one with a hole size
cushion at the end of suspension travel. that matches the shaft diameter of your

shock. The longer the rubber stop is, the
softer the impact will be when the car
bottoms.
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You can make a bump stop for a
shock by using the rubber bushing com-
monly used in the end of a shock absorber.
Slit one side of the bushing, spread it, and
slip it over the shock shaft, The bushing
is quite stiff and should stay on the shaft
by itself. Two bushings can be used to
give a softer cushion. If building your
own stops be sure they stop the suspen-
sion travel before something else hits or
binds.

Anothér limiting factor to ride height
is the possible binding of a suspension or
steering pivot. This should be checked
with the suspension at both extremes of
its travel, at full bump and also at full
droop. This binding happens when the
angular travel of the pivot is all used up
and metal-to-metal contact occurs. A
broken suspension part is the usual result.

On production cars watch out for this
condition if you modify the bump stops.
The car is designed so that no binding can
oceur with the suspension on the stock
stops, but with the bump stops cut down
you are sometimes in for trouble,

With the springs removed and the sus-
pension resting on the stops, check a link
with a spherical bearing at each end, such
as a steering tie rod. You should be able to
rotate it by hand. Also check it at full
droop, with the car jacked up. On racing
cars using spherical rod ends, binding
results in pounding or peening the edge
of the bearing race. Check each one very
carefully because this is a major cause of
broken rod ends.

The steering tie rod on this racing car is being checked for binding of the spherical bearings. The car is up on blocks with the suspen-

Besides all the mechanical limitations
to the ride height, there is an important
geometrical limit. In Figure 9 | showed
you how to find the roll center on a car
with double A-arm suspension. These cars
are designed with the roll center in a cer-
tain position with the car at normal ride
height. By changing the ride height it is
possible to shift the roll center greatly.
Sometimes this results in totally different
handling. This mistake is common on road
racing cars where the owner changes from
old-fashioned tall tires to new low ones.
Then he raises the ride height to give pro-
per ground clearance and thinks he has
the hot set-up. Sometimes this backfires
and results in a roll-center position that
hurts the car’s handling more than the
new tires help it. Figure 18 shows this
problem in more detail.

sion at full droop, at the extreme of travel in the droop direction. This should also be checked at full bump and with the wheel turned

fully in both directions. Any binding of the pivots could result in a broken steering tie rod.
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Figure 18/Here’s what happens when you install 22" tires on an old car designed for 25" tires. If the car is adjusted to the same ride
height with the 22" tires as it had originally, the roll center moves from 3 1/2" to 6" above the ground. In addition there may be prob-
lems with the suspension linkage or steering pivots binding at the end of their travel. The car shown here is a 1960 Lotus racing car,
which ol'rriginally came with tall 25" tires. Notice that, with the smaller tires, neither of the suspension A-arms is parallel to the ground.

This geometry problem is not easily
spotted, but there are several clues. Look
at the suspension links from the front or
the rear of the car with the car resting at
ride height. If both the upper and lower
A-arms are not nearly parallel to the
ground, you can suspect a possible geome-
try-related problem. This is not true all
the time, but modern cars are usually
designed with one of the A-arms parallel
or nearly parallel to the ground. If the
ride height is changed so it isn’t, some-
times a geometry problem is the result.
Another|tell-tale sign on cars with rack and
pinion steering is if the steering tie rod
does not|line up with the center of the
steering 'Fack with the car at ride height.
A well-designed car has these links lined

up as closely as possible at normal ride
height to allow full travel of the suspen-
sion and reduce bending of the rack. If
the steering tie rods don’t line up with the
rack on your car, try changing the ride
height in a direction to correct it and see
if this helps the handling.

Now considering all the limitations,
select the proper ride height for your car.
As mentioned before, it may be different
at front and rear. One reason for this is
aerodynamic. For racing it is common to
set the ride height so the rear of the car is
higher than the front. You have seen this
on all types of cars, particularly stock cars
and funny cars. This rake is to create a
downward force on the car at high speed
which improves traction. There are limits

however, which will have to be learned at
the track. Start out with the car set up
similar to other racers in your class, and
then experiment. Never set the nose
higher than the rear, as this can cause a
dangerous lifting force at high speeds. Nor-
mal road cars are set level, as the speeds
are not high enough for aerodynamics to
have any great effect.
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When measuring the ride height on a
level surface, bounce the suspension
lightly up and down to try to eliminate
friction effects. Prior to checking ride
height, the car must be rolled backward
and forward about a foot to eliminate
any scrub that might cause the car to
sit high. If your car has adjustable
shocks, set them at full soft, or better yet
take the shocks off the car. Friction in the
shocks may cause a false reading of ride
height. Take several measurements, bounc-
ing the car each time to try to get repeat-
able measurements. If you simply cannot
get things to repeat, there is too much
friction in the suspension. In this case,
take the car out for a short drive, on a
flat surface at low speeds. Slowly roll to a
stop on the level floor, being careful not
to hit the brakes hard causing the car to
nosedive. Then measure the ride height
with the driver and any ballast still in the
car. This will take out the effect of fric-
tion in the suspension, since it duplicates
the actual riding conditions of the car.

HOW TO ADJUST RIDE HEIGHT
After measuring the ride height you
may wish to adjust it. This job varies
from dead simple to nearly impossible,
depending on the design of the car. Let’s
look at the various types of suspensions
and see what can be done with each one.

RACE CARS USING COIL
SPRINGS OVER TUBULAR SHOCKS
This type of coil shock unit usually
has a threaded collar supporting the
spring. This is the ride-height adjustment.
Moving the collar toward the spring raises
the car, and moving the collar away from
the spring lowers the car. Turn the collar
with a hook wrench or spanner wrench,
available from a tool store. In the field
you can sometimes use large water pump
pliers or a punch. The punch is a last
resort, because it tends to mess up the
slots in the collar. If the threads are clean
and in good condition, the collar can
sometimes be rotated by hand with the
weight taken off the spring. Lubricate
the threads with anti-seize lubricant,

CARS WITH COIL SPRINGS

Most cars use coil springs in the front,
and some also in the rear. If there is no
adjustment provided, the usual way to
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remove the shocks.

raise the ride height is to put a metal shim
under the spring. Do not use wedges
driven between the coils, as this causes
spring failure and drastically alters the
spring stiffness. If you wish to lower the

The ride height adjusting nut on this coil-
shock unit can be adjusted with a monkey
wrench. When doing this it helps a lot to
clean and lightly oil the threads. Adjust
the ride height with the car jacked up to
reduce the friction caused by the coil
spring load.

This stock car is set up for high-speed paved tracks and has a noticeable amount of rake.
The front ride height is low to prevent air from building up high pressure under the car.
The high tail actually helps provide some downforce at high speeds.

Before measuring ride height take the friction out of the suspension by bouncing it as
shown. On some cars the only way to get accurate ride height measurements is to
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ride height, this can be accomplished by
making the spring shorter, There are two
ways: by removing metal or by heating
and spacing the coils closer together. The
first method makes the spring stiffer, so
if you want to stiffen and lower the car
at the same time, cut off part of the
spring. | deal with this method in detail
in Chapter 4. To lower the car by heating
the spring does not change the stiffness,
but you must beware of bottoming out
the coils before the suspension hits the
stops. This method for shortening the
spring is also discussed in Chapter 4.

On certain cars there is another method
for lowering the car using the stock length
springs. On these cars the spring rests on
a plate which bolts to the car chassis.
Sometimes spacers under this plate will
lower the car, or the plate can be made
adjustable. See photo on page 71. Study
your particular car to see if this will work.
It is a better method than shortening
the spring, as you have more control
over the final ride-height dimension, and
it can easily be changed again.

CARS WITH LEAF SPRINGS

Leaf springs are used on the rear axle
of most production cars. The easiest and
cheapest way to lower ride height is to
install lowering blocks. A lowering block
is a metal spacer that goes between the
axle und the spring, locating the spring
closer to the ground. Standard thickness
lowering blocks are sold in speed shops in
kit form. If special sizes are needed, lower-
ing shims can be made at home from
sheet metal. Make sure they are designed
like manufactured lowering blocks so
they can’t fall out.

If a large amount of lowering is
required the springs should be re-arched.
This should be done by a local spring
shop, as it is too difficult a job to try at
home. The spring is taken apart, heated to
high temperature, and bent into the new
shape. Then the metal is heat treated to
bring back the high strength required for
springs. Re-arching can be done to give
almost any ride-height change required,
but small adjustments with lowering shims
will still be required.

The ride height can be raised with
different length shackles. Longer shackles
are used to give a car increased rear ride

4

This racing car has the ride height adjusted by shims between the coil spring and its
mount on the shock. These shims increase the ride height. This is not an easy way

to adjust ride height, as the coil shock unit must be taken apart to change shims. Small
adjustments can take many hours of labor.

|
|
LOWER FRONT A-ARM
l'l"ﬁ(-.-/.f i
(@ +
| \'—-:'_.'1'._':____ |
o — | ——— spACERS
g _TE;]J\ SPRING MOUNTING PLATE

If the spring mounting plate bolts onto either the A-arm or the frame, the car can be
lowered by means of spacers. This drawing shows spacers being used between the lower
front A-arm and the spring mounting plate. This is an ideal way to lower the car
because the ride height can be exactly determined and easily adjusted if necessary.
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The old-fashioned lowering block is still
a cheap and easy way to lower a car with
leaf springs. On this Pinto station wagon,
owner Bob Barry wanted to get the car
sitting level for daily transportation. This
lowers the CG and gives slightly better
cornering power. The car comes from the
factory with the rear end high to accept
heavy loads in the cargo compartment.
When Bob goes on his yearly vacation he
just removes the lowering blocks.

Long shackles were used to set proper

ride height on this Pinto. This car has the
spring re-arched too, and the long shackles
were used to compensate. The idea here
was to end up with the rear spring hori-
zontal rather than tilted down at the front
as in the stock set-up. This not only gives
adjustable ride height, but it eliminates
the roll-steer built into the Pinto rear sus-
pension. The eye-bolt in the bottom hole
is the position for maximum ride height
and minimum roll understeer.

end of one torsion bar with the driving arm attached with a spline. Behind it is the fixed
end of the opposite torsion bar with its ride-height adjuster. To change the ride height,
loosen the jam nut and turn the adjusting bolt. Large adjustments can be obtained by
moving one end of the bar to the next spline.
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height. These are available in kits at the
speed shops, or they can be built at home.
Long shackles are undesirable because
they are weaker than stock ones. Re-arch-
ing the spring is a better method to make
large ride height changes.

Another change that can alter the ride
height is reversing the spring eyes. Again
this modification has to be done by a
spring shop because the spring must be
heat-treated after forming. When the eyes
are reversed the spring eye is unwound and
bent in the opposite direction. This is a
large change in ride height, usually several
inches. There is no fine control over the
ride height change, so it is usually done to
aid re-arching the springs for a large ride
height change.

Some people have changed the ride
height by adding or removing leaves from
the spring. This changes the spring stiff-
ness at the same time, so this should be
avoided unless you definitely want two
changes at once. Adding leaves stiffens
the spring, the longer leaves giving the
most effect. A stiffer spring will deflect
less and increase the ride height, Remov-
ing leaves softens the spring and lowers
the ride height. However it also weakens,
the spring, so this practice is dangerous
unless you have also reduced the weight
supported by the springs.

CARS WITH TORSION BARS

There are two basic methods of adjust-
ing the ride height of torsion bar suspen-
sion. One involves the adjustment of the
anchor point at the fixed end of the bar—
the mechanical details vary with the car.
The other method requires moving the
torsion bar on the splines that connect it
to the driving and supporting member at
each end. The splines are usually one dif-
ferent in number at each end of the bar,
so small adjustments can be made by rota-
tion one way at one end and the opposite
way at the other end. A small change can
result from this method —much less than
the distance between two adjacent splines.
Consult the factory manual for the exact
method used on your car.

OTHER DESIGNS

There are other spring designs used on
cars such as rubber springs or air springs.
Rubber springs are usually adjustable at
their mounts. On the famous BMC Mini,
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the rubber springs are driven with a metal
linkage that can be taken apart and
shimmed for length. 1t is a difficult job,
but worth it if you are fine tuning the
suspension.

On cars with air springs. the ride height
can usually be changed easily by varying
the pressure of the air inside the spring.
Air shocks and air helper springs that are
sold in accessory shops all use this prin-
ciple for quick and easy ride-height
adjustment. Application of these devices
as suspension modifications is discussed
further in Chapter 4.

After setting the ride height, other sus-
pension settings should be made at that
height. It’s helpful to make up some
wooden blocks to go under the trame to
hold the car at the ride height. Weights
can be put into the car to push it firmly
down on the blocks, or the springs can be
disconnected. Save the blocks, label and
paint them red to mark them as important
tools. Then you can use them next time
you set up the car,

On race cars using coil shock units,
turnbuckles are sometimes used in place
of the shack to hold the car at the desired
ride height. Another simple tool that is
sometimes used is a metal or wood bar
with two holes drilled in it at exactly the
right distance. This again is used to replace
the shock for suspension tuning. If you
want to go all-out, make up one set to
simulate the shock length at full bump,
and another for full droop. These are
helpful in setting up plumbing, mounting
the body, etc., and they allow working

on the car when it is resting on saw horses.

WEIGHT DISTRIBUTION

The car looks like it is resting on four
tires, but it may carry most of its weight
on only three of them. If the car does not
carry its weight evenly distributed on the
four tires it is said to have weight jacked
into the chassis. The setting of weight dis-
tribution or weight jacking is the adjust-
ment of weight diagonally across the car.
This process is like trying to even out the
legs of a homemade chair. It requires care-
ful measurements.

[f you are driving through both right
and left hand corners it is helpful if your
car handles the same, no matter which

Air Lift air springs are an accessory that allows easy adjustment of ride height. This one

is for cars with coil springs and fits inside the existing spring. It is basically a rubber bag
filled with compressed air, The air pressure controls the ride height and is easily changed
from outside the car. Very slight pressure changes greatly affect the ride height with
this type Air Lift. 4 psi pressure change will raise a typical station wagon 2 inches at

the rear.

This turnbuckle has been modified to use
in place of a shock absorber for adjusting
the suspension. The ends off an old shock
have been welded to the turnbuckle shaft
so it can be bolted on the car’s shock
brackets. The car can be held at the pro-
per ride height this way. Also turnbuckles
are handy for moving the suspension
through its range of travel on a car with
leaf springs, because the springs usually
cannot be removed without the axle fall-
ing off.
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way you turn, To balance the handling
characteristics, it is important that the
car’s weight be distributed in the same
proportion on both the right and left sides
of the car,

Imagine a perfectly built car, set up
with equal weight on all four tires. Now
take the frame and put a lengthwise twist
in it so that the front end of the frame is
no longer parallel to the rear end. If you
put the car down on the ground it rests
mostly on two diagonally opposite tires,
and carries a smaller amount of weight on
the other two. This twisting of the frame
has the same affect on the tire vertical
forces as altering the weight distribution
diagonally across the car.

There are some Lypes of racing cars
that benefit from having the weight dis-
tribution unbalanced. Drag-racing cars
can counteract drive shaft torque
reaction on the rear axle by unequally
preloading the rear springs, and oval track
racers unbalance the weight distribution
for improved rear wheel traction in left
hand corners. This controlled weight jack-
ing by oval-track racers and its effect on
the car will be discussed later. First we’ll
see how to balance the car's weight for
both right and left hand corners.

To set the weight distribution you
must measure the load or weight at each

tire with the car in its normal ride position.

There are several ways to do this, depend-
ing on the scales available.

The typical platform scales with a
sliding weight are great, as are the special
low-profile scales made for weighing auto-
mobiles. Bathroom scales can be used on
very light cars, but these require careful
handling to get accurate readings.

Several manufacturers make special
weighing devices just for cars. One excel-
lent example is the Wacho Portable Weight
Checking Device, manufactured by Wacho
Products Co. of Columbus, Ohio. It is a
hand operated lever mounted on an
adjustable stand. The tip of the lever is
placed under the upper edge of the wheel
and the wheel is lifted off the ground with
hand pressure on the lever, With the wheel
barely off the ground, the weight is read
on a dial on the top of the instrument.
When using this device you must be care-
ful not to lift the wheel any higher than
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g = T
If you have to turn both right and left,
weight jacking cannot be used to an
advantage. What you gain in one direction
you lose in the other and the result is
reduced overall performance. For road
racing or street use weight jacking should
be zero.

The Wacho Portable Race Car Weighing
Device. This is a very quick and conven-
ient way of making weight checks, but

a set of four platform scales would be
more accurate. However, platform scales
cost 10 times as much as this device and
the scales are too big to carry to the races.
(Photo courtesy Wacho Products Co.)

s
Bl e

Bathroom scales are not the best, but they will work on a very light car. Be sure to allow
the scale to roll sideways as shown so as not to jam the scale mechanism. Bounce the
scale lightly with your hand and make sure it repeats the reading. If the readings are
inconsistent the scale is jamming or is overloaded.

necessary, because errors are introduced
as the car rolls to the side.

[f you are using conventional scales
under the tires, the best way is to use four
scales of equal height. The scales give
immediate readings and you do not have
to move the car around. However, if your
budget can’t stand the price of four scales,
two will do. It just takes a little more
work. To get an accurate reading with two
scales, place the scales under the two front
tires and put blocks equal to the scale
height under the rear tires. After taking

the readings, switch the scales to the rear
tires and put the two blocks under the
front.

The blocks are used to keep the car
level while weighing. There is a small error
if the car is tilted. This error is not notice-
able on a very low car with a long wheel-
base, but on a production sedan the error
would be noticeable. Make a test with and
without the blocks to measure the error
on your car. Maybe you won’t need
blocks.

There are some bathroom scales that
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go up to 300 pounds, and these can be
used to weigh very light cars. If you use
bathroom scales you will have to prevent
the tires from scrubbing sideways when
they are placed on the scales, With inde-
pendent suspension there is usually some
sideways motion of the tires as the sus-
pension moves, so if you jack up the car
and let it down on the scales the tires
try to slide the scales sideways on the
floor. This motion will jam the scale
mechanism and give you false readings.

To avoid sideways jamming the scales,
rest them |on some boards with pipe or
tubing rollers underneath. The tubing
should be lined up with the direction of
the tires sp the scales can move sideways
freely. Always bounce the car gently
to be sure the scale mechanism is not
jammed.

Platform scales have wheels on them.
The wheels should be pointed across the
car so the scale can move sideways freely.
This prevents jamming the scale mechan-
ism as described above. Platform scales
are designed for more rugged use, and
they are usually not troubled by side
loads on the platform.

Another way to get good scale read-
ings is to set up ramps at the same height
as the scales. The car is rolled onto the
scales rather than being jacked up and
lowered onto the scales. The ramp method
eliminates the sideways movement of the
suspension, since it remains at the static
position at all times.

Remember, the car should be weighed
as driven, with the driver or equal weight
aboard. An average fuel load should be
included. If you jack up the car, bounce
the suspension to remove the effects of
friction. Repeat the measurements several
times to be sure you are getting consistent
results. Record the weight on each tire.

After weighing each tire calculate the
front-to-rear weight distribution for the
car. To find the total weight of the car,
add all four tire weights together. The
percentages at each end of the car are:

Percent on front tires =
Total weight on both front tires

- x 100
Total weight of car
Percent on rear tires =
Total weight on both rear tires
x 100

Total weight of car

As a check, the percent on front plus
the percent on rear must equal 100%.

For ideal or balanced weight distribu-
tion, the left-side tires must have the same
front-to-rear weight distribution as the
whole car. Likewise, the right-side tires
must also have this same weight distribu-
tion. Note that the left and right sides of
the car may not necessarily have equal
weights, because the CG may be offset to
the side. It is only the front-to-rear ratios
that should be identical. Compute the
ideal weight distribution as follows:

Right front ideal weight =
% on front tires x total weight on both right tires

100

Right rear ideal weight =
% on rear tires x total weight on both right tires
100

Left front ideal weight =
% on front tires x total weight on both left tires
100

Left rear ideal weight =
% on rear tires x total weight on both left tires

100

If you determine that the anti-roll bar has a twist or preload, you can correct it on some

To say it another way, if the front-end
of the car carries 40% of the total car
weight, then the left front tire should
carry 40% of the left-side weight,

You can easily check the ideal weight
calculations. The sum of all four ideal
weights must equal the total weight of the
car, The total never changes no matter
how the weight is jacked in the chassis.

Compare the ideal weights to your mea-
sured weights. If they are different by
more than 10 pounds per wheel you may
wish to adjust the weight distribution. If
they are off by more than 50 pounds you
certainly should adjust the weight
distribution.

When there is a difference between
actual and ideal weights, the amount of
error will be the same for each tire. It
will be high on two tires and low on the
other two. The two high tires will be
diagonally opposite each other on the
chassis, and the two low tires will also be
diagonally opposite.

cars by changing the position of one end of the bar. In this design, the end of the anti-
roll bar is located by a short vertical driving link. Remove the nut on the bottom side,
install spacer washers between the rubber pad and the mounting bracket as shown. This
effectively lengthens the driving link. If it's not clear which driving link should be
lengthened to take the preload out of the anti-roll bar, do it by trial-and-error.

69




SUSPENSION TUNING

Before adjusting weight distribution,
disconnect anti-roll bars. Now weigh the
car again and see if the weight distribution
changed any. Sometimes a preload in the
anti-roll bars causes the unbalanced weight
distribution and disconnecting the bars
restores the balance. If this turns out to be
s0, adjust or shim the anti-roll bar driving
links so there is zero preload when installed
on the car. That will correct the unequal
weight distribution when the anti-roll bar
is in place.

Some anti-roll bar driving links are
threaded rods. On these the length can
be adjusted by tightening or loosening the
nut on the end. If you fail to make the
proper adjustment within the limit of the
nut position, use washers or shims at the
ends of the link. In drastic cases the rod
can be cut or lengthened.

If the anti-roll bar links are non-adjust-
able, the entire bar can be tilted by shim-
ming under one of the mounting bearings
for the bar. Tilting the bar is a trial-and-
error process much like changing the link
length. Make a new weight check after
making an adjustment to the anti-roll bar.
If you are using only two scales, you do
not need to weigh both ends of the car.
When one tire reaches the ideal weight
the other three will be there too. You
should, however, make one last check of
all four tires just to make sure of your
measurements and adjustments.

If the car does not have ideal weight
distribution with the anti-roll bars discon-
nected, you must adjust it at the springs,
This is done by changing the ride height
on a pair of wheels at either end of the
car, say by raising the left ride height and
lowering the right. Then at the opposite
end of the car do the reverse—raising the
right side and lowering the left side. The
reason all four corners are adjusted is that
you have already set the car at exactly the
proper ride height, and working on only
one end or one corner will rake or tilt the
chassis. However, for small changes in
weight distribution you can work on only
one end of the car without noticeably
changing the overall ride height.

To increase the weight on one tire,
raise the ride height on that corner. To
reduce the weight, lower the ride height
on that corner. A change on any one cor-
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ner will change the weight on all four cor-
ners an equal amount. So make the
changes in smaller increments than
required to entirely correct the weight
distribution, and make the remaining
changes at the other corners, If all four
corners are to be adjusted, then 1/4 of
the total change is made at each corner.
If you are going to adjust only two cor-
ners, then half the total change can be
made at each corner.

As an example, assume the car has the
following tire weights when originally
weighed:

Right front = 400 Ib.

Left front =400 ib.

Right rear =500 Ib,

Left rear =700 Ib.
Total weight on front tires = 400 + 400 = 800 Ib.
Total weight on rear tires = 500 + 700 = 1200 Ib.

Total car weight = 400 + 400 + 500 + 700 =
2000 Ib.

Total weight on right tires = 400 + 500 = 900 Ib.
Total weight on left tires = 400 + 700 = 1100 Ib.

" 800
Percent weight on front = —— x 100 = 40%
2000

Percent weight on rear = @ x 100 = 60%
2000

Now we can compute the ideal weights on each
tire to get the front/rear ratio the same on each side:

Right frontideat weight = 12X 200 _ 560 in.,
100
Right rear ideslweight="22" 290 510 th;
100
Left front ideal weight A0 1708 440 Ib.
Left rear ideal weight = @%1(:—09 = 660 Ib.

In this example, the car is heavy on the
left side, probably because of the driver’s
weight on that side of the car. The ideal
weights compared to the measured weights
show each tire to be off by 40 pounds.
The right front and left rear are heavy,
and the left front and right rear are too
light. Notice the error is reversed at each
end of the car, and the error is the same
number of pounds for each tire. It will
always work out this way if your measure-
ments are accurate and your calculations
correct.

To correct this car we start with the
right front tire. Because it is 40 pounds
too heavy, we will lower the ride height
enough on the right front to change the

This is a tubular driving link for the anti-
roll bar. It has a spherical rod-end
threaded into each end of the link and
held by a jam nut. Loosen the jam nuts
at each end and rotate the tubular link
to adjust its length. You can make one
link longer and the other link shorter to
take out preload of the anti-roll bar, or
to put some in for a minor bit of weight
jacking.

tire weight by 10 pounds. This is 1/4 of
the total error of 40 pounds. Then we
raise the left front ride height enough to
change the weight another 10 pounds.
Then raise the right rear 10 pounds worth
and lower the left rear 10 pounds worth.
This should bring all tire weights to the
ideal values.

After setting the weight distribution,
install the anti-roll bars, and adjust the
connection links so as to put zero twist
in the bar when it is bolted up. If the bar
is twisted, it will change the weight dis-
tribution. Check this with the scales after
installing the bars, and make sure they are
still at the ideal weights. If the anti-roll
bar links are not adjustable, then the ride
height will have to be changed again to
counteract the weight jacking put in by
the anti-roll bars. This is a tedious job;

I hope your bars can be adjusted.
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That big threaded rod with the jam nut on it is the weight jacker on this stock car. The
rod is threaded through the frame above the coil spring. Ride height or weight jacking
can be quickly adjusted by turning the rod.

formance at the drag strip.

Here is what happens when you try accelerating hard with a stock car using a solid rear
axle. The right tire breaks loose before the left one, reducing the maximum possible
traction. Jacking the weight to add vertical load to the right rear tire will give better per-

When the anti-roll bars can be adjusted
easily at the driving links, you can change
weight distribution by putting a twist in
the bars without touching the ride height
adjustment at the springs. This is not as
satisfactory, but it will work for small
weight changes and for quick changes at
the track. The usual way to adjust anti-
roll bar preload is to shorten or lengthen
the driving links as described previously.

Oval-track race cars have weight jack-
ing screws easily accessible for fast adjust-
ments at the track. For best performance,
start out with zero weight jacking in the
shop, and make final adjustments at the
track. The typical setting is to reduce the
weight on the left front wheel for left
turns. This makes the rear wheels more
nearly equally loaded in a turn, allowing
more throttle to be applied. This weight
jacking will also change the car’s steer
characteristics. There is too much weight
jacking if the left front tire lifts off the
track in a turn. It should barely remain
in contact with the pavement.

If you have drag raced a car with a
solid rear axle you notice that it tends to
spin the right tire easier than the left tire.
This is because the torque on the drive
shaft produces an additional vertical
force on the left tire and reduces the force
on the right tire. This has the same effect
as unbalancing the weight distribution
when you put your foot down hard. To
counteract this, you can deliberately jack
the weight so that the load on the right
rear tire is increased. Then when you
leave the line at the strip, the rear tires
will be more equally loaded and that will
improve the total traction. Just raise the
ride height on the right rear of the car,
and adjust the amount at the drag strip
for best performance. On a typical sedan,
about 50 pounds of weight added to the
right rear tire will put you in the ballpark.
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The upper drawing shows how drive-shaft torque tends to lift the right rear tire on a car
with a solid rear axle. This reduces traction during hard acceleration. The cure is to
increase the ride height on the right rear spring. The lower drawing shows how this is

done using Air Lifts inside coil springs. The air pressure in the Air Lifts is shown, with final
adjustment done at the drag strip. Air Lifts are available for leaf springs too, and are a

very quick and easy way to tune your suspension for drag racing, Drawings courtesy of

Air Lift Company.

UPPER BALL JOINT/

\J LOWER BALL JOINT
)/ CASTER ANGLE
STEERING PIVOT AXIS
Figure 19/The caster angle is the angle between the steering pivot axis and a vertical
line as shown above. Positive caster is illustrated, where the upper end of the steering
pivot axis tilts toward the rear of the car, Most cars have positive caster. On cars with

kingpins, the center of the kingpin is the steering pivot axis. MacPherson strut front
suspensions have the steering axis on the center of the strut,
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CASTER

The word caster as commonly used
refers to a setting of the front wheels. It
is the angle made by a line between the
upper and lower steering pivots and a
vertical reference line, viewing the car
from the side, This is illustrated in Figure
19, which shows a caster angle measured
in degrees.

In the figure, notice that the tire con-
tact poiat on the ground is behind the
steering axis. When the wheel is turned,
the tire contact point is moved to the left
or right of the direction of travel of the
car. This generates a force which tends to
return the wheel so it points in the direc-
tion the car is traveling, called a self-center-
ing force.

Self-centering force is the reason the
front wheels return to straight-ahead after
or during a turn if you release the steering
wheel.

The caster angle shown in Figure 19 is
defined us a positive angle and all caster
angles which are positive will cause the
tread contact point to fall behind the
steering axis.

It the tire contact point is in front of
the steering uxis, the tendency is reversed.
When you turn the wheel a smatl amount
it would tend to go all the way to full
lock on account of the leverage of the
forward contact point.

All cars are designed to have a self-cen-
tering steering action so it returns to
straight-ahead automatically. Not all of
the self-centering effect comes from
caster alone.

When a wheel is turned, the car will
also turn, but at a smaller angle. This was
discussed earlier as the stip angle of the
tire. Due to slip angle, some of the rubber
of the tire is distorted and pulled away
from the centerline of the tread. Rubber
is elastic and the rubber which is dis-
torted due to slip angle “wants” to return
to its normal location on the tire. The
result is another self-centering force due
entirely to the rubber of the tire,

The total self-centering action is the
sum of that caused by caster and that
caused by the tire. If the tire exerts a
very high self-centering force, some of it
can be canceled or counterbalanced by
a small amount of negative caster in the
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suspension. The net result is always self-
centering! action rather than the reverse,
however, the mecharnical caster setting
at the wheel can be slightly negative in
some cages.

In general, a lot of caster causes
steering to feel heavy at low speeds but
makes the car stable at high speedsin a
straight line because the front wheels tend
always tb point in the direction of travel
even if momentarily deflected by a rock
or road gurface irregularity.

A small amount of caster or self-cen-
tering action makes a car steer easily at
slow speeds which is handy when parking
or manepvering. The car will feel less
stable at| high speeds and may tend to wan-
der a bif on the straights,

[t is important that caster be set at the
manufacturers’ specs, and be equal on the
right and left side of the car. High speed
instability can result from the wrong cas-
ter setting. If the steering feels tco heavy
in a corner, the caster can be reduced a
small amount, but be careful not to go
too far in one step. For cars that are
unduly sensitive to steering, an increase
in caster may help. Again it is a matter of
experimentation out on the track.

The best caster angle has a lot to do
with the weight of the car, as well as the
tire diameter. Light cars and small-diameter
tires use larger caster angles. The table of
Figure 20 shows some typical values, [f
you don’t have any specs for your car,
copy a car of similar weight and usage.

Caster is measured with a special tool
that can be purchased at a good auto parts
store. [ts use is explained in the instruc-
tions, and involves rotating the steering
20 degrees one way and then back the
other way. The caster gage converts the
rise and fall of the spindle into a caster
angle measurement, It is difficult to mea-
sure caster directly on the car due to parts
interfering with the measuring tools, but
you can get a rough figure that way in a
pinch. Just use a protractor with a level
in it, and eyebuall it parallel to an imaginary
line drawn between upper and lower steer-
ing pivots, This sort of measurement
should only be used in an emergency as
it is very difficult to get an accurate
reading.

Car Make and Model

—2° [ 69-70 Cadillac Eldorado

68-75 Oldsmobile Toronado

6863 Lincaln Continental

68-72 Pentiac Intermediates

—+.1fa”  £B-72 Oldsmobile tntermediates

-1 73 Buick Intermediates

68-74 Cadillac

71-72 Cadillat Eldorade

73.74 Camaro Z-28

68-74 Chevelle

71-72 Chevrolat

75 Nova

75 Buick Apollg, Skylark with manual
staering

7175 Chevroler Vega

B8-70 Qldsmobile with power steering
75 Pontiac Asire

75 Monza 2+2

75 Buick Skyhawk

7% Qldsmobile Starfire

75 Valiant, Dart with manual steering

6869 AMC Rebel, Ambassador

68-72 Buick Intermediates

68- 10 Chevelle 55, Monte Carlo

¥1.75 Plymouth, Dodge with maruzl
SLEETINY

?0-75 Ford Maverick

T1.75 Mercury Comet

75 Monarch, Granada

-t/ 0-73 Toyota Pickup

-1/4 1) Carnarp Z2-28

o? 73.-74 AMC Horner, Gremlin

73 Buick Intermediates with power
SERTIng

¥3-74 Cadillac Eldorade

71-76 Camara

70-73 Ford Mustang

70-73 Mercury Cougar

F0-75 Ponniac Firebird

75 Cadillac, all models

5 Gldsmolule Omega, Cutlass

-314)

—5/8°
—142

]

o

TYPICAL CASTER SETTINGS
Car Make and Model

73 Pintg Wagon

73-74 Buick Apolla

74 Buick Intermadiates

63-70 Camaro

68.74 Chevy |, Nava

73-74 Qldsmobile Cneya

71-72 Peugeot 304

70-71 Toyorta Crown

73 Volvo 140 Serius

71-75 Pontiac Ventlura

7% Valiant, Dart with power steering

69-70 Buick Estate Wagon

68-70 Chevrolet

71.75 Doudge with power steering

68-75 Flyrmouth with powwer steering

74 Ford Mustang 1

75 Cordoba, Chrysier, Imperial

F3-73 Ford Toring

70-73 Mercury Montego

F4-75 Mustang 1

F-74 AMC Javelin

68-74 Buick Riviera

74 Buick Intermediates with power
steering

73-74 Chevrolet

68-75 Corvette with manual steering

68-72 Ford, Mercury

73 Ford Pinm sedan

&9-71 Lincoln Conuinental Mk W1

72 Lincoln Continental Mk 1y

71-75 Oldsmobile 88, 98

73-74 Pantiac Catalina, Grandville,
Bonnayille

173 v 1200, Type 4

7o AMC, all models

75 Buick Apolo, Skylark with power
STRET| g

75 Chevelle with beited tres

7375 Mark 1V, Continental

70-71 Simca

74 Pintg

67-70 Datsun SR 311, SPL 311

73 Vaolve 164

.72 Pino

71-74 Lincoln Connnental

Caster
+142°

+5/8"
+3/a°

+7/8%

+1.1/4°

+1.172%

Car Make and Model

73 Lincoln Contmental Mk 1V
75 Buick
75 Chevroler
75 Pontiac
73 Capri
75 Pontiac LeMans, Grand Am with

fronaeT sreermg
1 Datsun 510
GB-70 Jaguar XKE
72 Mercedes 600
74.75 Ford Torino
73-75 Ford
73-75 Mercury
74 Lingoln Continental Mk |V
74.76 Mercury Cougar, Montego
7475 Oldsmobile Cutlass Salen
70-73 VW 1600, Type 1

75 Buick Century, Regal

75 Chevellte with radial tires
T1-72 Jaguar XJ&
6875 Chevroiet Corvette with power

stesring
73 Volvo 1800ES
+2-314° 72 Triumph TR6E
+3° 67-69 Austin Spnite

71-72 MG Midget
73-75 Pontiac Grand Prix

+1.3/4%

+2

+2.1/4°

73 Opel GT
+3-1/2%  71.72 Fiat 124 Spider
72 Pantera
72 Triumph GT& MK3
+4% 72-73 Renault 12,15, 17
72 Triamph Spetfire Mk 1Y
70-73 VW 1600, Type 2
72 Mercedes 220, 250, 2B0SE, 2B0EL
4.5, 300SEL 4.5
75 T-Bird
+4-1/2° 73 Opel 1900, Manta
+4.3/4% 75 Monte Carte
+5” 69 MGT, MGC GT
+5vlf’2° B9-71 Austin America
+5? 6768 MG 11040
F0-73 Parsche 914
+6.1/2° 73 Porsche 311
+77 71.72 MGE, MGB 6T
+g° 73 Fial 850 Spyder

Figuy | 20/Caster settings for a number of late model cars. Notice that heavy cars have smallest angles and light cars have largest. The
negative caster angles are possible because the tires have a self-aligning torque. Also cars with negative caster tend to be heavy and
strongly understeering, and thus do not need paositive caster for high-speed stability.
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Using a Craftsman magnetic level you can
get a quick indication of caster. This is not
an accurate method, but it's better than
nothing if you can't use a caster gage. Try
to get the level lined up with the axis
between the upper and lower steering
pivots.

Here is a caster gage in place ready for a mreasurement. This
is a magnetic-base gage that attaches to the iron hub. The car
is resting on a turntable that allows accurate measuring of the
steering angle. It is necessary to turn the steering 20 degrees
each way to measure the caster. If the turntable is not avail-
able, the steering angle can be measured relative to a parallel
reference line or computed with trigonometry.

INCREASE INCREASE
POSITIVE == NEGATIVE
CASTER CASTER
FORWARD
——
UPPER
BALL JOINT
UPPER
_ A-ARM

BRACKET ON FRAME

On many production cars the caster is adjusted by changing
shims on the upper front A-arm. To increase positive caster
the upper ball joints must be moved to the rear. Thus you
use a thinner shim at 8" and a thicker shim at “A ", On
other cars caster is adjusted at the lower A-arm by changing
the length of the drag strut.
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If youldon’t wish to invest in a caster
gage, a front-end shop can measure caster
for you. If you get a fair price, it’s a ot
cheaper than buying a precision tool. Cas-
ter is seld{lom changed once a car is set up,
se you don’t have to run back to the
front end shop all the time. Also, caster is
not the npost ¢ritical of the settings, com-
pared to camber and toe-in as discussed
later.

Casten: is adjusted by shims, eccentrics,
or othes fnechanical means on production
cars. Conlsult your manufacturer’s manual
for instrijciions. On racing cars, caster is
usually sét by changing the length of an
adjustab]'e link in the suspension. On some
racing cass with rigid A-urms, caster is
changed :by screwing one rod end in and
the other one outi on the inboard end
of the Adarm, The exact method will vary
with thecar.

On solme cars with independent rear
suspensipn there is a caster angje specified
for the rear suspension. The rear caster is
the unglg of tilt of the rear upright off the
vertical, viewing the car along the center-
line of the rear axie. It is similar to front
caster, but obviously the rear caster has
nothing fo do with front.end steering. It
may affdct rear-end behavior.

Usually the rear caster is set at zero—
with thelrear upright vertical. {f there is
na specification for rear caster on your
car set it up at zero caster angle. Later
when yolu bump steer the rear suspension
you may wish to change the rear caster.
Its functjon is to aid in correcting bump
steer proplems. On racing cars rear caster
is adjusted by changing fengih of rear
radius rods. Most production cars have
the rear caster set at zero and there is no
way to change it.

TOE

The tpe setting is one of the most
imporiant in determining how your car
will handle. A very small change in toe
can have a large effect in the way a car
feels. The adjustment is simple and should
always be checked when tuning the
suspensinn.

Toe-ih and toe-out are shown in Figure
6, Chapter 2. The majority of cars are set
up with itoe-in on the front wheels and
Zero IoeJat the rear. The basic reason
for this js that the fosces which act on the

CASTER ANGLE

Racing cars with independent rear suspension have adjustable rear caster. The caster
angle is the angle between the centerline of the rear upright and a vertical line, as shown
above, Positive caster is shown in the sketch. Rear caster is used to adjust bump steer of

the rear suspension.

front tires tend to cause toe-out, and the
initial toe-in setting is to connteract this
tendency.

Most production cars have the suspen-
sion mounied in rubber bushings. This
isolates road noise and vibration, but it
allows some flexing at the bushings. On
the front suspension some of this flexing
is in a fore-and-aft direction at the tire.
When the car is in motion the road drag
on the tire pushes it towards the rear of
the car, This force is resisted by the rub-
ber suspension pivots, but some flexing
occurs. This tends to make the front tires
toe out, and it increases at higher speeds.
When you hit the brakes the flexing
becomes much greater because the braking
force on the tire is much greater than
road drag,

If the car is to handle properly the
front fires must not toe out in normal
driving.

When the tires are set at toe-out, there
is a small slip angle on both front tires.
The forces due to these slip angles try to
steer the car, buf the two tires each sieer
in an opposite direction. As long as the
car has exactly equal slip angles every-
thing is balanced and the car goes straight
ahead,

The problem starts if the car hits a

small buinp, a gust of wind, or a change
in road surface—anything to unbalance
the slip ungles on the two front tires, As
soon #s one slip angle is reduced slightly
the opposite slip angle is increased and
the car steers itself off to one side. The
result is wandering, which the driver must
correct by steering. {t is also known as
high-speed instability.

The change in slip angle can also be
caused by the driver turning the wheel to
enter a corner. The effect of 1oe-out is
oversteer during transitional cornering.
The handling may be different during
steady-state cornering conditions.

Toe-in does the same thing as toe-out
except in reverse. The result is that the
car tends to keep going straight, improv-
ing high-speed stability.

Toe-in cauvses stability and initial
undetsteer in a turn. Toe-out causes
instability and initial oversteer. Usually
you want just enough toe-in to keep the
wheels from going into toe-out at speed.
On most cars this is about 1/8 inch mea-
sured at the tire tread. See your car’s
factory specs for the recommended setting
on your own machine. You can do fine
tuning of the toe setting later at the test
tyack.
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Front
Toe
linches) Car Make and Model
1/16 69-71 Austin America
top-out  67-6B MG 1100
72-73 Renault 12,15, 17

{32 70-71 Simea
1oe-out
o 69 MGC, MGC GT
1oe 71:72 Oldsmotale

73 Porsche 911
75 Cadillac Eldoradao
All Corvairs
1/32 #1-74 Cadillac Eldorado
toe-in 68-75 Oldsmobile Toronado
72 Triumph GTEG Mk 111
116 6769 Austn Sprite
toe-in 71 Jaguar XJ6, XKE
73-74 Buick Intermediates
6870 Cadillac Eldorado
73-75 Chevrolet Chevelle
1374 Chevrolet
73-75 Dldsrmabale Cutlass
13 Opel GT
1375 Pontiag; Grand Prix
69-70 Pontiac
75 Buick Apollo, Skylark, Riera
Skyhawk
75 Mova, Monte Carlo, Camarg
75 Oldsmaotile Omega, Sarfire
3/32 67 Haaley 2000
toEn 71 Datsun 510
6B8-70 Jagum XKE
1172 MGB, MGB GT
1/8 67 70 Datsun SRL311, SPL3N
toe-in 73 Capni
12 Pantera
F1-72 MG Midget
68-75 AMC, all models
74-75 Cadillac, rear drve
GEB-74 Dodye; all models
BE-74 Plymauth, all models

TYPICAL FRONT AND REAR TOE SETTINGS

Front
Toe
linches)

5/32

toe-rn

3116
toe-in

Car Make and Model

13 Pinto

74-75 Mustang ||

74 Ford Maverick, Torino

74 Meccury Comet, Montego, Cougar

71-74 Lincoln Centinental

71-73 VW 1600, Type 1 & 3, 1700
Iype 4

73 Valvo 140 series, 164

73-75 Dldsmobile BE, 98

71-72 Paontiac Intermedhiates, Grand
Prix

75 Pontiac Ventura

74:75 Chevrolet

75 Corverte

75 Cordaba

BB-70 Oldsmobule Intermediatas

G8-70 Odsmaotbn|e

73 Opel 1200, Manta

10 Pontiac Firebird

1475 Valiant, Dart

G8-72 Buick Intermediates

71.72 Buick

6973 Cadillac

70-74 Camaro, 2-28

68-72 Chevelle

G8-74 Chevy |, Nova

6872 Chevrolet

T1-72 Pir

G8-75% Ford

GH-75 Morcury

6270 Falcon

6972 Mustang

69-72 Cougar

6272 Mereury Montego

72-75 Lincaln Continental Mk |V

6971 Lincoln Contmental Mk (1]

713-74 Oldsmobile Omeya

71-74 Ponuiac Firctnrd, Ventura

75 Pontac Firebird

Front
Toe
{inches)

1132
toe-in

174
toa-in

9/32

toe-in

Rear

Toe
{inches|
o

1{32
toe-1n
1116
toe-in
3/32
1ae-m
316

togn

Car Make and Model

75 Chrysler, Imperial

75 Dodge, Plymouth

75 Torning, Montego, Cougar

75 T-Bird

70-71 Toyota Crown

70-73 Toyata Pick-up

72 Fiat 124 Spidur

15 Maverick, Comet

75 Monarch, Granada

B8-70 Buick Wildcat, Electra 225,
Riviera

B63-74 Carvette

71-75 Vega

74 Pinta

70 & 73 Maverick

73 Mustang

73 Mercury Comet, Cougar

/5 Pontiac Astre

75 Manza 2+2

71 Fiat 124 Spider, Sport Coupe

73 Fiat 850 Spider

70-71 Tayata Corona Mk 11

Car Make and Model

75 Corvette

7075 Datsun 2402, 2602, 2802
63:65 Porsche 3568

68-72 Porsche 911,012 914
6972 Triumph GT6G

73 Frar B50 Spaddar

62-72 Flat 850 Coupe, Spider
6772 Triumph TRE

6G-72 BMW 1600, 2002, Sport Coupe

68-74 Corverte
71-72 Triumph Spitfire

72 Fiat 128

Toe settings for a number of late model cars. The amount of toe depends on the fore-and-aft stiffness of the suspension system, the
weight of the car and the steer characteristics desired by the manufacturer. Notice the only cars using toe-out are front wheel drive.

Many cars with front wheel drive have
toe-out specified on the front wheels.
This is because the driving forces on the
front wheels are greater than the road drag
and cause toe-in at speed. Thus a toe-out
setting is used to prevent excessive toe-in
due to suspension deflection. A front
wheel drive car is inherently stable any-
way, so having extra toe-in is not neces-
sary or desirable,

Cars with independent rear suspension
also have a toe setting at the rear. Because
the driving forces tend to cause toe-in, the
rear wheels are usually set at zero toe, The
effect of toe-in or toe-out on the rear is
much like the front, toe-out causing
instability and oversteer. You should set
the rear toe at the car manuracturer’s
specifications and do final adjustments
at the test track. Usually zero or a slight
toe-in will be the final setting, with high
powered cars having the greatest need for
a toe-in setting,

The toe setting at the front is con-
trolled by alink in the steering system.
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On some cars, direct measurements to set steering straight ahead are difficult to make.
On this Chevy van it's easy. Measure from the center of the ball-joint bolt at the wheel
to the center of the lower A-arm pivot at the frame. Check both sides—the distance
should be the same when steering is centered.

If you can't find a good way to make a direct measurement, measure from the wheels to
a set of parallel reference lines along each side of the car.
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This car has rack and pinion steering with a toe adjuster at each end of the rack. Here

the lock nut is being loosened to allow the adjuster to be moved. Each car differs in
design, so consult your shop manual for method of setting toe.

There are various types of steering link-
age, but they all control the toe by means
of some adjustment, usually in the tie
rods. Check your car’s shop manual for
the means of toe adjustment.

Most cars have a steering system that
uses an equal length tie rod on each side
of the car. Toe is adjusted by changing
the length of the tie rods by means of a
threaded adjustment. A clamp bolt is
loosened and the tie rod is rotated in the
threaded fittings to change its length
between pivots.

If your car has equal length tie rods,
before starting the toe adjustment make
sure the tie rods are exactly the same
length. Measure the distance between
pivots with a steel tape and change each
tie rod the same amount in opposite direc-
tions to make them equal length. Doing
this makes the steering geometry the same
on both sides of the car.

Now center the steering. It is necessary
for the front wheels to be straight ahead
so they will be in the normal straight line
driving position. Due to the geometry of
the steering linkage the toe setting changes
as the steering is turned, A slightly turned

steering will give false Loe measurements.

Check the steering for centering by
measuring under the car. Using a steel
tape, measure between the outboard tie
rod pivot and a suspension pivot on the
frame. This distance should be equal on
both sides of the car with the steering
straight ahead. If it is off, turn the steer-
ing wheel slightly and measure again.

If the steering wheel is turned when
the steering is centered, it can be taken
off the shaft and put on a different spline.
Do this after the suspension tuning is
done and you have driven the car on a
test run.

After centering the steering, toe is
measured in one of three ways:

Direct measurements between the tires.
Angular measurement between a pair of
tires.

Measurements between the tires and a
pair of parallel reference lines.

Direct Measurements Between The Tires—
Measuring between the tires is the sim-
ple way to get toe setting. It requires
accuracy, so don’t just rush out and mea-
sure between the tire treads with a steel

tape. First of all, the tire treads are not
very accurate. Second, the steel tape must
be stretched straight across the car at
axle height, and this is seldom possible
without drilling a hole through the car.

To get an accurate place on the tire to
measure from you must scribe a line on
the tire. Jack up the car, rotate the tire,
and scribe a thin line along the center of
the tread, all the way around the tire with
an awl or a sharp pencil. Take a good
look at the scribe line with the tire rotat-
ing. 1t must not wiggle sideways. If it does,
do the job again. Also check for slop in
the wheel bearings. If the bearings have
play the scribe line won’t be accurate.
Adjust the wheel bearing play to the fac-
tory recommended setting before scribing
the tires.

To measure the toe setting you will
probably need a gage.

A simple toe gage that can be purchased
or even built in your own shop is a tram-
mel bar, This is a length of metal, usually
steel tubing, with two pointers mounted
on it. The trammel bar is slipped under
the car and rotated so the pointers are at
the height of the center of the tire. The
pointers are then lined up with the scribe
lines, clamped in place on the bar, and
then taken out to measure the other side
of the tire. The difference between the
two measurements is the toe figure.

Before measuring toe, rotate the tire with
one hand and mark it with the other. Here
white chalk is being used for clarity, but a
sharp pencil mark or scribe line is more
accurate. After scribing the line, check it
by spinning the tire to make sure the line
runs true.
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Plans for a simple trammel bar made of wood. The dimensions are determined from the
car you are measuring. It is not adjustable, but it will work for cars of similar dimensions.
The pointer on the left is lined up with the scribe line on one tire, and the scribe line on
the opposite tire is compared to marks on the right hand plywood. A lighter, easier to

use trammel bar can be fabricated from steel tubing.

A home-built trammel bar in position to take a toe measurement at the front of the tires.
The pointer is lined up with the scribe line on the right front tire, and the left tire scribe

line is compared to a pencil mark on the top surface of the trammel bar, A strip of mask-
ing tape on the trammel bar makes it easy to place reference marks. Not very elegant, but

entirely practical.
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The car has toe-in when the rear of the
tires are spaced farther apart than the
front. Be careful not to get this relation-
ship mixed up! A car that is set with toe-
out instead of toe-in will give the driver
some wild surprises in the first corner.
It’s easy to mix up the two, so be careful.

The trammel-bar gage measures toe at
the outside diameter of the tire, but there
are other gages that take the measurement
at the wheel rim. These gages are like a
huge C-clamp that touches the outboard
edge of each wheel rim. The measurement
is taken at the front and at the rear of the
wheel rim and the difference of the two
measurements is the toe setting,

There is one problem using this type
gage. The toe setting measured at the
wheel rim is not the same as the toe
setting measured at the tire tread. The
setting at the rim will be a smaller num-
ber because the two reference points on
the rim are closer to each other than the
two reference points on the outside of
the tire. To solve this problem the toe
setting should be converted to an angular
dimension.

The graph shown in Figure 21 will
help. Start with the toe setting recom-
mended by the car manufacturer. Entering
the graph with this toe setting and the
diameter it is measured at—usually the
outside of the tire—convert this to an
angle. Then this angle can be converted
back to a toe setting at any other diameter,

Let’s say for example you have a car
that comes stock with 26-inch outside
diameler tires and a factory toe-in setting
of 1/8. In Figure 21 the factory setting
corresponds to an angle of 0.275 degrees.
If you wish to measure the toe setting at
the rim of a 14-inch wheel, the toe setting
at a 14-inch diameter is about 9/128 inch,
or 0.07" as closely as I can read between
the curves.
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If you don’t like to interpolate between
curves, you can do it by proportion. You
know what the toe is supposed to be, call
it T4, at some measuring diameter we can
call D,. For the same toe angle, you want
to know what the toe will measure at
some other diameter, call these Ty, and Dy,.

T
It’s true that: -2 = To
D, Dy
D
or, Tb = Ta X —b
a

In the example used above,

Tp = 0.125" x 12 = 0,067
26

which is pretty close to the 0.07" I was
guessing from the curves of Figure 21,
You can see that you don’t measure toe
with a piece of chalk and an old cloth

tape from your mother’s sewing basket,

ANGULAR MEASUREMENT
BETWEEN A PAIR OF TIRES

The direct measurement toe setting can
be converted to an angular measurement
as shown in Figure 21 or by simple trigo-
nometry. Toe can be measured directly as
an angle by a gage. A very precise and use-
ful portable gage is made by Dunlop. This
optical instrument uses mirrors to make
the measurement,

The Dunlop gages have two parts. One
rests against each wheel, with pointers
against the outboard surface of the wheel
rim. Obviously this is only as accurate as
the wheel, so rotate the wheel to be sure
it runs true. If it does not, take several
toe readings with the wheel rotated to
various positions and average the readings.

The toe-in on this car is being checked with a Dunlop optical gage. The two parts are set
on each side of the car against the wheel rim, and the mechanic looks through the tele-

scope in front of him. Opposite is a mirror facing the telescope, and the toe-in is observed

from a scale reflected in the mirror, This is a very accurate and expensive instrument.
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Dunlop gages are sold through a num-
ber of dealers such as LRE of Millerton,
New York. These gages are portable, but
they are large precision instruments that
require special handling. They can be
taken to the test track if you have plenty
of room and use care to pack them well,
Dunlop gages are commonly used at the
track for quick toe changes.

Front-end shops usually have large non-
portable gages for measuring toe. These
are mechanical or optical devices, and
they offer very quick measurements. This
type of gage is great for turning out work
in a hurry, but they are too big and expen-
sive for home use.

MEASUREMENTS BETWEEN THE
TIRES AND A PAIR OF PARALLEL
REFERENCE LINES

Measurements to parallel reference
lines allow not only the toe to be deter-
mined, but also the squareness of the
chassis and wheels. It is possible for the
rear wheels to be steered to the side. It
is also possible to have the rear wheels
displaced sideways from the front wheels.
The car is not square in such cases, and
it will travel down the road in a sideways
attitude. Perhaps you have followed a
car with this condition on the freeway,

A car with this condition is subject to
instability and has different handling
characteristics in right and left turns.

Using parallel reference lines does not
require a toe gage. This method is handy
in your shop, and a toe gage is then used
at the track for quick adjustments. Once
the car is checked for squareness with
the parallel reference lines, there should
be no need to check it every time you
change the toe setting. The toe gage does
not allow you to check squareness, but
that shouldn’t change unless the car is
wrecked or a great amount of suspension
adjusting done.

When using parallel reference lines, all
measurements start with the centerline of
the chassis, The centerline is measured mid-
way between the suspension pivots on the
frame. Don’t assume that the outside of
the frame or the body is true, because it
generally is not built that closely. Only
the suspension pivots matter, and all
measurements should be taken from them.
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On a car with a solid axle and leaf springs,
the front spring eyes represent the sus-
pension pivots.

Use the upper or lower pivots on the
frame, whichever are the easiest to mea-
sure from. Take careful measurements
and mark a point on the frame exactly
halfway between a pair of pivots. Do this
at the other end of the car and then make
a reference line between the two mid-
points. This can be done with a string
stretched tightly between two points and
just touching the marks on the frame.
This is the centerline of the chassis; mark
it near the ends of the car in a spot con-
venient to measure from.

Now set up two straight reference lines,
parallel to this centerline, on each side of
the car, Have the car resting on its tires
at ride height, and place the reference lines
outside the tires a few inches away from
the wheels. You measure toe from the
reference lines to the wheel rim, so elevate
the reference lines to a height above the

floor even with the center of the wheels,
Use a straight piece of metal for the refer-
ence lines, or string streiched tightly
between two points, Adjust them so they
are exactly parallel to the centerline of
the chassis. After you get them set up, kill
anyone who stumbles over them.

At the rear of this Pinto the frame centerline is measured between the front brackets for
the leaf springs. The steel tape (arrow) is stretched between the two brackets and the
string is set up at the center just touching the tape. The centerline is marked on the car
at the rear of the body for future use.

|

On this Pinto the centerline is found by measuring between the lower front suspension
pivots. Then it is marked on the front frame crossmember. The car shown here has the
engine and suspension removed, which makes the job really easy. A bolt is slipped into
the suspension pivot hole in the frame. A plumb bob string is wrapped around the bolt
on each side of the car, and the tape measures between the two strings. Halfway
between the strings is the centerline.

To scribe the centerline on the body or
chassis drop a plumb bob down to the
string running down the centerline of

the car. Here the spot was first covered
with black spray paint to make the scribe
line easier to see.

81




SUSPENSION TUNING

L

After you have a centerline marked on the car, setting up

i —

parallel reference lines is easy.
Measure from the centerline to the reference line at front and rear. Having two people to
do this job is very helpful.

Setting rear toe is easy on this racing car, First the jam nuts locking the adjustable lower
radius rod are loosened as shown. Shortening this rod moves the upright forward, increas-
ing the toe-in. This adjustment changes the caster of the rear upright unless the upper
radius rod is adjusted a like amount.
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Toe measurements are made with a
scale from the reference line to the out-
board surface of the wheel rim, Pick a
spot on the wheel that is clean and true.
Before measuring check the wheel for
trueness by rotating it. If the wheel runs
out laterally you should take an average
of several toe measurements. This is a
long and time-consuming process, so
hopefully the wheels are true.

Remember when setting the toe to
parallel reference lines you are only mea-
suring one wheel at a time. Thus each
wheel has a toe setting orne half of the
total toe setting between a pair of wheels.
For example if the car manufacturer
specifies 1/8" toe-in at the front, each
front wheel would have 1/16" toe-in
when measuring to its reference line. Also
remember that you may not be measuring
toe at the diameter implied in the specs.
You know how to convert the numbers
by the proportion given earlier.

Check the toe setting on the rear sus-
pension by measuring from the front and
the rear of each wheel rim to the reference
line. The distance to the front of the rim
minus the distance to the rear of the rim
is the toe-in for that wheel. If the toe set-
ting is zero, then the two distances must
be equal. With independent rear suspen-
sion it is possible to have one wheel with
toe-in and the other with toe-out, This

Here the toe-in is checked by measuring
to the reference lines set parallel to the
center of the chassis. The reference lines
are light string stretched between two
jack stands at the height of the wheel cen-
ters. This toe-in measurement is taken at
the wheel rim on an accurate machined
surface.
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situation can be corrected by this parallel
reference line method, because each rear
wheel is checked individually.

Now set the front toe, first making
sure the steering is centered. Checking
this is easy with parallel reference lines,
because if the steering isn’t centered, one
wheel will have toe-in and the other toe-
out. If this condition exists. just turn the
steering wheel slightly and measure again.

SQUARING THE CHASSIS

Perhaps this section could also be
titled “frame alignment.” You check
that the four corners of the car are rela-
tively square and not warped to one side
or the other. You have previously set the
toe on all four wheels, but the rear
wheels must also be centered directly
behind the front wheels. Also the wheel-
base should be the same on both sides
of the car, and the wheels on the left side
of the car should be lined up fore-and-aft
with those on the right side of the car. All
these measurements come under the
general topic of squaring the chassis.

A car can be out of square because of
three things—sloppy manufacturing toler-
ances, wrong suspension adjustments, or
a bent frame. It is often hard to tell what
the cure is, and sometimes there is no
cure, However, it is good to know what
the situation is, so let’s check the chassis.

To begin you must establish four points
to measure from, one at each corner of
the car. You are most concerned with the
tires, so select points as close as possible
to them. From the center of each wheel
spindle drop a plumb bob down to the
floor. Try to do an extremely accurate
job here, making sure the plumb bob is
lined up with the center of the spindle
exactly, You may have to remove the
wheels. If so, support the car under the
suspension so it is sitting as close as possi-
ble to the normal riding position.

With the four points established on the
floor you are ready to take measurements

between them. Measure all distances shown

in Figure 22. For a perfectly squared
chassis, C=D and E = F. The distances A
and B do not necessarily have to be equal.
The problem is making the necessary
corrections. Some cars can be adjusted
and some cannot, depending on the sus-
pension design. The error may be in the

To set up for testing chassis squareness,
center the steering, plumb bob from the
center of each spindle or axle. Masking
tape is on the concrete floor for easy
marking of the spot where the plumb
bob touches. After all four points are
marked on the floor the measurements
shown in Figure 22 are made.

suspension adjustment or on the frame
itself.

The way to check the frame is to drop
your plumb bob from the suspension
pivots on the four corners of the frame.
Make measurements on the floor for the
frame as shown in Figure 22. If the error
at the frame is the same as at the wheels,
then the frame is bent. If the suspension
pivots on the frame are square, but the
wheels are not, then the error is in the
suspension.

If the frame is in error, no adjustment
will work properly. The car should be
taken to a frame-alignment shop and
straightened if possible. On some cars
this is relatively simple and others not.
A frame-repair expert can tell you.

If the error is in the suspension, then
adjustment is possible. If distances C and

D are equal but distances E and F are not,
then the rear suspension is displaced side-
ways relative to the front suspension. On
a solid rear axle, this sort of problem is
corrected by moving the entire axle side-
ways on its mounts. If the lateral location
of the axle is with a linkage, this linkage
can be shimmed or adjusted. If leaf springs
locate the axle, then they can be moved
sideways slightly in their mounts. A large
movement would require new brackets,
but even this is not impossible.

Figure 22/This shows a view looking down
on the car with the small circles represent-
ing the reference points for checking chas-
sis squareness. Locate the reference points
with a plumb bob as close to the tire as
possible. It is not necessary to use the
same width between points at the front
and the rear of the car. Just use the same
points on the chassis at the right and left
side of the car.
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Before mounting the suspension on his rac-
ing Pinto, Guy Ober is checking the frame
for squareness. The plumb bob string is
wrapped around the lower A-arm mount-
ing bolt with the string against the forward
side of the bracket. A similar measurement
is made on the other side of the frame.
Measurements are taken between points
marked on the floor.
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It is also possible for one wheel to be
ahead of where it belongs. If for example
the left front wheel is too far forward,
then both C and E would be too long
relative to D and F, In such a case it is
usually possible to move the front wheel
back by shortening the strut locating the
lower suspension arm. On many cars this
strut is adjustable. However, watch out
for caster changes when making such an
adjustment. If the caster cannot be cor-
rected another way, then you will have
to leave the chassis out of square,

Locating the exact cause of the error
can be a matter of trial-and-error. If there
is an easy adjustment to make, try it and

see how this affects the various dimensions.

[f the ones in error get closer together,
then you did the right thing. However,
always be aware that an adjustment in
wheelbase or in lateral location can change
the caster, camber, or toe setting of that
wheel. The correct toe, camber, and cas-
ter are more critical than a perfectly
square chassis.

As a final check for squareness, check
that any adjustable suspension links on
both sides of the car are the same length
between pivots. At times unequal adjust-
ments can cause errors in squareness.

Some errors may be unavoidable. If the
distances C and D are within about 1/2”,
then the car will most likely handle rea-
sonably well. Obviously you would like
to be closer, but don’t throw the car away
until you test drive it with all other
settings correct.

CAMBER

Camber is the angle the plane of the
tire makes with the vertical. This is illus-
trated back in Figure S. Camber is a very
critical setting, particularly if your car has
wide-tread tires. Again, start with the
manufacturer’s settings if available. If not,
try zero camber for general road use, and
about 1/2-degree negative for a racing car.

The final camber setting will be determined

out on the test track using tire tempera-
ture as a guide.

Camber is measured with a specialized
level called a camber gage. These are avail-
able at auto supply stores. A really good
camber gage suitable for all cars is manu-
factured by Wayne Mitchell Engineering.
This precision gage features correction for

non-level floors and fits all types of wheels.
It offers more precise measurements than
the common gage used by front-end shops.

You can set some race cars with a very
simple tool, providing the body is remov-
able. You need a straightedge long enough
to lay across the tires, and a carpenter’s
framing square. Rest the straightedge
across the tops of the tires and put the
long side of the square against the outer
face of the wheel or tire. Slide the square
downward until the short leg just touches
the straightedge and measure the gap as
shown in Figure 23.

The Wayne Mitchell Engineering camber
gage was developed for use on racing cars,
but it works great for any vehicle, The
vernier adjuster on each level allows very
precise camber measurements to be taken.
The gage is held against the outer surface
of the wheel to measure camber.
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Figure 23/A standard framing square can be used to measure camber on a low car. The above drawing shows the framing square in posi-
tion. The gap between one end of the square and the straightedge can be converted directly to a camber angle. This method works on
non-level ground. Make sure the framing square measures 14 inches long as shown.

The camber is measured on this open
wheel car very simply with a straight
piece of steel tubing and a framing
square. This only works on cars with a
removable body and a very low chassis
between the wheels. The conversion of
gap between the square and the straight-
edge into degrees of camber is shown

in Figure 23.

The adjustment for camber takes vari-
ous forms. On most race cars it involves
changing the length of one of the A-arms.
On a typical production car, camber can
be adjusted with shims, with an eccentric
bushing, or some other means. Consult
your shop manual for the method of
adjustment. On cars with solid axles,
bending the axle is the only way to set
camber, and this should be done at a
qualified front end shop with all the big
tools necessary.

When adjusting camber, you should
write in your notebook how much the
camber is affected by a given amount of
mechanical change. Record the camber
change for a certain shim thickness, or
the camber change for one turn on a rod
end. This is a big help when trying to
make a fast adjustment at the track.

Ideally the car should have zero cam-
ber under all conditions of straight-line
driving and cornering. However, most sus-
pension systems cause the camber to
change with travel, so a compromise is
required, To help make an intelligent
choice for static camber setting you
should test the car for camber change
during vertical suspension movement and
body roll.

This Datsun has MacPherson-strut suspen-
sion with a modification. The camber is
adjustable by means of sliding the top end
of the shock strut in the slots shown. The
mounting bolts are being loosened prior
to making the camber adjustment. Nor-
mally these cars do not have a camber
adjustment.
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This TRW spring compressor is a real help
in installation and removal of coil springs.
It can be used on most applications includ-
ing the front springs on intermediate Ford
products. Using a ratchet wrench on the
compressor bolt compresses springs
rapidly and the holding hooks are adjust-
able to the spring diameters.

This table shows average camber settings
for a number of late-model cars. Average
figures are used, because many cars specify
a different figure for the right and left
side of the car. Putting more positive cam-
ber on the left front wheel compensates
for a crowned road surface and malkes the
car run straighter. For high-performance
driving the camber should be the same on
each side, and the driver must live with a
small amount of pull to the side on a
crowned road.

The rear camber settings are sometimes
different than the front on cars with
independent rear suspension. Some of
these are also shown,
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To test the camber change you must
first remove the springs. This is also
required when bump steering the car as
described in the next section. A spring
compressor may be required. A good unit
is the Coil Spring Compressor Tool made
by TRW Replacement Division, Cleveland,
Ohio. This is inserted into the front coil
spring and tightened down to compress
the coil. Once the preload is taken off the
spring it can be removed from the car

easily, Just be careful of a compressed coil
spring—it can kill you if it gets loose.

To test for camber change with vertical
suspension travel use a jack to move the
chassis to various ride heights and mea-
sure the camber at each position. Plot
camber versus ride height on a graph, This
will be useful for future reference because
it tells you how much to change the cam-
ber if you adjust the ride height. The tires
are resting on the floor during the test,

TYPICAL CAMBER SETTINGS

Average Average
Camber Car Make and Madal Camber Car Make and Model
a/a” 1492 Camare 2.28 234" G168 Austin Sprite

187 #1-74 Cadhllac
14 Cadillae Eldorado
[¥] GE-71 AMC; all models

6970 Buick Lis Sabire, Estate Wagon,
Whldeat, Eléctra 225

6H-73 Cadillac Eldorado

3 Fard

I3 Mercury

13 Capri

12 Pantera

72 Jaguar Senes 3, V12

12 Murcedes 35050, 600

69 MGT, MGC GT

13 Porsche 911

10073 Porscha 814

F1-72 Dlcdsrmabale, ol models

F375 Otdsimobale Toronade

7172 Ponmiae Intermediates, Grand

Prix
A Cacillae, all mesdels
Al corvairy
+1/8%  BB-70 Oldsmobile, all madels
316" 1475 Ford
1475 Mercury
a2 AME, all miodels

BB 71 Buick Rivierd
7304 Buick Apollo
7214 Chewy 11, Nova
BE-JU Chevrolet
114 Vega
{015 Ford Maverick
G971 Mercury Moantego
1175 Mercury Comet
G871 Jaguar XKE
13-4 Oidsmobsle Omeoas
68 0 Pantae
7376 Ponuae Ventura
70:71 Simca
12 Triumph TRE
13 Mava, all models
% Pontiac Asree
75 Buick Skyhawk
Th Maova
75 Monarch, Grinada
6 Oldsmobile Starfire
+3/8 68 76 Dodge, all modets
BE 76 Flymuouth, all models
7495 Ford Tanno
7475 Mercury Montego, Cadgar
74 For
4 Mercury
Ho Chryster, Impernal, Cordobia
15 Mahant, Dant
1.2 G870 Chevelle
68-71 Chewy 1], Nava
f1-77 Cheyroley
1 Fiat 124 Spadern, Sport Coupe
11-72 Jaguar X J6
72 Mercades 220, 250, 2B0SE/SEL 456
7475 Mustang 1]
#2-73 Mustang
72-73 Cougar
75 Vega, Mansa 242
68 72 Ford
6872 Mercuiy
6875 Lincoln Continental
£2-71 Lincoln Continental Mark 111
71-72 Peugeot 304
T0-73 VW 1800, Type 1
#1.72 Pontiac Ventura i1
J2-75 Lincoln Contnental Mk |V
712.73 Peugeot 504

G9-71 Austin America

7172 MG Micdger

1374 Camaro 728

71.74 Ghevelle, Monte Carlo
7375 Chevrale

G8-75 Corvetts

174 Pinto

GY & 71 Mustang

68 & 71 Cougar

7273 Ford Tonna

T12-73 Mercury Mantego

7274 Lincoln Continental Mk 1
V-4 Pontac Cavabma, Grandwille,

Bonneville

13- 75 Buwk

7374 Okdsmotn e Cutlass, 88, 98

15 Buick Apollo, Skylark, Cuntury,

Hugal

5 T-Bid

15 Otdsmoba e Qg

13-75 Ponnae Grand Prix
" 71 Datsun 510

71.72MGB, MGB GT

10-75 Camarn

0 Mustang

T Cougar

13 0pel GT

10-73 Toyota Pick up

12 Triumph Stag

J0- 75 Panuac Frebird

15 Chevelle, Momie Carlo
114 70-71 Toyotas Corona K Mk 1)
¢1-1/3%  67-70 Darsun SRL311, SPL3N

J0-13 VW 1600, Type 3
F1.1/2% 13 0pet 1900, Manta

1273 Renault

12:13 Toyora Corona Mk 11
£1.314" 73 Fiar 850 Spigder

b0 Ford Cornina 1600
+2:3/4% 72 Trumph GTE Mk3

Rear
Average
Camber Car Make and Model
F1/4Y 7172 Toumph Spitfice
29 66-72 EMW 1600, 2002
75 Frat X-19
GG-72 BMW Sport Coupe
7173 VW, Type 3
pre- 71 VW 1500 & 1600, Type 1
waith doutsle L-goints
| 13 Fiat 850 Spder
G9-72 Trumph TRE
T1-73 %W, Type 4
78 6974 Corvetie
GB-73 VW, Type 2
68 Corverte
70-72 Datsun 2402
G2-72 Jaguar XKE
B63:72 Porsche 911,912
116" 76 Carverte
2% 70.73 Porsche 814
72 Fiat 128
69-72 Triumph GTE
All cars with solid axie rear suspension
63-65 Porsche 3568
#1° pre-71 VW 1500 sedan with swing
axlps
N TH-73 VW Beetle, Type 1
+3° me68 VWV, Type 1 40 HP, Type 2
with swing axles
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CAMBER =" -

"W\ CAMBER
CAMBEFI’__ CAMBER
THRUST THRUST

Camber thrust acts inward on a tire with negative camber. This is shown in the sketch
above. If the car had positive camber the camber thrust would act outward on each tire.

and the chassis is moved with the jack.
Make sure there is no body roll. Measure
both front and rear, unless the car uses a
solid rear axle.

Now test for camber change with body
roll by tilting the chassis at various angles.
Measure the angle of roll with a level and
protractor. Plot a graph of camber on the
outside tires versus body roll, Don’t worry
about the camber on the inside tire, as
it does very little work in a corner. When
making this test put a block under the
chassis in the center of the car to keep
the average ride height constant. If you
change ride height as well as body roll
you won't get accurate results. The block
under the frame should be as thick as the
static ground clearance at that point on
the frame,

Once you know the relationship of
camber and body roll at each end of the
car you can make an intelligent choice on
static camber and how much to limit the
roll angle. For best cornering power, the
camber should be zero on the outside tire
in a corner. Let’s assume that your car has
a camber change of 2 degrees positive at
at body roll of 3 degrees. If you select 3
degrees as the maximum body roll, the
static camber would have to be set at 2
degrees negative to make it zero in a
corner. Perhaps a better compromise
might be to limit the body roll to 2
degrees by increasing the anti-roll bar
diameters. At this body roll let’s say the
camber change is | 1/2 degrees positive,

A reasonable compromise would be 1
degree negative static camber setting,
which would make the camber 1/2
degree positive in a corner.

With some suspensions it is impossible
to get zero camber in a corner without
using a very large static negative camber.
A large amount of negaiive camber has
disadvantages. It adds drag in a straight
line and it wears out the tires faster. Also
it reduces braking traction, because cam-
ber affects traction in that direction too.

For street driving a car with negative
camber is apt to be unstable. The camber
causes a side load on the tire when driving
in a straight line. This force is called cam-
ber thrust, and it acts inwards on a tire
with negative camber. The camber thrust
is equal on both tires when driving on a
perfectly straight smooth surface, but if
one side of the car is disturbed by a
bump there is an unbalanced side force
on the car. This will cause wandering on
bumpy surfaces. In addition the camber
thrust causes additional deflection in the
suspension linkage, which changes the
ideal toe setting. The toe may have to be
re-adjusted after changing the camber. The
amount of toe change will be very small,
and it will vary with the design of the car.

There have been rule-of-thumb state-
ments that a certain amount of camber is
equivalent to so much toe-in, but these
rules hold true only for a specific car. It is
best to set the toe on the test track or on
the road according to driver feel.

When you tested the camber change

with body roll you made sure the ride
height did not change during the test.
However, in actual driving the ride height
may be affected by the cornering loads on
the suspension, This is known as jacking
effect, and it is serious on any car with a
high roll center and independent suspen-
sion. Jacking effect causes the car to
increase its ride height in a corner. The
greater the cornering force the higher the
ride height.

The reason for this is the side load act-
ing through the roll center causes forces
on the suspension tending to raise the car
on its springs. This happens at the same
time as body roll, so the two effects are
combined. The resulting camber is a com-
bination of the two effects, usually posi-
tive camber on the outside tire.

ROLL CENTER

\

CORNERING
FORCE

Here’s what the swing-axle suspension

does in a turn, The jacking effect raises

the ride height which causes positive cam-
ber on both tires. This reduces the corner-
ing power and causes oversteer. Old VWs,
Renaults, Fiats, and early Corvairs all suf-
fer from this problem. All these cars have
changed to a more modern rear suspension,
having a lower roll center and less jacking
effect.
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This effect is particularly bad on cars
with swing-axle suspension, as they have
the highest roll center of all.

To combat the jacking effect it is nec-
essary to make the springs very stiff, use
extra devices that add vertical stiffness
without adding roll stiffness, and set the
car up with a lot of negative camber,
Modifications to the suspension of swing-
axle cars are discussed in detail in Chapter
4. The negative camber should be deter-
mined by test, but it will be a poor com-
promise for any car used for both street
driving and racing. The proper camber
for racing is totally unacceptable for the
street, usually over 2 degrees negative, A
swing-axle car set up properly for the
street will usually not be ideal for racing
unless it is so stitf it jars your teeth. All
facts considered, swing axle cars are not
ideal for high-performance driving.

In the tests for camber change with
suspension movement and body roll it is
necessary to determine the characteristics

of the front and rear suspensions separately.

If you have an independent rear suspension
the camber may act exactly the same as the
independent front suspension. This is an
ideal situation for predictable handling. If
the camber change is different between
the front and rear, the car will be harder to
drive. A single wheel bump or a rapid
change in direction may require some
really expert reactions on the part of the
driver. Whatever the camber characteristics
are, you will be forced to live with them
unless you re-design the car. The only
hope is to understand what is happening
and make changes that are good
COMpromises.

An example of a car with widely dif-
ferent camber characteristics at each end
is the old VW. This chassis is commonly
used for home-built cars, dune buggies,
and racing cars. These VWs use trailing-
arm front suspension giving one degree
of positive camber on the outside tire for
each degree of body roll.

The rear suspension is quite different.
It has a large amount of camber change
with vertical suspension movement, going
into positive camber with increasing ride
height. With body roll the outside tire
has small negative camber slightly increas-
ing with body roll. In a corner the very
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The old-type VW rear suspension is a swing axle. The camber changes a great deal as the
chassis moves on its suspension. On this racing car the suspension is set at negative cam-
ber so the jacking effect in a turn causes a minimum of positive camber. The results are
a compromise at best. That's not an anti-roll bar, it's a Z-bar—described later in the text.

large jacking effect more than cancels
out the negative camber due to hody roll,
resulting in considerable positive camber
on both rear tires.

If this car is set up with typical camber
angles for racing it has zero on the front
and say two-degrees negative at the rear,
When the driver hits the brakes, the rear
rises causing less negative camber in the
rear, This is pretty good for braking,
Now the car is turned into a corner. If
the driver has let off the brakes the car
settles down into the negative camber
position and the car is initially neutral.
However, if the car hasn’t settled yet, the
lack of negative camber results in initial
oversteer.

Then, in the turn, an application of
power changes the camber and upsets the
handling even more than the power should
alone. Any bumps in the turn compound
the problem. If the corner is banked the
rear camber goes more negative and the
front does not change. What is neutral
handling on a flat corner may become
oversteer on a banked corner.

You can see how the variables can
upset the handling of the car in so many
ways. The suspension system takes away
some of the driver’s control with all this
variation in camber between the front
and the rear. Balance is the key to control,

and this type of suspension is far from
balanced in its properties.

BUMP STEER

Adjusting bump steer is an advanced
suspension-tuning technique and often
makes the difference between average and
outstanding handling. Many elusive
twitches and wiggles can be blamed on
bump steer, and often it is the cause of
high-speed stability problems. Bump steer
is the change in toe setting as the wheels
move up and down. It can happen at
front or rear, Ideally you want zero bump
steer—the toe setting should remain con-
stant no matter where the suspension
moves. Here’s how to check bump steer
and adjust it.

First you need a tool to check bump
steer. Of course it could be checked with
a toe gage, but a bump-steer gage is easy
to build and often a lot handier to use. A
drawing of a home-made gage is shown in
Figure 24. This is made from two pieces
of plywood and a piano hinge. The gage
is placed on the floor next to the wheel,
and one side is held down with a heavy
item such as a battery or a toolbox. The
other side of the gage rests against the
wheel in a nearly vertical position, The
two bolts through the gage are adjusted
to just touch the wheel rim. A dial indi-
cator can be substituted for one of the
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3/4" or 1" PLYWOOD - 2BOLTS, 3/8" x 5" WITH 4 NUTS
/ /POS!TTON TO TOUCH WHEEL RIM
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Figure 24/You can build this handy bump steer gage out of two pieces of plywood, a
piano hinge, and two bolts. The gage is positioned on the floor, held by a heavy item
such as a battery. The gage can have several hole patterns for various size wheels. If
more accuracy is required, substitute a dial indicator for one of the bolts.

bolts if a more precise measurement is
desired. Remember this gage only mea-
sures the change of toe, not the actual
toe setting.

To check bump steer remove the
springs so the suspension can be moved
through its full range of travel.

With the tires resting on the garage
floor, the car chassis is moved through
its range| of travel with a jack under the
frame. On some cars it may be necessary
to place blocks under the tires so the
frame can be lowered to its full bump
position with the jack. Do not attempt to
go beyond the normal range of suspension
travel,

Start with the car at full bump position.
Make sure the bump steer gage has both
bolts against the wheel rim. Then raise the
jack about 1/2-inch and look at the bump-
steer gage. If both bolts are still touching,
there has been no toe change. A change
will show up as a gap between one bolt
and the wheel. If the gap is on the front
bolt, the wheel has increased toe-in. A
gap at the rear bolt indicates toe-out.

Record the gap and the ride height above
the tloor. The bump steer gage shown in Figure 24, ready for use. It is held in place with the con-

crete block and set up with the bolts just touching the wheel rim.
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Figure 25/Here are three examples of
bump steer curves. Curve A is ideal, with
zero change all through the travel. Curve
B has toe-in with increasing bump travel,
with nearly the same error at both bump
and droop positions. Curve C has toe-out
in bump and toe-in in droop, with the
error greatest at full bump. Many other
curves are possible, but only Curve A

is ideal.
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Move the jack again and take another
reading. Record the toe change if any.
Continue this process until you have mea-
sured the toe change all through the sus-
pension travel to full droop. The results
can be plotted on a graph as shown in
Figure 25.

If you are using a dial indicator the

gap shows up as a reading on the indicator.

Start out with the dial set at zero, so the
reading is the change from the initial
position. This method is more accurate
than measuring the gap between the bolt
and the wheel,

If there is a significant toe change you
will wish to make an adjustment. This
will vary with the design of the car, and
is different on the front and rear suspen-
sions. First we will look at the front.

On the front suspension, the bump
steer can be adjusted by changing the
height of one end of the tie rod. This
assumes that your car has a conventional
steering system using equal-length tie rods.
This type of steering system is almost
universal with independent front suspen-
sion of the A-arm or MacPherson-strut
type. Other types of front suspension
such as sliding pillar, trailing arm, or
swing axle generally cannot be bump
steered. This is one reason these suspen-
sion systems are not widely used.

The method of changing the height of
the tie rod will depend on the design of
the car. If your car has rack and pinion
steering, perhaps the rack can be raised

or lowered on its mounts, Some cars lend
themselves to this if they have rack mount-
ing brackets mounted on a horizontal
frame rail. Shims under the rack brackets
or machining off the bottom of the
brackets will work for the adjustments.
Make sure you don’t bend or bind the
steering shaft or any of the mechanism
with these adjustments.

On cars with a steering box the usual
method of adjustment is to modify the
steering arm. On many cars this is a remov-
able part, and it can be bent to move the
tie-rod end up or down. To do this you
should heat the steering arm with a torch
and carefully bend it to the proper shape.
The best place to make the bend is
toward the tie-rod mounting end of the
arm. After checking the bump steer with
the modified steering arm on the car, it
must be heat treated to its original
strength. Heating softens and weakens
the steel. Also the part should be Magna-
fluxed to check for cracks caused by
bending. Steering arm modification is a
critical job, and is not the place to “Mickey
Mouse.”

To avoid steering-arm modifications,
the steering system can be converted to
spherical rod ends in place of tie-rod ends.
This allows shims to be used between the
steering arm and the rod end for small
bump-steer adjustments. Large changes
cannot be made this way, but it is a good
way of getting an extremely precise small
adjustment. To do this, the steering-arm

e RS R

On a Pinto it's easy to change the height of the steering rack by adding washers between

the rack brackets and the frame. If the rack has to be lowered the rack brackets or frame
brackets have to be modified. Some cars do not allow such easy bump-steer adjustments.
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To correct bump steer on his Datsun 510, owner Dave Redding is modifying the steering
arms. Here he heats the arm to yellow color. The heat is applied to the compression side
of the arm to prevent cracking—arm is pulled toward him to bend it. Careful measure-
ments are taken every step of the way. The arm is Magnafluxed and heat treated back to
its original strength after forming. The steering arm is a critical part, and this is a job best
done by experts.

This Datsun front suspension uses a rod end and a bolt in the steering tie rod, shown
in the lower right hand corner of the photo. You can also see the spacer under the rod
end that is used to adjust bump steer. In this car, the steering arm is also bent to prevent
the spacer from being too long. A long spacer causes twisting of the steering arm, result-
ing in excess deflection or even structural failure.

tapered hole for the tie rod is drilled out
to accept a bolt. The spherical rod end is
bolted to the steering arm using a lock
nut for safety. Small OD flat washers
between the rod end and the steering
arm allow free movement of the spherical
bearing and also allow bump steer adjust-
ments. After installing the spherical rod
ends be sure to check for free movement
in all position of suspension motion and
steering travel.

The curves in Figure 25 show the ideal
bump-steer characteristic and two other
ones with some error. All sorts of curves
are possible, most of them terrible for good
handling. You should try like crazy to get
a curve with zero bump steer both at the
front and the rear. The time spent will be
worth it.

The amount of change and directions
of the change is not an exact science, be-
cause so many suspension dimensions can
cause bump steer. The best way is to use
a trial-and-error approach. Make a small
change to the car, in the direction that you
guess will help the bump steer toward zero.
Then make another test and plot the new
bump-steer curve. Write on the curve how
much you changed the car and in what
direction. The curve will tell you the
next step. If things are improving make
another change in the same direction. If
things got worse, make a change in the
opposite direction from the first change.
Don’t forget to write everything in your
notebook, so you won’t get confused and
have to repeat a test.

If you get a nearly ideal curve except
for the last bit of suspension travel, don’t
worry too much about it if it won’t im-
prove. You seldom get into the last inch of
suspension travel anyway.

Try really hard lor zero bump steer at
the front. A car with bump steer in the
front suspension will be unpredictable in
a turn and unstable during braking. The
car is very sensitive to toe-in changes.
With bump steer, toe changes can happen
with every dip in the road or when you
hit the brakes. Both toe-in and toe-out
errors give terrible handling and should
be avoided in the front suspension.

Cars with independent suspension may
also have bump steer at the rear. The
adjustment is usually difficult or impos-
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sible on road cars. If you have one of
those unfortunate cars with designed-in
bump steer, the only satisfactory way to
combat it is to stiffen up the suspension
so it moves very little. Many cars with
semi-trailing-arm rear suspension fall into
this category.

Racing cars with fully adjustable rear
suspension have the advantage of being
adjustable for rear bump steer, Here you
change the caster of the rear upright to
adjust bump steer. This is usually done by
changing the length of the radius rods to
tilt the upright off vertical. This also is
a trial-and-error procedure. Try a different
setting and record the results in your note-
book. Again, zero toe-in change is the
best, but if this is impossible shoot for toe-
in which increases as the wheel rises. Avoid
the opposite characteristic like the evil
spirit!

ROLL STEER

A characteristic that is linked with
bump steer is roll steer. This is steering
of the rear wheels as the car leans. Even
cars with a solid rear axle can have roll
steer, and many indeed have this charac-
teristic built into the car. Production car
manufacturers use roll steer to give the
car a high degree of understeer in a corner.
Sometimes it is used to counteract the
oversteering characteristics of a rear
engine car. This is called roll understeer
where the axle causes an understeering
tendency. Roll understeer is the case
where the rear wheels steer in the same
direction that the front wheels are turn-
ing into a corner. The opposite, roll over-
steer, would be where the rear wheels
steer away from a corner. Roll oversteer
is seldom deliberately designed into a
car because it causes stability problems.
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On a racing car, rear caster is adjusted to change rear bump steer. Here a gage is resting
on top of the rear upright to measure the caster angle. The adjustment is usually made
by changing the length of the radius rods that locate the rear upright in a fore-and-aft
direction.

“ﬁ
OUTSIDE REAR L/

WHEEL TOE-IN
{(ROLL UNDERSTEER) OUTSIDE REAR

WHEEL TOE-OUT
{ROLL OVERSTEER)

The car in front has roll oversteer and the car behind has roll understeer. This can occur
with independent rear suspension or with solid-axle rear suspension. On independent
suspension the toe change of the outside tire determines the roll steer, as the inside tire
has a reduced amount of vertical force on it in a corner. Notice how the racing drivers
are steering the front wheels to compensate for all that help from the rear wheels.
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Rear spring of a stock Pinto. The front of the car is toward the right, outside of the
picture. Notice that the front of the rear spring is lower than the rear. This causes roll
understeer when the car leans in a turn. Lowering the rear end of the spring by increas-
ing rear shackle length is a cure for this and similar designs.

The roll steer of this Pinto has been reduced by using longer rear shackles. The spring is
thus horizontal in the normal riding position, giving the axle a straight up-and-down
motion. The longer shackles raised the car, so the spring was re-arched to reduce the
ride height.

On cars with a solid rear axle, roll steer
is created by having the leaf-spring mounts
at different heights. This causes one side
of the axle to move forward and the other
side rearward as the car leans. A similar
roll steer can be built into a car with inde-
pendent rear suspension by using the pro-
per geometry.

Roll steer should be zero for good han-
dling. It only affects the transient handling
anyway, and there are better methods for
changing the steer characteristics of a car,
If possible try to eliminate roll steer on
your car, and you will find it more pre-
dictable in fast corners.

To change the roll-steer characteristics
of a car requires building some new parts,
and this can be a very complex task. On
certain cars, it is almost impossible to
change, such as on cars with semi-trailing-
arm rear suspension. A new suspension
would have to be built to help these cars.

On a car with a solid rear axle. chang-
ing the shackle length changes the roll-
steer characteristics. Because this modi-
fication changes the ride height also, you
should be aware of this double change.
Sometimes it helps both ways.

Roll steer is almost never used on rac-
ing cars because it can make the car less
predictable. When one wheel hits a bump
it acts the same as body roll, causing rear-
wheel steering. When driving on the limit
of adhesion this sort of thing reduces
driver control.

PREPARING FOR TESTING

After the suspension is set up in the
shop, it’s time to drive the car. Testing
can vary from a simple drive in the coun-
try all the way to a full-scale test program.
The results you get are worth whatever
effort you can put into testing. If you
are serious about getting the best possible
handling from your car, track testing is
the only way. In all types of motor racing,
you will find the guys who win the races
are the ones who do the most testing.

The first problem that always arises
is finding a place to test. If you have a
racing car, obviously the best place to
test is the track where you will be doing
most of your racing, If you don’t have a
race track for your type racing available
easily, don’t forget the other tracks in
the area. An oval-track car can be tested
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on a road course with a suitable left
corner, or a road-racing car can be driven
on a paved oval track if a road course is
not available. Any straight piece of pave-
ment will work for a drag racing machine,
at least to test performance off the line.
Use your imagination, and don’t overlook
possible test sites.

If there are no tracks at all, try the
small airports in your area. Noise is no
problem, and they usually have lots of
room to run. Some airports are not too
busy and will give you permission to run
on a secondary runway or taxiway. It
helps to be friendly with the airport
manager.

Parking lots are someétimes available
from a business on a weekend. Because
of insurance and liability problems, many
businesses are reluctant to let a car run,
so you will have to convince the owner

that you will be responsible for any damage

to the property and that you will cover
your own losses. Usually you will be

able to get permission if the man you are
talking to likes racing and understands the
problems and hazards involved. Beware

of creating too much noise if you are using

This is the sort of equipment you need to
thoroughly test a race car. The rack in the
foreground holds anti-roll bars of various
stiffness, the stack of tires in the rear is a
variety of sizes and compounds. This equip-
ment belongs to Balboa Datsun, which
fields a first-class racing team.

94

T g L oy I B sl 5

8

Fd

This racing car is ready for testing on an old airport runway. This is an ideal place to test,
but hard to find. Sometimes the use of a private airport can be obtained by asking per-

mission from the appropriate person.

In a Solol event each car runs against the clock for the fastest lap times. The real

value of this type of event is the practice sessions, where you have ample oppor-
tunity to try different suspension settings. Solo I events usually have much more
practice time than races, and the entry fee is less too.

a parking lot, and muffle the exhaust if
there are any houses around.

Although it usually doesn’t work as
well as a private session, some testing can
be done at an actual race. Pick an event
that gives you the most running time, so
you will have time to make changes and
evaluate the car’s performance. Don’t try
to win, just test. If you get serious about
winning, you forget about testing and
sorting out the car, so pick an event that

you don’t care it you win or not,

For drag racing, testing at a strip is best
because you get measured times to com-
pare different settings. Best is a small
local event, where very few cars are likely
to show up. Run “time only” so you
don’t get hung up with beating the other
guy, and make all the changes you can.

It helps to redline at a conservative figure,
so the car won’t be worn out in the test
session. Make as many runs as possible,
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and compare one with the next to see if
your suspension changes do any good.
Ignore the track record or what everybody
else is turning, and save that for your first
all-out race. Surprise the competition by
turning up your redline to its real maxi-
mumn, and blowing their doors off!

For road-racing cars, a super event for
testing is a Solo I event. This is a time-
trial competition where one car at a time
runs against the clock. Usually they have
long practice sessions fo allow drivers to
learn the track, and that is when you can
do some serious testing. They have full
safety crews out on the corners, and you
can drive hard without worrying about
getting in trouble on a lonely part of the
course. Remember this is only a test ses-
sion, so stop at the pits for whatever
changes you have to make, and don’t
worry about what the other cars are turn-
ing. Set a low redline until you are ready
to see exactly how the car can do against
the competition. Testing can wear out a
racing engine if it is pushed to its maxi-
mum all the time.

Testing a car to be driven on the road
is something of a problem, unless you wish
to enter it in some sort of competition.
You can, of course use u parking lot or
airport for testing, but be sure you get
permission first. Some drag strips are OK
tor testing if there are also corners you
can use. The return road often has corners,
or perhaps you can set up artificial turns
on the strip using rubber cones or card-
board boxes. Some people resort to a
public road for testing, and this is OK if
you stay within the law and do it in a
safe manner. The problems and dangers in
using public roads are obvious, and you
should be aware of them before trying it.
Whenever you test a road car, have some
people along in another vehicle to assist
you and to reduce any dangers that
might be associated with the test. Remem-
ber the police may not agree with your
ideas or mine as to what constitutes safe
driving while testing,.

No matter what type of testing you are
doing, be aware that it can be as dangerous
as racing. Always wear a crash helmet and
the type of driving suit required for your
type of competition. This applies to test-
ing road cars too. An airport manager is

much more likely to give you permission
if you look like you will take every pos-
sible safety precaution. If you are using

a test track, get as many friends as pos-
sible to assist you, and station them at
various points around the track. I you go
off course on the far end of the track, it
is comforting to know there is somebody
close by to help you. Take as many fire
extinguishers as possible and have them

at all possible parts of the track. Above all,
if something doesn’t seem right in the car,
stop and check it out. There is no reason
to keep on driving if you suspect a
problem.

Plan your test session in advance and
bring all the tools and equipment you will
need. Start out by writing a test plan.
This is a written list of what things you
are trying to find out, and a step-by-step
plan of how you will do the testing. As
you are writing the test plan, think of all
the test instruments, tools, and parts you
might need to do the job, and write them
down too.

Always assume that you will have to
make changes, and bring all the spare parts
and tools required for the change. If
there is any doubt, bring it, as you can
sometimes lose a full day of testing for lack
of a small part. Put the list of parts and

supplies in your notebook, and it will help
you when you go to the next race.

Start your test day early, so you can
have the maximum amount of time.

Lack of time is usually what limits a test,
so take full advantage of every opportunity
you have. You can always leave the track
early if you feel you have nothing else to
learn,

Change only one thing at a time! If
yvou make more than one change, you will
never know what change caused the effect,
and also one change may work against the
other to give you a false result. Be
methodical and repeat any test that you
are not sure of, It pays to go back to a
known setting from time to time, just to
be sure. Make certain that you always
write down the change and what the
result was. Too much written information
never hurts, but too little often does. This
effort will pay off later when you are
pushed for time and need accurate infor-
mation fast.

TROUBLESHOOTING HANDLING
AT THE TEST TRACK

Once you are out and running on the
test track you will want to make adjust-
ments to improve the handling. Change
one item at a time, and if it doesn’t seem

4

If you can get the use of a parking lot you can set up a small test corner using rubber
cones or cardboard boxes for markers. On this lot the circular marks can also be used

as a skid pad as described later.
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If your car lifts a front tire off the road in a turn it has too much front roll stiffness, too little rear roll stiffness, or a combination. A

car on three wheels generally cannot corner as fast as on four wheels due to the excess roll after the tire lifts off. Change the roll stiff-
ness so that the tires all remain on the road in a steady-state corner. Adjusting roll stiffness to tune the suspension has no effect on a

three wheeled car. (Don Larsen photo.)

to work, go back to what you started
with. It pays to be methodical here and
repeat tests if you don’t fully understand
the results.

The two items of most interest are
steer characteristics and cornering speed.
Usually steer characteristics can only be
measured by driver evaluation, while cor-
nering speed can be measured with a stop
watch. On a racing car, lap times are the
best indication of proper handling. Always
be aware of the lap times, but try to
eliminate the variables such as the driver
pushing the car harder. The results of a
test session will depend both on measure-
ments and on driver reaction to the
changes.

[f the car has already been to a skid
pad, the camber and tire pressure for
fastest cornering have already been
determined. Start with these settings if
available. If not, you can determine the
best settings with a tire-temperature check,
Here you should have a pyrometer., because
holding your hand against the tread just
isn’t accurate enough. More details are in
the later section on using a skid pad.

The car should be run around the test
track for a few hot laps and then come
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in for an immediate tire temperature
check. Don’t delay, as the temperature
will change with time once the car is
stopped. Check the temperature at

three places on the tread, the inner side,
the center, and the outer side. For best
camber, the inner and outer sides should
be nearly the same temperature. If the
outside is hotter, there is too much posi-
tive camber in a turn. This can be cor-
rected by either increasing the negative
camber setting or by reducing the body
roll. Body roll is reduced with stiffer anti-
roll bars, or an adjustment. Keep checking
the camber, and get it at the best setting
for cornering as indicated by temperature,
If camber is more than about one-degree
negative, body roll should probably be
reduced. This is a compromise because
high roll stiffness will reduce adhesion on
bumpy corners,

[t is often useful to know what the
roll angle of the body is. It can be mea-
sured by running at the limit of adhesion
in a curve without banking. A quick and
handy way to get a pretty close measure-
ment is to take a head-on picture of the
car with a Polaroid camera.

Draw a line parallel to the road surface

and another line across two points on the
body which should be level except for
body roll. Measure the angle between the
two lines with a protractor.

The best tire pressure is also determined
with the three temperature readings taken
across the tire tread. If the center of the
tire is the same temperature as the average
of the two edges, then the pressure is
about perfect for best handling. If the
temperature is higher in the center of the
tire, the pressure is too high. If the sides
of the tread are hotter than the center,
the tire pressure is too low. Play with this
until you get it right,

After arriving at the best camber and
tire pressure, the steer characteristics
should be adjusted to give the best driver
control. Drivers vary in what they like, so
leave this up to your driver. The steer
characteristics can be altered by changing
either the toe-in or the relative roll stiff-
ness between front and rear. Each adjust-
ment should be done separately so as not
to make two changes at once. Generally
steer characteristics will be adjusted with
the suspension for low-speed corners, and
any aerodynamic devices will be set for
high-speed turns. Aerodynamic devices
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Wrench used to loosen the pinch bolt on
the anti-roll bar fitting so the fitting can
be moved along the bar. Moving the fitting
toward the end of the bar reduces stiff-
ness; moving the fitting away from the end
stiffens the bar. Both sides of the bar must
be adjusted at the same time. If you run
out of adjustment a different diameter
must be installed.

are not effective at low speeds.

Steer characteristics are usually varied
by adjusting the anti-roll bars. Most rac-
ing cars are equipped with adjustable
anti-roll bars at both ends of the car, and
the secret here is to vary only the ratio
between the front and rear and thus not
change the angle of roll. To do this, one
bar is made stiffer and the other softer.
Changing the angle of roll changes the
camber in the corner, and this is two
changes at once.

To make the car understeer less, reduce
roll stiffness on the front and increase it on
the rear, To make the car oversteer less do
just the opposite. We are assuming of
course, that no other changes are made at
the same time,

Perhaps the car runs out of adjustment
on the anti-roll bar, Then you must change
to a heavier or lighter bar, depending on
which direction you need to go. The
maximum limit to roll stiffness is when a
tire lifts off the road in the turn. This will
happen on the front of a conventional
racing car, If a tire lifts, you have gone too
far, and other methods have to be used
to adjust the handling. Back off on the
front roll stiffness until the tire just stays

on the road.

Toe-in adjustments are another way
of changing the handling. This usually has
the most effect on transient handling,
just as the car is turned into the corner.
Increasing toe-in on the front will make
the car understeer more, and reducing toe-
in will make it understeer less. The limit
to reducing toe-in is when you have high-
speed stability problems. You should try
to run close to zero toe-in for minimum
rolling drag, but sometimes changing it is
the only way to get the handling you need.

Rear toe setting should be close to zero,
with perhaps a tiny bit of toe-in to
minimize oversteer on very powerful
cars. If you ever have toe-out on
the rear you can expect all sorts of wild
things to happen, mostly instability and
oversteer. Check for rear toe-out if scary
things are happening out there.

Notice in the previous discussion there
was no recommendation to use either cam-
ber or tire pressures to adjust steer charac-
teristics, While these devices do work for
this purpose, they tend to reduce the
total cornering power of the car, and thus
should only be used in extreme cases
where nothing else works.

In the old days, tire pressures were
often the only means used for adjusting
steer characteristics. The old rule of thumb
was to increase the front pressure to
reduce understeer and increase the rear
pressure to reduce oversteer. These tips
basically only applied to road tires, where
the normal setting is underinflated. Thus
increasing the tire pressure at either end
increases the adhesion. However, for best
cornering you should find out from skid-
pad testing what tire pressure gives maxi-
mum cornering power, and stick to it. The
same goes for camber settings.

If your car has adjustable shocks, try
the various settings. Shocks settings are a
matter of trial-and-error to find the best
compromise. Shocks are most important
on bumps, particularly in a corner. Find
the bumpiest part of the course and see
if you can improve the traction there.
Also check the transient handling after
making a shock adjustment. Shock stiff-
ness can affect weight transfer just as the
car is turned into a corner. Once the car
reaches its steady-state roll angle, the

shocks do nothing unless the wheels hit
bumps.

The method for arriving at the best
shock setting is a matter of trial-and-error.
However, it is good to use a systematic
series of adjustments so you spend a mini-
mum amount of test time arriving at the
answer. Koni recommends using the fol-
lowing procedure for setting up their
double-adjustable shocks.

To start testing, the shock should be
set at the softest settings on both bump
and rebound adjustments. Drive the car
and note the amount of wheel hop over
the bumps. Adjust the bump setting stiffer
and test the car again. Keep increasing the
bump setting until wheel hop is reduced
to a minimum.
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These photos and instructions courtesy Kensington Products Corporation,
United States Representative for Koni Shock Absorbers.

1/Rebound or extension adjustment with eye-mount shock: The small disc under the
eye has eight holes of 3mm diameter. One “sweep” from left to right or right to left
covers two holes and is one quarter turn. Moving the adjuster from left to right
increases rebound damping, from right to left decreases it. There are 12 “sweeps”

from minimum to maximum. Count the number of “sweeps’” from minimum and write
them down for reference. When adjusting off the car it is necessary to hold the piston
rod with your other hand so that it does not turn as you adjust. The adjustment
becomes a little heavier as you increase the damping but never use more than gentle
pressure (5 ft. Ibs.).
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2/Rebound or extension adjustment with
pin-mount shock: For the square adjuster
use a 3/16" or 5mm wrench. For the round
adjuster a 2.5mm Allen wrench is a good
tool. When adjusting off the car hold the
rod still by grasping the bumper and the
mounting rubbers with your other hand.

3/Turning counter-clockwise increases re-
bound damping. Each quarter turn is an
adjustment. There are twelve quarter turns
from minimum to maximum. Count the
number of quarter turns from minimum
as described under 1. Never hold the rod
by the square when tightening or unscrew-

ing the nuts.
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This diagram shows the wide range of bump and rebound settings of the Koni shock
absorber. This unigue design of double adjustments permits control of bump and
rebound separately.

5/The minimum bump setting is found by
turning counter-clockwise to the stop.
There are 12 click positions from minimum  Shock fading and foaming are discussed

to maximum. As you adjust c/ockwise for on pages 145, 146. The advantages of gas
heavier damping a little more effort is pressure shocks are detailed on pages
required as described for the rebound 146, 190.

under 1.
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The angle of attack of this wing is adjusted by the two small turnbuckles. The wing pivots about its mounting points on the large struts.
This wing is set at a high angle of attack for maximum downforce.

Then increase the rebound setting until
floating is reduced to a minimum. Floating

is the car trying to rise up on its suspen-
sion, caused by not enough rebound stiff-
ness in the shocks. The basic idea is that
the shocks can expand or lengthen readily
but bump stiffness opposes compression.
Over a rapid series of road undulations,
the shocks will gradually lengthen and the
car will seem to float. After the rebound
is at the best setting, minor adjustments
can be made in both settings to arrive at
the best overall compromise. Koni recom-
mends that you use the minimum amount
of shock stiffness consistent with good
handling.

Although other adjustable shocks may
not be adjustable in bump and rebound
separately, the same sort of test plan can
be used. Start with a soft setting that you
are sure is not stiff enough and gradually
increase stiffness for improved handling.
When you cannot feel any difference
between settings, you have gone too far.
Go back to the last setting that caused
a noticeable change.
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AERODYNAMIC TESTING

Aerodynamic downforce is used on
many modern racing cars to obtain dif-
ferent steer characteristics. This adjust-
ment only works at higher speeds, so keep
that in mind. Most cars understeer on
slow turns and tend to lose this charac-
teristic on fast turns. Having aerodynamic
devices that promote understeer at high
speeds will tend to make the car handle
more nearly the same under all conditions.
Many times suspension adjustments are
made that promote neutral steer on low-
speed turns and result in horrible over-
steer on fast turns. Aerodynamic down-
force can be used to cancel out the high-
speed oversteer. Many racing cars are set
up this way.

The devices used for this are wings,
tabs, and spoilers. They are a powertul
tuning aid in track testing.

Many modern cars use aerodynamics
to influence handling. Even road cars use
aerodynamics with spoilers, wings, and
other add-on devices. Many of these

1

N ANGLE OF
ATTACK
DIRECTION OF AIR FLOW
(USUALLY HORIZONTAL
FOR A CAR) s

The angle of attack is the angle between
the chord line of the wing and the direction
of air flow. The chord line is a line joining
the front of the wing leading edge with

the tip of the trailing edge as shown. This
chord line is not necessarily parallel to

the top surface of the wing, and is diffi-
cult to measure from. Angle of attack is
usually adjusted by trial-and-error out on
the test track.
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devices can be used to adjust the handling
qualities of the car, and at times aerody-
namics are the only way to obtain proper
handling at high speeds.

Because normal road speeds are rela-
tively low, aerodynamics have little effect.
The most useful effect of aerodynamic
devices for road cars is improved stability
in a cross wind. This can be tested on a
gusty day at road speeds. If you have
adjustable devices, their effect can quickly
be determined by seat-of-the-pants feel.

Our major concern with aerodynamic
devices will be in speed ranges well above
legal highway speeds. This pertains mainly
to racing machines. The most common
device used on a racing car for downforce
is a wing. Wings take various forms, but
are usually mounted near the tail of the

DOWN FORCE

ANGLE 4
OF ATTACK

DOWN FORCE

LIET

16° 8° o +8° +16°

ANGLE OF ATTACK

Figure 26/This curve shows how down-
force varies with angle of attack. For the
wing shown the maximum downforce
occurs at an angle of attack of about 15
degrees. Any angle greater than this
results in less downforce. Also notice
that at zero angle of attack there is still
some downforce. This is due to the shape
of the wing cross section. The amount
of downforce depends on the size of the
wing.

The front wings on this formula car are adjustable for angle of attack. An increase in
angle of attack increases the front downforce and increases the cornering power of the
front tires. This is a way powerful cars can be tuned to handle properly at high speeds.

car with provision for adjusting the angle
of attack. This is aircraft language for the
angle the plane of the wing makes with the
direction of air flow.

Wings on cars all use negative angles of
attack, with the front edge lower than the
rear edge. More downforce is put on the
car if this angle of attack is increased.

A typical relationship between angle
of attack and downforce is shown in
Figure 26. Notice that there is a limit to
how much downforce the wing can
develop, and exceeding this maximum
angle of attack results in a sharp drop in
downforce. When this happens, the wing
is stalled. It is a common mistake to

This Lola sports racer has only 120 cubic inches pushing it, so the rear wing is relatively
small—a compromise between cornering and straightaway speed.
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ignore the possibility of stall when using

a wing to get the maximum possible down-

force. A stalled wing merely adds a lot of

drag, which slows the top speed of the car.

For effective use of aerodynamics to
adjust steer characteristics there must be
two separate sources of downforce—one
at the front and another at the rear. The
more downforce on one end of the car
the better those two tires will stick to the
road. The balance between front and rear
downforce results in a change in steer
characteristics. For less understeer put
more downforce on the front tires. For
less oversteer put more downforce on
the rear tires.

Keep in mind that high downforce on
the chassis will compress the suspension
and reduce the ride height. With inde-
pendent suspension this increases negative
camber at high speeds. Stiffer springs are
used with high downforce, so this addi-
tional modification may be required for
best handling. The camber will usually
have to be reset after making large down-
force adjustments. Final setting will be a
compromise made on the basis of best
overall handling and lap times.

Determining the combination of down-
force and drag that will result in the best
racing performance is always of interest,
This is a difficult trade-off to make,
because adding more downforce always

This McLaren Can-Am car has over 400 cubic inches of brute power so it sports a huge

adds more drag, and these two things work
against each other in racing performance.

A few general rules can be stated. If
the car has limited horsepower, it will be
more sensitive to an increase in drag, Thus
small displacement cars usually run much
smaller wings than their bigger-engined
brothers. If you are racing on a fast track,
where the car is at or near its top speed,
much of the time, the extra drag caused
by a large downforce usually results in
slower lap times. High downforce is most
beneficial on slow tight courses. In these
conditions, cornering power is relatively
more important than top speed in deter-
mining a fast lap time, The final trade-off
will be determined in testing.

The test is very simple. Just measure
the lap time of the race car with various
amounts of downforce, Try to keep the
steer characteristics of the car constant
during the tests by adding or subtracting
downforce proportionately at both the
front and rear of the car. Changing the
steer characteristics will introduce another
change in the car’s performance, and it
will be difficult to tell what caused a
change in the lap time. The downforce of
spoilers or tabs sometimes can be varied
by adjusting the amount of spoiler stick-
ing up into the airstream. On non-adjust-
able devices it is necessary to vary the
actual size of the tab or spoiler by adding

wing. Top speed is not attainable on a road course, so maximum downforce is the
primary design goal. Big cars always have big wings, using some of the available power

for increased cornering and traction.
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or cutting off material.
TUFT TESTING

Another useful test is to determine the
air-flow pattern on the surface of the car
body. This can then be used to decide
where to place air dams, duct openings,
air exits, or fairings. This type of testing
is easily done with bits of string or yarn,
and it is called ruft testing. This test shows
you the direction the air is moving over
the body surface, and it also shows if the
air stream is smooth, turbulent, or totally
separated from the surface.

To make a tuft test, use bits of light
string or knitting yarn. Cut off pieces
about 5-inches long and tape them to the
body with transparent tape. It works best
to place the tufts in a uniform pattern in
straight parallel lines. Place them far
enough apart so they don’t touch each
other. After taping on the tufts, drive the
car at speed, making runs in opposite
directions if possible. Observe the tufts.
They will point in the direction of air flow
if the air is flowing along the surface of
the body. If the tufts are straight and
stable, this indicates the air is closely
attached and relatively undisturbed. If the
tufts are straight but whip back and forth
in a fluttering motion, this indicates that
the flow is turbulent —still acceptable as
far as drag is concerned. However, if the

This custom-built aluminum spoiler is
adjustable by means of turnbuckles.
Tilting the spoiler will have small effect
on the aerodynamics of the car. Nose
spoilers are usually adjusted by the actual
size of the spoiler rather than its angle.
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Wool tufts have been installed on this car and it is ready to test. The bits of yarn are
taped to the body in rows even though they do look all mixed up with the car at rest
Normally, tufts on only one half of the car are sufficient—assuming the body is sym-
metrical.

tufts fly about in random directions, this
indicates flow separation. Separation
always occurs behind any blunt object,
such as the tail of the car. The effect of
separation is a low-pressure area and a
large amount of drag. Separation should
be avoided as much as possible with gently
flowing contours towards the rear of the
car. A stalled wing has separated flow on
the underside of the wing, and this can be
checked with tufts,

[t the driver cannot easily observe the
tufts, perhaps a fast chase car can be used.
Also movies are handy, or still photos with
a long lens. Just make sure you have some
way of observing the tuft motion and
direction.

Tuft testing is useful for checking flow
into and out of duct openings. If a duct is
placed wrong, it may be getting little flow
or even reversed flow, and tufts can tell
you this. Tufts can tell a story about your
windscreen’s efficiency. Many windscreens
can have the effect of causing separated
flow on the tail of the car. Check this
carefully, because separated flow can
cause lifting of the tail and high-speed
oversteer. Check for separation behind

the driver. There may be a way to incor-
porate a head fairing to eliminate this
separation and thus reduce drag. If you
are installing a wing on a car, use tufts to
check if the air flow in that area is smooth
or separated. Wings operate poorly in
extreme turbulence.

Check the top corners of a wedge-
shaped body to see if air is spilling off,
The high pressure air on the top tends to

This test was to see if air was flowing smoothly in the area of the exit duct on the sid

spill over the sides of the body causing
turbulence and added drag. To combat
this, construct some air dams. These are
flat sheet metal extensions to the sides of
the body, rising several inches above the
top surface. These keep the air trapped
on the top surface of the body, largely
eliminating spilling over the corners. The
height and the effect of the air dams is
determined by trial and error on the test

of the body. The flow is somewhat disturbed, but in the proper direction.
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Quasar Sports Prototype uses a head fairing to streamline the driver’s head. This car was
designed by the author, and originally had a flat tail. The need for the head fairing was
determined with wool tuft tests, and it added a noticeable amount to the top speed of

the car.

B
This McLaren is equipped with air dams running along the sides for the full length of
the body. They are particularly effective at the front and near the rear wing. At these
points air dams increase downforce by preventing air from spilling off the top surface
of the body. On a powerful car, maximum downforce is essential to fast lap times.
Louvers over wheels allow underbody air to bleed through to fill low-pressure area over
wheel arches.
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track. Measure straightaway speed, corner-
ing ability, and check for air flow with the
tufts. The air dams should increase down-
tforce on the body if designed properly.

It is sometimes desired to measure
actual aerodynamic lifting forces on
your car. This can be done with some dif-
ficulty. It requires rigging up a device to
measure the deflection of a car’s suspen-
sion at speed. What has been used in the
past is a stiff piece of wire attached to the
upper suspension arm on a racing sports
car. The wire is marked off with strips of
colored tape, and it passes vertically
through a small hole drilled in the fender.
The driver can see the wire sticking up
through the fender, and at speed he
observes if there is a different amount
sticking out. The amount can be con-
verted to a force by adding weight to
the car over the suspension and measuring
the movement of the wire. The problem
here is in being able to see the motion,
plus having to sort out the motion caused
by bumps in the road. A very smooth
surface helps a lot. There are other dis-
placement measuring devices, but basically
they all share the same problems. The
suspension movement must be averaged
during observation to remove the up and
down motion caused by bumps.

You may find with all this testing that
the car has lifting forces on it no matter
what you do. There are some shapes such
as the VW beetle that are doomed to have
aerodynamic problems, and there is
nothing you can do to solve them com-
pletely. The best you can do is trade the
car for a better one with an improved
shape. As auto makers become more
aware of aerodynamics there should be
fewer of these inherent-problem cars on
the market. Many companies now use
wind tunnels to help shape the bodies for
high-speed stability and low drag.

The actual air pressure on the body
can also be measured during testing. The
device used is a pressure gage of a very
sensitive type called a manometer. Small
holes are drilled in the body, and tubes
run from these holes to manometers in
the cockpit. A brave observer reads the
manometers during a test drive.

This is a very tricky test, best left to
real experts, but it is possible if you have
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the determination. By the way, a single
pressure measurement is of little value,
so many tests must be made to determine
the distribution of pressure all over the
body. This is the sort of testing done in
wind tunnels on aircraft to predict flight
characteristics before a man ever has to
get inside and take off,

There has been talk of designing cars
in wind tunnels, and this can be done. A
wind tunnel usually tests only a model,
and carefyl work has to be done to relate
the model test data to a full-scale car. The
model is stationary in the wind tunnel and
the air is moving, so this creates errors
because of the ground. In a real car the
ground is moving at the same speed as
the air, but it isn’t in the wind tunnel
test. Theré are ways of correcting for
this, but it does add more difficulty to
the test, Wind tunnels can measure lift,
drag, and even pressure on the body,
Because this sort of testing is very expen-
sive it is best left to the ultra-serious car
designers.

USING A SKID PAD

A skid pad is used to measure steady-
state cornering ability, You can measure
the lateral acceleration of the car at
maximum cornering speeds. [t will also
tell if your car understeers or oversteers
and will allow you to adjust these charac-
teristics. A skid pad will not help you
with high-speed stability or acceleration
and braking.

A slaid pad is a flat piece of pavement
with a circle painted on it. The car is
driven around the circle, keeping the cen-
ter of the car right on the line. By mea-
suring the time it takes to make one lap
of the circle, the lateral acceleration can
be computed. To do this, you need to
know the radius of the circle and the
time for one lap at maximum speed. The
formula used is:

Circle radius

Lateral acceleration = 1.22 X —————~
{Lap time)?

In this formula the circle radius is mea-
sured in feet, and the lap time in seconds.
You can measure the circle radius with a
steel tape, and the lap time with a stop
watch. As an exampie, let’s assume youy
car is traveling around a circle of 90-foot
radius and makes a lap fime of 10.0
seconds, Working out the formula:

——r il
FAN
O AIR MODEL = LOAD
FLOW ]
O ©
. .

GROUND PLANE

SUPPORT

In a wind tunnel the model is stationary and the air is moving. This works the same as
if the car is moving through the air except for the effect of a stationary ground surface.
Complicated methods are sometimes used in wind tunnels to try to accurately repro-
duce the effect of the ground.

The load cell behind the model supports it and measures forces caused by the air. There
is a small error due to the fact that the model has a support in the space behind it.

RADIUS

With a stop watch, measure the lap time around the skid pad circle. This is a way of
measuring cornering power, and it can show you the results of suspension tuning. If you
can, use skid pads of different radii to check cornering at different speeds.

Lateral acoeleration = 1.22 x —o— To get an accurate value for lateral
o2 acceleration, the centerline of the car
=1.22x0.90 should be at the radius of the circle. It

=1.098 9’ may be easter for a driver to drive around

the skid pad with his inside tires on the
circle. Therefore the radius used in the
formula should be the radius of the painted
circle plus one half the track width of the
car. This is the radius to the center of the

[n this example the lateral acceleration
is greater than 1.0 g. This is a very high
figure for any car, possible only with the
best racing tires plus an all-out perfor-
mance chassis. Typical road cars on non-
racing tires usually have a lateral accelera- car.
tion around 0.7 g's.
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At low speeds lateral acceleration
equals the average grip of the tires. At
higher speeds aerodynamic forces become
large and grip is no longer equal to the
lateral acceleration,

[f you are interested in the amount of

centrifugal force on your car at the limit of

adhesion, multiply the lateral acceleration
times the total weight of the car. This gives
the centrifugal force in pounds.

In skid-pad testing, tire temperature
can be a big factor. Remember the rubber
temperature will change tire grip, so you
must run all comparative tests at the same
temperature, Thus you should have a tire
pyrometer to measure tire temperature,
This instrument uses a metal needle with
a temperature sensor at its tip which is
inserted into the hot tire-tread rubber.
The probe is connected to a meter which
reads temperature. Pyrometers cost from
$60 to $200, but they are an essential
part of suspension testing. I you are
serious you should have one,

As you run consecutive laps around
the skid pad the tires will get hotter and
hotter. They will increase in cornering
power the hotter they get, but only up
to some maximum value. Any increase
in temperature above this will result in
a loss of traction and perhaps even destruc-
tion of the tire. Be aware of this problem
and don’t go too far,

If you are testing a car with racing tires
you should find out what tire temperature
gives the highest grip. This information is
not useful for street tires. but for racing
it is very important. You can sometimes
change tire compounds to get a desired
change in tire temperature, Cold tires are
often a problem on light racing cars using
wide tires. A cold day or a slick track sur-
face makes this problem worse. With a
little testing you can perhaps avoid this
problem.

A very interesting item you can use at
the races is the Electric Tire Preheater
manufactured by Wacho Products Co, of
Columbus, Ohio. This is like a high-output
electric blanket specially designed to fit
around a tire. It requires a 1 10-volt elec-
trical supply, but perhaps you can get a
small portable generator for this. This
device can be used for tire testing to warm
up tires without running the car. If you
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The tire pyrometer is an invaluable tool for setting up your suspension. The needle con-
tains a temperature sensing element which registers on the meter. The needle is pushed
just under the tire tread when it is still hot from a hard run on the test track. Readings
must be taken within a very short time after the car stops, say 30 seconds maximum.
The temperature changes sitting in the pits. When the meter reading stabilizes, move
guickly to the next measuring point on the tire.

INSIDE OUTSIDE  INTERPRETATION
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Here are some examples of pyrometer readings on a tire and how to interpret them. For
correct camber the two edges of the tread should have equal temperatures. For correct
tire pressure the temperature of the center should be equal to the average of the edges.
Notice in the bottom row, the average of the edges is 150°, indicating low tire pressure
in addition to incorrect camber.
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do a lot of testing it may pay for itself in
savings on tire wear. The tire preheater
could be a winning trick on a cold day at
the races too.

Besides tire temperatures, tire
tread wear can affect the grip. If using
brand-new tires, scuff them in a bit
before starting to take measurements,
Also stop testing when the tires get
nearly to the cord. Watch their condi-
tion at all times when running a long
series of tests. You should take test
readings turning in both directions to
make sure the tires wear evenly and that
the car corners nearly the same in both
directions. Naturally you will ignore this
tor an oval-track car,

Another side effect that can foul up
testing is the engine’s reaction to running
in a very long corner. Watch carefully for
oil starvation so you don’t wipe out the
lower end. If oil starvation is a problem,
2o back home and baffle the sump more
effectively. Also be aware of possible fuel
starvation or carburetor flooding due to
cornering. Some carburetors, particularly
the non-racing types, have a bad habit of
reacting to side loads on the gasoline in
the float bowl. Sometimes a change in
float level will help. For tips on produc-
tion carburetors see H. P. Books™ Holley
and Rochester Carburetor books.

A skid pad is used to determine suspen-
sion settings for maximum cornering
power. One of the basic settings to vary
is camber, Tires corner best with nearly
zero camber, but this is affected by
suspension geometry and the amount
of body roll. Remember that body roll
can be changed by changing the roll stiff-
ness, so you may have to go back and re-
adjust camber after changing anti-roll bars.
It takes a lot of work to get the perfect
combination, Also keep in mind that static
camber setting for maximum cornering
power will vary with the traction available
at the tires, because body roll is affected
by tire grip. Thus, adjustments have to
be made at each race depending on
the slipperiness of the track surface.

The usual practice at the race is to

leave the static camber alone and vary
the anti-roll bars to provide the same
amount of body roll that was determined
to work best on the skid pad.

Heanamy Tuning
Parlormanes Tuning
Emiasions

The anti-roll bar on Bill Swan’s Datsun has four adjustment positions. The link is

ROCHESTER
Carburetors

Quadrajet, Two Barrels, Monojet, 4GC
How They Operate Manifoids Minimum § Repairs
Bagic Principles Fuel Systems  Performance tuning
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unbolted and placed in a different hole on the bar to change the stiffness. The hole
closest to the end of the bar gives the lowest roll stiffness.

To set camber at the optimum angle,
you need a tire pyrometer. After a hard
run around the track take two readings
on each tire. One on the inside edge of the
tread and one on the outside edge, each
about an inch from the edge of the tread.

This Spitfire is set up with a lot of negative
camber on the front. It's a slalom racer, so
understeer must be avoided at any cost.
This much negative camber reduces brak-
ing traction and would be very poor for
street driving. For slalom use, it results in
fast lap times.
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For optimum camber these two tempera-
tures shouid be equal. If the ouiside edge
of the iire is hotter it needs more negative
camber. I[f the inside edge of the tire is
hotter there is too much negative camber.

The camber in a corner is affected by
the static setting, the suspension geometry,
and the amount of body roll. If you have
to set the camber at more than one degree
negative to get the temperatures right, con-
sider reducing the body roll. You can do
this by increasing the overall rolt stiffness
of the car and perhaps get better perfor-
mance. An excessive amount of negative
camber reduces braking and acceleration
traction and wears out tires faster. For
road use, an excessive amount of camber
can cause wandering on bumps and ridges
in the road.

Ag mentioned earlier, the biggest pro-
blem with camber will occur on 4 car with
swing-axle suspension. These cars tend to
change camber a great deal in a turn. and
thus need a lot of initial negative camber.
The best suspension setting for a swing-
axle car is a very high amount of roll
stiffness plus aboul two degrees of nega-
tive camber, Some experimenting will help
you come up with the best compromise.
Any other type of suspension would pro-
bably work poorly with that much camber.
A Z-bar, as described on page 144, counter-
acts jacking effects as are common with
swing axles. High initial negative-camber
angles are used to contribute to anti-
jacking by reducing roll-center height. This
reduces the camber thrust moment.

The best cammber setting for running
straight ahead is zero, because this puts
the tire flat on the road. However, some
compromise is necessary, You will have
to juggle roll stiffness and camber settings
to get the best settings. High roll stiffness
is best on smooth tracks, but bumps
demand softer anti-roll bars and higher
initial camber setting, [t is not uncommon
for racing cars to be set up differently for
each track. For street driving find a com-
promise setting and stick with it.

The best tire pressure can aiso be deter-
mined on a skid pad. Be aware that warm-
ing up the tire changes the pressure, so

at nearly the same temperature as the
edges when the pressure is near its opti-
mum value. Write these temperature
readings in your notebook, as they will be
useful when you don’t have a skid pad
available. Alse make a note of how much
the tire pressure increases from dead cold
tw best operating temperature, At a race
you generally will have to set the pressure
cold and let it increase to its optimum
value during the race as the tires warm up,
This is an extremely important bit of infor-
mation to obtain before your first race.

When you start skid-pad tests to adjust
steer characteristics, be careful to make
adjustments that do not reduce the maxi-
mum cornering power. Driver feel and
maximum cornering are not the same
thing, so make the changes that give vou
the best of both,

At times adjusting characteristics can
be a real puzzle, because a change may do
different things 1o ditferent cars. The fol-
lowing table is a basic guide, but watch
out for exceptions.

TO REDUCE UNDERSTEER
Increase weight transfer at rear
by increasing rear roll stiffness.
Reduce weight transfer on front
by reducing front roll stiffness.
Reduce front toe-in.

Increase aerodynamic down-
force on the front tires.
Reduce acrodynamic down-
force on rear tires.

Use wider front tires.

TO REDUCE OVERSTEER
Reduce weight transfer at rear
by reducing rear roll stiffness.
Increase weight transfer on
front by increasing front roli
stiffness.

Increase front toe-in.

Reduce aerodynamic downforce
on front tires.

Increase aerodynamic down-
force on rear tires.

Use wider rear tires.

SKID PAD
CIRCLE

To check transient handling take a run at the skid pad in a straight line at the maximum
cornering speed for the skid pad. Turn the wheels at point A’ just as you reach the
skid pad circle. Make suspension adjustments to give the most controllable transient
handling.

always check the pressure at the same tem-
perature you are testing at, The pyrometer
should show the center of the tire tread
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Transient handling characteristics can
also be tested on the skid pad if you have

enough room to approach the pad at speed.

First determine the RPM or speed that
your car runs around the skid pad at its
limit of adhesion. Then to test the tran-
sient handling, run at the skid pad at
exactly that speed or RPM in a path that
will take you tangent to the skid pad
circle. As you reach the circle turn the
car into the skid pad path without chang-
ing throttle position. You can vary the
procedure if you wish to test the condi-
tion of braking while or before entering
the turn. Exit from the turn can also be
tested by reversing the procedure.
Transient handling may be quite dif-
ferent from steady-state handling, as it
is affected by the changing forces on the
car. Again methodical trial-and-error test-
ing technique is required to find the
answers to your problems. To adjust tran-
sient handling characteristics you will find
toe-in settings quite useful, as the car will
respond to a very small adjustment. Cer-
tain characteristics may be designed into
the car and nothing can be done about it.
A car with a large weight or a long wheel-

base tends to understeer when entering a
corner because ol its resistance o being

turned. Also some cars have built-in roll

steer, and this will cause transient hand-

ling to be different from steady state.

Sometimes very stift shocks and a low
roll stiffness combine to give strange
transient handling problems. This is due
to the fact that the shocks develop forces
that resist body lean, but only when the
body lean is changing rapidly. Under
steady-state cornering the shocks have
little effect.

Aerodynamic devices can also be
tested on the skid pad, but only if it is a
large one allowing high speeds. The skid
pad will allow you to balance the down-
force between the front and rear for best
handling, but it will not tell you the best

compromise between drag and downforce.

This will have to be determined by mea-
suring lap times at the actual track. Skid
pad tests can give you the downforce
settings that are the maximum possible,
because that will give the fastest speed
around the circle. Also the effect of
downforce on camber can be studied on
the skid pad, and compromises can be

-y

Driver is locking the front tires in a braking test at the Goodyear San Angelo Texas proving ground. Testing brakes in this manner can
quickly destroy the tires, so take it easy. (Photo courtesy Goodyear Tire & Rubber Co.)

established.

BRAKE TESTING

Most cars have dual braking systems,
and on many racing cars the balance
between the front and rear brakes can be
adjusted. You will want to make special
tests for brake balance before racing the
car, to get the best possible braking. IT
you happen to have a road car with adjust-
able brake balance, the test procedure
is exactly the same as for a racing machine.

Find a straight piece of pavement for
braking tests. It is important that the pave-
ment not be dirty, wet, or have reduced
traction compared to the surface you will
ordinarily be doing hard braking on. This
is an important factor of brake-balance
adjustment.

Balance will only be correct for a cer-
tain value of tire grip, and it will be wrong
for any other grip. Thus if the traction
changes such as by running on slick pave-
ment, you must change the brake balance
again, The reason for this is that weight
transfer in braking depends on the traction
of the tires. The more traction, the greater
the weight transfer. In a condition of high
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TO REAR BRAKES

Dy (

/— TO FRONT BRAKES

| P = PEDAL FORCE

R = FORCE ON RIGHT
MASTER CYLINDER

L = FORCE ON LEFT
MASTER CYLINDER

R=Px?2
ot

ADJUSTING NUT

A"“‘r‘B
..*—C—-.

Figure 27/Pedal force “P” acts on a pivot point in the center of the balance bar,
usually a spherical bearing as shown. By moving the adjusting nut the pivot point
can be moved closer to one master cylinder and farther away from the other. To
increase the force "'R”, increase distance A", If the right-hand master cylinder goes
to the front brakes, this will give more braking force on the front wheels and less on
the rear.

The balance bar is mounted in the brake pedal and has a pivoting clevis on each side.
To adjust it the jam nuts are loosened, and the shaft of the balance bar is turned with
a screwdriver. The shaft is screwed towards the master cylinder that requires additional
braking force.
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weight transfer, the front brakes must
get more downward force and the rear
brakes less. The object of the game is to
get all four tires to reach their limit of
adhesion together.

It’s a help to use an observer in running
brake-balance tests. Sometimes it is hard
for the driver to tell if the front or rear
wheels are locking up, and an observer
can help. If you have more than one
observer, station them on both sides of
the car in case one side locks up first. Run
down the test track and brake as hard as
possible. If you get no wheel locking, try
again harder until a pair of wheels lock.
Careful you don’t flat-spot the tires. Just
get an indication of locking without going
clear through the rubber. Whichever end
of the car locks up first has too much
braking force. so remove some from that
end of the car.

Brake balance is adjusted in three ways,
two of which are easy. The hard way is to
change brake-lining material. Brake linings
are made in various degrees of hardness,
which affects the coefficient of friction
ol the lining material. Soft linings have
lots of friction, but tend to wear out
faster. Also soft linings on drum brakes
are more prone to fade, If you have a
means of quickly changing the linings,
such as on disk brakes with quick-change
pads, it is possible to vary the brake
balance by changing hardness of the lin-
ing material. Usually this is only done to
get large changes, or if one end of the car
wears the pads out much faster than the
other end. In general, you want to use
the softest linings that don’t wear out too
fast or fade.

The mechanical means of adjusting
brake balance is with a balance bar. This
is a beam between the two master cylin-
ders which proportions the force between
them. Usually the balance bar is mounted
on the shaft of the brake pedal. If it is
adjustable, the balance bar can be shifted
from side to side so the pedal force is
applied more to one master cylinder and
less to the other one. The closer the pedal-
force point is to a cylinder, the more force
there is on that cylinder. This is illustrated
in Figure 27.

Some cars have balance bars that are
not quickly adjustable. However, the
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brake balance can still be changed by
making a balance bar with slightly dif-
ferent dimensions, and replacing the
balance bar on the car with the new one.
Some balance bars can be adjusted with
washers or shims to get an adjustment,

A hydraulic means of adjusting brake
balance is with an adjustable pressure-
limiting valve in the brake line. These have
a spring-loaded relief valve in them,
which pops open at a given pressure in
the hydraulic line. This valve limits the
pressure to one pair of brakes, and allows
the pressure in the other pair to go on up
as the driver pushes harder on the pedal.
Remember that this valve will vary the
total force required at the pedal, so vou
will be changing two things at once. How-
ever, once the right balance is obtained,
pedal force can be adjusted by switching
the entire set of linings on the car to set
with a different hardness.

The most critical aspect of braking per-
formance is brake fade—a partial or com-
plete loss of braking power caused by
excess heat. The term was first applied to
drum brakes back in the days when all
cars used them. Brake fade on drum
brakes is a reduction of friction between
the lining and drum. The driver feels this
as an increase in pedal force required to
stop the car. It can be very scary, as if
someone is pouring oil on the brake lin-
ings. This increase in pedal force some-
times is accompanied by an increase in
pedal travel—in extreme cases using up
all the available travel. Brake fade may
cause a complete loss of stopping power.

Excess heat causes fade in drum
brakes. The loss of friction can be traced
to vaporization of the binder in the lining
material, which emits hot gas between the
lining and the drum. This acts to lubricate
the brake, just as high-pressure oil lubri-
cates the bearings of your crankshaft. The
high-pressure gas acts as a wedge to sepa-
rate the lining and drum surfaces. The
driver feels this as an increase in pedal
force, sometimes to the point where
the car will hardly slow down at all. Cures
for this include using harder lining mate-
rial, metallic linings, and drilling small
holes through the drum to let the gas out.
Improving the brake cooling obviously
does a great deal of good, and this is what

you should work on in a test session,

Another cause of brake fade with drum
brakes is expansion of the brake drum due
to heat. Because one side of the drum is
open and the other side closed, the two
sides do not expand an equal amount.
There is more expansion at the open end
of the drum, so the drum flares out or
becomes bell-shaped.

The friction surfaces in the drum which
were parallel to each other and to the
brake shoes when cold, are no longer
parallel when hot. The total area of con-
tact between shoes and drum is reduced
and of course braking is reduced.

Both effects combined —vaporization
of the plastic binder in the shoe material
plus bell-shaped drums-—resuit in a drastic
decrease in available braking force,

Disk brakes do not become bell-shaped,

but excessive heat causes problems with
them too. If the temperature gets high
enough, the fluid boils in the caliper caus-
ing a mushy-pedal feel. If fluid boiling is
severe it can result in the pedal going to
the floor and a complete loss of braking
power,

Fluid boiling can be cured by using
higher-boiling-point fluid or improving
cooling of the brake calipers. As with
drum brakes, the cooling air flow is the
thing that is proved out in testing.

To reduce the fluid-boiling problem,
you should replace old fluid with new.
Brake fluid picks up moisture with age,
and lowers the boiling point. A good-
quality brake fluid boils at 550 degrees
F. or higher. Make sure that the fluid
you use is [rom a fresh can. Be sure
that the fluid is compatible with the brake
system, as recommended by the car
manufacturer. Certain fluids react
with the rubber seals in the brakes,
causing problems. If you have a racing
car, the brake fluid should be bled
out of the calipers before every race and
should be completely changed each season.
This along with good ducting should pre-
vent fluid boiling.

Another cure is to convert to silicone-
base brake fluid. Silicone fluid has the
advantage of not absorbing moisture,
thus maintaining a boiling point of approx-
imately 550°F. When converting to silicone
fluid, the brake system must be flushed
with alcohal to purge out the old fluid
and moisture.

Brakes can be made to fade with a
series of hard accelerations to speed and
quick stops. A number of these runs in
rapid succession will heat the brakes to
the point of fade. Be careful not to run
completely outl of brakes when they fade,
as this can cause some real problems. If

This racing car has simple brake scoops made of light sheet metal. For testing, scoops
such as these can be made from plastic or sheet aluminum and fastened with super
tape. This tape is known as duct tape, and is sold at shops that handle components for
air conditioning systems, also motorcycle shops.
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the test strip is restricted in length be very
careful.

After making the brakes fade and
noting the number of runs required to do
it, make a change to improve the situation.
You may try brake scoops or ducting to
bring in cooling air, or various types of
brake lining material. Brake fluid is
another item that changes the fluid boil-
ing point with disk brakes, Make your
change, wait for the brakes to cool down,
and run the test again, You may wear out
the linings in this sort of testing, but you
will Jearn a lot.

If vou are doing serious brake testing
you may want to know the actual tem-
perature of the brake caliper or drum. In
this way you can check the effectiveness
of brake cooling devices without having
to muke the brakes fade. A reduced tem-
perature will tell you that a change is
improving brake cooling,

There are a number of devices on the
market to measure the temperature of
the bruke. One really good one for brake
testing is the Tempilabel from Omega

Engineering, Inc. Of Stamford, Connecticut.

These are small paper stick-on labels that
you attach directly to the outside of the
brake drum or caliper. Each label has
white dots on it that turn black when
they reach the indicated temperature. The
dots stay black so the readings can be
taken after the car has come to rest, Tem-
pilabels cost about $2.00 each, and they
are extremely accurate. It costs a few
bucks for a complete test session, but the
results should be well worth it. Having
brakes when the competition doesn’t can
be all you need to win the big race. Having
brakes last all the way to the botiom of

a tong curving downhill mountain road is
also reassuring.

Tempilabel?

Lempre saRe

S AmMlaavm

Tempilabel® 7500

TEMPERATURE MONITORE

100°F 110°F 120°F 130°F
CENTERS TURN BLACK AT RATING SHOWN
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SAMPLE SUSPENSION TEST PLAN

1. Warm up and course familiarization—
drive car at moderate speed, observe
course conditions, establish initial hand-
ling characteristics,

2. Camber—take tire temperature
readings on each tire, adjust camber to
give equal temperature between inside
and outside edges of tire tread.

3. Tire pressure—take tire temperature
readings on each tire, adjust tire pressure
to give even temperature across tread.

4. Ride height--check for maximum
suspension travel. Adjust ride height if
necessury to prevent bottoming. Reduce
ride height if possible to improve corner-
ing speed. Reset camber to optimum
setlings.

5. Roll stiffness

A. Measure roll angle using Polaroid
camera to photograph car in a tight
turn. Adjust total roll stiffpess if
necessary to get optimum roll angle.
Readjust camber to find a new opti-
mum setting.

B. Front-to-rear roll-stiffness ratio—
adjust as necessary to give desired
steer characteristics,

6. Shock settings-—adjust shocks to get
best setting. Pay attention to pecformance
on bumps and trapsient handling.

7. Toe—adjust tue setting to give
desired steer characteristics and stability.
Toe should be as close to zere as possible
tor minimum drag and tire wear. Check
settings on both front and rear suspension
if possible,

8. Caster—change caster if necessary to
give desired compromise between high
speed stability and steering effort.

9. Aerodynamics

A. Change total downforce to give
fastest lap times.

B. Change front-to-rear downforce
ratio to give fastest lap times and
desired steer characterigtics. Note
that steer characteristics change
with speed.

10. Brakes

A. Adjust brake balance.

B. Try harder or softer brake linings
as desired.

C. Check for fade and experiment
with air ducts if required.

11. Tires—try other sizes or compounds,
Optimize all suspension settings again if
necessary to improve lap times.

12. Springs—try alternate spring rates,
Check suspension travel and adjust ride
height if required. Check roll stiffness
and camber and adjust if necessary.

13. Wheels—try alternate rim width to
establish optimum size for your tires,

14, Weight Jacking—if used in your type
of racing try weight jacking to improve
acceleration or cornering.

15. Ride balance—check by discon-
necting all four shock absorbers. Next
drive the car over an undulating surface
and observe which end of the car rises
faster and to what degree. Tlie suspension
frequency should be nearly the same at
both front grd rear. If the out-of-balance
is very noticeable, a spring change should
be made by softening the fast end or
stiffening the slow end. Note that this
imethod will not work if the car uses
multipledeaf springs because the inter-
leaf friction acts as a shock absorber.
Proper ride balance for multi-leaf springs
can be determined only through calcula-
tions, Refer to page 141 for more details.

This little stick-on label can accurately measure the peak temperature of your brakes.
The Tempilabel is available from Omega Engineering listed in the appendix. The white
dots turn black at the temperature indicated on the label. By trying various brake scoop
designs, the best one can quickly be determined. Tempilahels are available to measure
temperatures from the 100°F range shown all the way up to 500°F. For braking testing,
get a variety of temperatures from 250° to 500° to find out roughly how hot your
calipers get. If the brakes are really hot they can get 10 near 500°F on the caliper, The
exact temperature will vary with the location on the caliper and how hard the brakes
are used during the test,




CHAPTER 4 — CHASSIS MODIFICATIONS

This Fiat Abarth started life as a fun little road car that gave lively performance, good handling, and reasonable practicality. After

owner Chuck Thompson’s modifications it was a fire-breathing monster, impossible to drive on the road, but capable of winning top-
time-of-the-day at slaloms. This little car with its Formula One slicks and rock solid suspension consistently beats Corvettes and Cobras

due to its superior handling.

If you are serious about getting better
handling from your car, you will be inter-
ested in chassis modifications. This can be
a simple job such as installing a set of
heavy-duty shocks, or a very complex pro-
ject such as setting up a stock car for
Grand National racing. Whatever your
plan, you need to obtain the right com-
ponents for the job and apply them cor-
rectly. This way you get the best handling
for each dollar spent.

When modifying your car for better
handling you will make compromises and
trade-offs. A production car is set up for
the average driver under average driving
conditions. Compromises have been made
in handling to give the best possible ride,
minimum initial cost, and a car that
handles in a safe and predictable manner
with any sort of skilled or incompetent
driver behind the wheel. The result is
usually not the best handling car for fast

driving. Thus if you modify the chassis

for improved handling you will be giving
up some of the previously mentioned
qualities to get better traction, steer char-
acteristics more suitable for spirited or pre-
cision driving, and a car that is more fun
to drive. It will most likely ride stiffer; it
will surely cost money; it may not be
suitable for your grandmother to drive in
the rain; but it can be a very safe car in
proper hands. You must be prepared for
compromises and have some knowledge of
how far you wish to go.

For racing use, the compromise on
modifications is usually more clear cut.
You will try to get the best possible
racing performance within the limits of
your budget. Racing results are measured
with the stop watch, and you don’t worry
much about riding comfort. It is easier to
modify a car for all-out racing than it is
to get the perfect compromise for all-pur-

pose street driving. Don’t belittle the
efforts of the designers of family sedans:
they have a tough job to do.

TIRES

The most important items on the
chassis are the tires. For better handling
on road or track you need the best tires
available. The best tires are always being
replaced by better ones, so don’t feel
bad about rapid obsolescence. This is
particularly true in racing tires, where it is
unusual to go a full year without some
major change in tires.
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A modern racing tire and a radial street tire are shown for size comparison. Both tires
fit a Datsun 510 sedan and use a 13" diameter wheel. The racing tire will give about
50% more traction than the street tire on dry pavement, but the street tire is superior
in the wet. Unless you are racing in the dry, stay away from the slicks.

RACING TIRES
For racing use the choice is fairly
straightforward. There are only a few

manufacturers of racing tires, and for your

particular type and class of racing the
choice of tires may be very limited. Engi-
neering data on racing tires, such as slip
angle curves or coefficients of friction, is
not available. Apparently either the tire
companies don’t have the information or
it is a closely guarded secret. Anyway you
won’t be able to make the sort of decision
you would like. If you are rich enough,
the best way to select tires is to buy a set
of everything that might work and test
them. This is what the professionals do.
Short of that, see what the winning cars
are using and buy those tires. Watch the
winners so you can see a trend if one
develops.

You may be able to get others to
cooperate with you on a tire test session.
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Work with someone who has tires that will
fit your car and share the test results with
him. You will both be one jump ahead of
the other competitors.

The largest manufacturer of racing
tires in this country is Goodyear. Racing
tires are also available from Firestone,
Dunlop of England and Bridgestone of
Japan, and a number of smaller domestic
manufacturers make racing tires for
specialized types of racing. Some better
known ones are McCreary, a manufac-
turer of oval-track tires; and M & H,
famous for drag slicks. Each type of
racing has its own requirements, and
these racing-tire manufacturers know all
the tricks. Technical data on tires should
be obtained from the manufacturer.

For improving the overall handling of
a car, road-racing tires are the trick. They
dramatically improve cornering adhesion
and also traction in acceleration and brak-

ing. Road-racing tires have been used on
the street at times, but it is a foolish prac-
tice. They are not only illegal, they are
actually unsafe for highway use. The rea-
son for this is due to the specialized nature
of the tire. A modern road-racing tire has
a very light casing, totally inadequate for
long life in a highway environment. The
sidewalls are thin, with no protection for
curb impact or weathering in the sun and
the smog. The tread is slick on a dry-
weather tire, giving virtually no traction
in the wet. In addition the rubber com-
pound is designed for a specific type of
car and usually a short racing life, so they
wear out rapidly on the street. You are
much better off with a set of high-quality
street tires, and they will cost you less.

Road-racing tires are designed for a
particular weight and class of car, con-
sidering the car speed, weight, and restric-
tions on wheels. Some tires will work only
on wide rims, while others are specially
designed to fit a smaller rim size. Sidewall
stiffness and rubber compound of the tire
are designed to suit the weight and speed
of the car. Consult the tire manufacturer
before buying tires to be sure you are cor-
rectly applying them.

Tires for unrestricted wheel sizes have
lighter casing construction than those for
limited rim widths. The sidewalls are much
stiffer for use on narrow wheels, to limit
the lateral deflection of the tire. If you
ignore the sidewall construction of the
tire, you may have the tire on the wrong
size wheel. If you have an unusual applica-
tion, you can usually tell just by inspect-
ing the tire what type of construction
it has.

Many road-racing tires are used for
slaloms, a use for which they were not
designed. In a slalom the run is so short
that the tires don’t have time to heat up
to their proper working temperatures.
Also tire wear is not usually a factor due
to the short time on the course. You will
gain a performance advantage if you use
a tire designed for a car lighter than your
slalom car. Thus you will be overloading
the tire, but it will tend to get hot quicker
and should improve your times. You may
have to run a little higher air pressure in
the tire to compensate for the excess
forces, but this is subject to experiment
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This shows the range of racing tires offered by Goodyear in 1970. Today’s range is just as varied, but with slick treads replacing most
of the treaded designs shown. This large company makes specialized racing tires for road racing, oval track, off-road, drags, motorcycles
dirt tracks, stock cars, and speed record vehicles.(Photo courtesy Goodyear Tire & Rubber Co.)

’

with the car. Stick with the recommended
rim width for the tire to get maximum
cornering power,

ROAD TIRES

For a road car the tire market is liter-
ally flooded with various types and sizes.
There are a number of big companies with
large product lines, and there are also
some smaller specialty firms making high-
performance tires. The first thing to do is
weed out most of the economy tires. You
usually get what you pay for in a tire, and

s ;.' }A

This Mini is set up for slalom competition. Front tires are designed for the front of a
Formula 1 car, which has less front-end weight than the Mini. These tires on a Mini

would overheat in road race, but in slaloms the heat up quickly during the short timed
lap. Mini tires with hard compound never get up to operating temperature in a slalom.
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the real cheapies are not what you want
for fast driving. All a cheap tire has to do
is hold up the car for sedate driving, It
doesn’t need outstanding adhesion or be
able to take high speeds.

The first thing to consider is the con-
struction of the tire. You have no doubt
heard of bias, belted, and radial tires in
the ads on TV, This refers to the type of
construction used in the casing. The con-
ventional tire construction that has been
around for years is the bias ply. This
refers to the direction that the cords run
in the carcass of the tire. Bias-ply tires
have the cords criss-crossed across the tire
from one bead to the other. The cords
make an angle of between 32 and 40
degrees with the centerline of the tread.
These tires are available in all sizes and in
the narrow widths are not the best tires
for handling. They will usually be the
cheapest type of tires you can buy, and
there is nothing wrong with them for
average use. Some bias-ply tires are wide
and low, and these offer handling advan-
tages because of their size.

A radial tire uses a cord angle ot 90
degrees. That is, the cords run from one
bead to the other directly across the tread.
In addition, a radial tire has a belt under
the tread surface, and can be made of
various materials including fiberglass and
steel mesh. The characteristic of a radial
tire is less tread distortion under load and
maore sidewall distortion. Radial tires look
a bit underinflated because of the high
sidewall detlection under the weight of
the car.

Because radial-tire sidewalls are more
flexible than a bias-ply tire, the time the
radial tire requires to develop a slip angle
when acted on by a side force is different
than the bias tire. Thus it is a bad practice
to mix the two types of tires on the same
car. If you use a mixture, the car may
wander when crossing ridges in the road,
have various instabilities, and may have
drastic steer characteristics. When changing
to radials, save up enough money to buy
all four!

A radial tire has a number of impor-
tant advantages over a bias-ply tire. The
design allows the tread to work indepen-
dently from the sidewalls, and the tread
makes better contact with the road under
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This is Firestone’s Super Sports Wide Oval passenger tire. It is bias construction, two-
ply nylon cord. This is a wide-tread tire, but shares the stiffness characteristics of all
bias-ply tires. Notice the cord angles under the tread.

all conditions. The result is a lower slip
angle for any given cornering force,
greater traction in both dry and wet, and
better wear characteristics.

If you put radials on a car which pre-
viously used bias-ply tires, the steering
seens quicker and more responsive. This
is a result of lower slip angles. There will
be less tendency for the car to be dis-
turbed when crossing a ridge in the road
at a shallow angle. The limit of adhesion
will be higher with radials, but the slip
angle at the limit will be less. Thus radial
tires will give less warning than bias-ply

These drawings from Pirelli illustrate the
difference between the bias-ply and the
radial tire in a corner. The bias-ply tire,
top, loses contact with the road as both
tread and sidewalls distort under a corner-
ing load. The radial tire, bottom, flexes
mostly in the sidewall area keeping the
tread flat on the road. The result is better
adhesion for the radial.
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Here's a close-up of the interior construction of Firestone’s Wide Oval Radial passenger
tire. It has two radial body plies and four belt plies. The belt material is criss-crossed
for maximum lateral stiffness, and the 90-degree cord angle of the sidewalls allows
flexibility.

BELTED-BIAS
2-PLY BELT

RADIAL-PLY
4-PLY BELT

lﬂm ¢4

BIAS-PLY

BIAS PLIES

BIAS-PLIES

Drawing courtesy PV4 magazine

The bias-belted or belted-bias tire is a cross between the bias-ply tire and the radial. The
sidewalls are similar to the bias-ply tire, but a belt under the tread is added. This gives
tire characteristics that are a compromise between the other two types.

tires, and will take more driver concen-
tration when driving very hard. Radial
tires will wear a lot longer than the bias-
ply tires, and thus may cost less in the
long run in spite of their usually higher
initial cost.

If your car was not equipped with
radials as standard equipment, the ride
may seem a bit more harsh at low speeds,
and there may be an increase in road
noise. This characteristic varies a lot with
the car, and on some cars it is not notice-
able. You will have less tread distortion
with radials, which reduces rolling drag
of the tires. You can expect a small
increase in top speed and a noticeable
improvement in gas mileage, although
mainly at lower speeds.

If you check tire manufacturer’s recom-
mendations you will most likely find that
a radial is safe at a higher speed than a
bias-ply tire. This is due to the cooler-
running of the radial because of less tread
flexure,

All these characteristics make the
radial tire the best for a high-performance
road car, and this is why more new cars
every year are equipped with radials as
stundard equipment. You will find radial
tires in all sizes lor just about any car.
They are available in a wide variety of
tread designs and are made of various
malterials by the different manufacturers.
It is hard to draw specific conclusions on
which brand to buy from all this variety
of information, so talking with owners
of radial tires on a car like yours may be
the best guide.

Another type of tire construction is
the bias-belted tire. This design is a cross
between a conventional bias-ply tire and
a true radial and has some of the charac-
teristics of each. The tire uses bias-ply
cord angles and is also equipped with a
belt under the tread similar to a radial.
These tires are a compromise between the
two types and perhaps have an application
for modest street driving. The advantages
of a bias-belted tire over a bias-ply tire
are not as pronounced as a radial, and
likewise any disadvantages are not as
severe.
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|
TIRE SIZE SELECTION

Once you have decided on a basic tire
construction you have to select the pro-
per tire size for your car, The important
dimensions are outside diameter, tread
width, maximum section width, and
wheel rim width. Also of seme importance
is the tire weight.

The tire industry has recently intro-
duced new size designations for tires, and
some of these give you little or no direct
information on the important dimensions
of the tire. The only way to be sure is
carry a steel tape in your pocket when
shopping for tires, and measure each one,
The weight can also be measured with a
small spring scale once you have arrived
at a size you want.

The outside diameter of the tire deter-
mines the ride height of the car and also
the effective overall gear ratio. A lower
tire will reduce the ride height, give you
more clearance around the tire, and
improve the scceleration in each gear.
Also your engine will be turning more
RPM at cruising speed and fuel economy
will sufter. In addition the speedometer
will read fast if the tire is smaller than
stock.

The effect of a change in tire diameter
on gearing is the ratio of the diameters.
New diameter divided by old diameter is
an indication of how much top speed will
change, neglecting air-resistance effects.

The same ratio is an indication of the
change in acceleration. If you reduce tire
diameter by 10%, acceleration should
increase by about 10%, but top speed will
be reduced. There is some “small print”
which you should read carefully. In most
automotive competition, the game is to
get from one place to another in the
shortest time.

The car which is first into the turn is
the one that got there in the shortest time.
Time from one point to another varies
according to the square root of accelera-
tion. The square root of 10% is about 3%,
Of course the engine is turning about 10%
faster and once it passes the power-peak
it ain’t accelerating any more.

Obviously the change in ride height is
about half the change in diameter of the
tire.

The first step in selecting tires is to
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choose the outside diameter, considering
the ride height and gear ratio that will
result. Once the outside diameter is
chosen, you can measure clearances and
see how wide a tire will fit.

For best traction and cornering power
you want the widest possible tread, How-
ever, there are limits to this as follows:

You reach the limit of available
widths on the market.

The tire won’t fit under the car.
You don’t have the right wheels
tor those wide tires.

You wish to improve handling
in wel weather and give up some
in the dry.

You want lighter tires than the
widest ones available, to improve
the ride and handling on rough
roads.

The first slep in selecting the tread
widih is to see what is available in the out-
side diameter you selected. Tread width
varies from one manufacturer to the next,
so you must measure it directly oft the
tires for comparison. Go to the tire dealer
with a steel tape and a notebook and take
your own measurements. 1t’s OK (o mea-
sure unmounted tires as bong as the tread
is reasonably flat, The tread width doesn’t
change a noticeable amount with air in
the tire, but it may change flatness.

When measuring tread width note the
tire size. You will see all sorts of confusing
numbers and letiers, but they can be use-
ful to determine the dimensions of your
new tires. Figure 28 gives the dimensions
of each tire size. The design rim is not
necessarily the best rim width to use. It is
merely the rim that the maximum section
width is measuvred on. The maximum sec-
tion width changes 02" for each 1/2"
change in rim width. Thus starting with
the wheel rim and section width shown in
Figure 28, the section width for any
other rim width can be determined.

Let’s take an example. Assume you
want to put tires of 25.5” outside diame-
ter on your car. After measuring tread
widths at the dealer’s you find that E60-
15 is a desired tire size. [n Figure 28 you
find that tire has a section width of 8.7
mounted on the design rim of 6". How-
ever, you want to put these tires on 7"
rims. If you increase the rim width by

MAXIMLINM
SECTION
= TWIDTH

TREAD -
wWIDTH

OUTSIDE
DIAMETER

WHEEL
ETER

When selecting new tires for your car you
need to know all the dimensions shown.
The dimensions may not be standardized
for a particular size tire, 50 it is best to
actually take measurements off the tire
in the dealer’s store,

R4 HRELIN
=——S3ECTION ———=y
WIDTH

CASING
HEIGHT

CASING HEIGHT
Max_ SECTION WIDTH

ASPECT RATIO -

Tire aspect ratio is shown in this drawing.
Low-profile tires for high-performance
are those with low aspect ratios, Old-
fashioned tires have larger aspect ratios.

1 over the design rim, the increase in
section width is 0.4*. Remember the sec-
tion width changes 0.2 for each 1/2"
change in rim width. The new section
width of this tire on a 7 rim is 9.1",

the original 8.7 plus the increase of
04
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BIAS AND RADIAL PLY TIRES

TIRE SIZE DESIGN SECTION OVERALL TIRE SIZE DESIGN SECTION OVERALL
DESIGNATION RIM WIDTH WIDTH DIAMETER DESIGNATION RIMWIDTH WIDTH DIAMETER
50 SERIES — BIAS PLY BR70-13 5.50 7.60 23.78

C50-13 6.50 9.40 2246 CR70-13 5:50 7.85 2416
F50-14 7.00 10.20 24 .32 DR70:13 5.50 8.05 24.60
HED 14 8.00 11.35 25.36 CR70:14 5.50 765 24.92
M50-14 9.00 1255 2648 DR70-14 5.50 7.90 25.24
MNEO-14 9.00 12.85 26.84 ER70-14 5.60 8.10 26.68
B50-15 6.00 B.55 23.58 FR0-14 6.00 B8.55 26.18
G50-15 700 10.35 2546 GR7014 6.00 8.85 26.66
H50-15 8.00 1115 26.06 HR70-14 6.50 9.40 27.34
L50-15 8.00 1165 26.76 JR70-14 6.50 9.55 2774
NBO-16 9.00 12.65 27.50 LR70-14 6.50 980 28.24
50 SERIES — RADIAL PLY BR70:15 5.00 710 25.14
BR50-13 6.50 915 22.08 CR70-15 5.50 7.50 25.58
GR50-14 8.00 10.95 24 .76 DR70:15 5.50 1.75 25.94
GR50-15 7.00 10.35 2546 ER70-15 5.50 7.95 26.32
HREL0-15 8.00 1115 26.06 FR70:.15 6.00 3.40 26.84
LR50-15 8.00 11.66 26.76 GR70-15 6.00 8.65 27.40
60 SERIES — BIAS PLY HR70-15 6.50 9.20 28.04
ABD13 5.50 7.85 2248 JR70-15 6.50 9.40 2B.34
B60-13 6.00 8:35 22.96 KR70:15 6.50 2.50 28.54
CB0-13 6.00 860 23.36 LR70-15 .50 9.65 28.84
D60-13 650 9.05 23.74 MR70-156 7.00 1015 29.24
DE0-14 5.00 8.65 24 44 78 SERIES — BIAS PLY
EG0-14 6.50 9.10 24.78 ATB13 4.50 6.60 23.46
FEO-14 .00 9.55 25.28 B78-13 5.00 7.05 24.00
G604 7.00 9.85 25 80 C7813 5.00 7:26 24.46
HBO-14 7.00 10.25 26.40 D78-13 5.60 770 24 84
JB0-14 7.00 1045 26.70 AT78-14 4.50 645 2416
LBO- 14 8.00 1110 2720 B78-14 4 50 6.65 24 .70
BG6015 550 180 24 .38 ci8-14 5.00 1.05 25.24
CB0.15 6.00 8.25 24 76 27814 5.00 7.35 25.50
EBO-15 6.00 4.70 25.50 £E7814 5.50 /.65 26.00
FG0.15 6.50 9.20 26,94 F78-14 550 1.80 26.50
G605 7.00 9.70 26 44 G814 6.00 835 27.06
HEO-15 7.00 10,05 27.08 HiB8-14 6.00 8:70 27.76
J60-15 1.00 10025 27.40 J78-14 6.00 8.80 28.20
LBO-15 100 10,50 27.86 ATB 1T a4.50 6.35 24 80
60 SERIES — RADIAL PLY B71815 4.50 6.55 25.38
ARBO-13 550 1.85 27.48 C78-15 5.00 6.95 25.82
BRG0-13 6.00 835 22,96 n78156 5.00 7.15 26.24
ERG0 13 650 9.256 2416 E7815 500 7.35 26.64
ARGO-14 5.50 7.70 2316 Fi8-15 5.50 1.0 27.22
FRGO-14 6.50 935 26.30 G78-15 5.50 8.05 27.68
GRE60-14 7.00 985 25.80 H/81b 6.00 3:55 28.36
JRG0-14 7.00 10 45 26.70 J78:15 6.00 8.70 28.72
LRGO-14 8.00 1110 27.22 L78-15 6.00 8.85 29.30
ERBO-15 6.00 8.70 2552 M78 15 G.50 89.35 29.68
FRBO-15 6.50 9.20 25,94 N78-15 1.00 980 3016
GREO15 6.50 9.50 26.44 L8415 G.00 865 29.64
HRED-15 1.00 10.05 27.08 78 SERIES — RADIAL PLY
JRB0-15 7.00 10.25 27.40 ART7B-13 4.50 650 23.36
LRG0-15 7.00 10.50 2186 BR7813 4.50 6.75 2388
70 SERIES — BIAS PLY CR7813 5.00 7158 24.32
AT013 5.00 710 23:30 DR78-13 5.00 7.356 24,76
C7013 5.50 7.80 2424 ER7813 5.50 1.75 25.16
D70-13 5.50 8.00 2470 ART78-14 4.50 6.40 2398
c7014 5.00 1.45 2490 BR78-14 450 6.60 24 .54
0014 550 7.85 25.32 CR78-14 5.00 7.00 25.00
E70-14 5.50 8.05 25.76 DR 78-14 5.00 7.20 2540
F70-14 5.50 530 2624 ER78-14 5.00 7.40 25.80
Gro-14 6.00 8.75 26.82 FR78-14 5.50 7.85 26.30
H70-14 6.00 9.10 2750 GR73-14 8.00 8.30 26.86
J70-14 6.50 950 27.80 HR78-14 6.00 8.60 27.56
L7014 6.50 9.95 28.32 JR78-14 6.50 B.95 27.94
AT015 4.50 6.60 24 68 ART78-15 450 6.25 2470
€70-15 .50 7.50 2568 BR78-15 4.50 6.45 25.24
D70-15 5.50 7.70 26.02 CR78-15 5,00 5.85 25.70
E70-15 G.00 8.10 2640 DR78-15 5.00 7.05 26.10
F70-15 6.00 8.35 26.92 ER78-15 5.50 7.45 26.48
G705 6.00 8.60 27.486 FR78-156 550 7.70 26.94
H70-1% 6.00 895 2810 GR78-15 6.00 8.15 27.52
47015 6.50 9.35 28.44 HR78-15 600 8.45 28.18
K70-15 6.50 9.40 2868 JR78-15 6.50 8.80 28,58
L70-15 6.50 9.60 28.92 LR78:15 6,50 9.00 29.08
70 SERIES — RADIAL PLY MR7B-15 6.50 9.20 29.58
ART70-13 5.00 7.15 23.22 NR78-15 7.00 9.70 2992

Figure 28/This table shows the outside diameter and section width for each tire size. The section width is for the tire mounted on the
wheel of the design rim width shown. Manufacturers’ standards allow variations of up to 7% in these dimensions, so take your own
measurements just to be sure. (Courtesy of The Tire and Rim Association, Inc.)
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Here is a side-by-side comparison of four Goodyear tires of different aspect ratios. The
low profile 50 series tire on the right is the Goodyear Rally GT 50, a high-performance
road tire. Notice the wide tread grooves in the wider tires for improved wet weather trac-
tion. (Photo courtesy Goodyear Tire & Rubber Co.)

When measuring tread widths and sec-
tion widths you will notice tires grouped
by aspect ratio. The aspect ratio is the
casing height divided by the maximum
section width, Low-profile tires are those
with the lowest aspect ratio, These are
the widest for a given outside diameter.
Older or conventional tires had aspect
ratios of from .90 to .80. The newer 70
series tires have an aspect ratio of .70,
The lower profile 60 series and 50 series
tires have aspect ratios of .60 and .50
respectively. For high-performance driv-
ing you will be looking at tires with these
lower aspect ratios.

For each tire size there are several rim
widths that will work. A list of these
approved rim widths is shown in Figure
29, You should use the widest possible
rim on the list for maximum cornering
power. However, narrower rims may
be used if the tire section width on
the wide rim is too big for the space under
the fenders, Also you may not wish to
spend money for wide wheels if vour
existing rims fall within the range of
acceplable sizes. This is one more com-
promise to make.
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To measure your existing wheel rim
width take one off the car and lay it on
a flat surface. Put a straightedge across the
sidewall of the tire and measure the maxi-
mum section width of the tire, This is
dimension A in Figure 30. Then mea-
sure from the straightedge to the surface
of the wheel at the tire bead, dimension
B in Figure 30. Next estimate dimen-
sion C, which is the metal thickness at
the tire bead. For steel rims, C is about
1/8". For cast aluminum or magnesium
wheels it is about 1/4"". Add B to C,
multiply by 2, and subiract this amount
from A, That gives you the rim width.
The rim width is usually measured in
inches, even on foreign cars. Rim widths
go in 1/2" increments as shown in
Figure 29.

If you have wide enough rims already,
you have a fairly easy job of measuring
tire clearance. However, if you plan to buy
new wheels, you can change both the rim
width and the track width of the car. Read
the next section on wheels before making
your [inal decision.

Before putting a down payment on
that new set of tires, measure the car to

A sketch of old and new tire dimensions
such as this can be helpful in visualizing
where clearance problems are. The tread
width increase and the section increase
are the areas to check. If the increase

per side is larger than the clearance with
the old tires you have trouble. This sketch
assumes you are not changing wheels—
only the tires. With new wheels this gets
more complex.

be sure they will fit. To keep this discus-
sion simple. let’s assume you are not
changing wheels. Just the tires will be
new. If you are using tires that are smaller
than before in section width, tread width,
and outside diameter, don’t even bother
to measure the car. However, the usual
thing is to go wider on the tire, so check
for interference.

First make a sketch of the new tire
mounted on your existing wheel. Measure
the tread width, maximum section width,
and outside diameter, and write these
dimensions on the sketch. On the same
drawing put these same dimensions of
your existing tires. This will help you
visualize where the problems may be.

Now take a look under the car and see
how close your old tire is to hitting the
frame, suspension, or inner body panels.
Check this on the front wheels with the
steering turned to full lock in both direc-
tions. The front tires do not pivot directly
around their treads but move forward and
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TIRE 51ZE
DESIGNATION

ATO-13
c7012
D013
4
D014
E70-14
F7G-14
G70-14
H7(-14
JH-14
L70-14
ATD-15
C70-15
075
E70-15
F70.1%
G70.15
H70-15
J70.15
K70-1%
L7015
AR70-13
BR70:13
CR7G13
DRT0-13
CRW-14
DR?0-14
ER70-14
FR70-14
GR 714
HR?-14
JRT0-14
LR70-14
BR70.15
CR70-156
OR7¥0-1%
ER70-15
FRT-15
GR70-1%
HRT)-1%
JRF0-15
KR70.15
LR70-15
MR7015
AT7E13
873.13
C¥3-12
D78-13
AT8-14
erg4a
C7g814
078-14
E78.14
F18.14
G7814
H7B-14
Jrg-14
A78-15
B78.1%
C13-i5
07895
E?8-15
F1815
G845
H78-15
J78-15
L7815
MI8-15
N78-15
L84-15
CL013
F50-14

APPROVED
RIM WIDTHS

4'%, 5, 8%, 6, 6%
5, 5%,6, 6%, 7
8%, 6, 6%, 7
5,5%,. 6,64, 7
5, bk, 6, 6%, 7
b, 6, 8%, 7
5%, 6, 6%, 7
6.6%. 7.8
6.6%, 7.8
6.6% 7.8
Y%, 7.8, 2
4%, 5,564, 6
5 5%, B, 6%
S, 5%, 6, &%,
5, 5%, 6, 6%,
Ve, 6, 6W, 7
5%.6,6% 7.8
6.6%, 7.8
6, 6%, 7.8
6, 6% 7.8
6%, 7,89
4,5, 5%, 6, 6%
5.5%, 6,84, 7
B, 5%, 6,6, 7
S%, 6, 6%, 7
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5, 5%, 6, 6%,
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TIRE S4ZE
DESIGNATION

H50-14
MED-14
NS0-14
BBO-1E
G50-15
H50-15
L5015
NS0-15
BR50O-13
GRS50-14
GRS50-15
HRS50-15
LRBO-16
ABD-13
BEO-13
CE0-13
D&0-13
D&0-14
EGO-14
FGO14
G60-14
HB0-19
JB0-14
LED-14
B6G-15
Cad16
EBO15
FGO-15
GED-15
HEG-15
J50-15
LED-1S
ARB0-13
BRG6QZ
ERG0-13
ARGO-14
FAGBO14
GRG0 14
JR6G-14
LR&C-14
EABO- 16
FRE0-15
GRE0-15
HRG60-15
JRBO-15
LRER1E
ARIBA3
BR78-13
CR7813
DR7813
ER72-13
ARTB 14
BR73-14
CR78-14
DR78-14
ER78.14
FR?78-14
GR7YE-14
HR78.14
JA7E-14
ART7E 15
BR?3-15
CR?8-15
OR78-1%
ER78-15
FR78-15
GR78-15
HR78-15
JRYB-15
LR78-15
MR78-1%
NR78-15

APPROVED
RIM WIDTHS
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Figure 2%/This list shows rim widths approved by The Tire and Rim Association, inc.,
for each modern road-tire size. The tire listed works on any of the rims shown for that
size, but try 10 use a rim toward the upper end of the size range for maximum corner-
ing power. The maximum section width of the tire will vary with rim width, so select

rim width before measuring tire clearances.

RIM WIDTIH = A—2(B+C)
C=RIM THICKNESS

- A

Figure 30/To find rim width of your exist-
ing wheels, remove tire and wheel from car.
Place on a flat surface and measure dimen-
sions shown, The metal thickness of the
rim, “C”, is about 1/8" for steel wheels
and about 1/4° for mags.

backward when they are turned. Check
the clearance between the tread and the
fender lip fo see if this motion will cause
problems,

Consider the condition where the
wheel travels upward into the fender and
check the clearances at that point. This
can be done by adding a ot of weight to
the car to compress the springs. Check
the clearance when the car rolls by jack-
ing up one side of the car using a floor
jack with casters so the weight is carried
by the other two tires.

With all these measurements you
should be able to tell how much wider you
can go on either the tread or the section
of the tire without hitting anything, If
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This tire could be 2'° bigger on the out-
side edge and still clear the fender lip. Be
sure to turn the wheels when measuring
here, as the other side of the tire may dif-
fer in clearance. Look at all possible com-
binations of steering and suspension move-
ments and find the most critical clearances
with the tires. Check both inboard and
outboard sides. Check the right and left
sides of the car, as many cars are not
symmetrical.

Here are some big tires on a little car, but
they don’t help the handling very much.
The wheel rim is too narrow for these tires,
curving the tread noticeably. Wide fender
flares were added but the big tires will hit
the underside of the flares with only about
an inch of suspension travel. This is a case
of poor planning.
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To fit fat racing tires under this Datsun it was necessary to build fender flares. These
were done by professionals and really look like it. The cost of modifications such as
this can be hundreds of dollars. But it’s pretty, isn't it?

you dre not considering a large change in
tire width, then perhaps your car dealer
can confirm that a certain size tire will fit.
If they can’t be sure, do all the measuring
yourself. You will be terribly disappointed
if those new wide skins burn holes in the
fenders every time the car rounds a turn.
You are better off with narrow rubber

or different fenders.

Certain modilications are possible to
squecze big tires under the car. Check
with your local body shop on the cost of
aring the fenders, re-contouring the
wheel well opening, or moving the inner
fender panel. 1i the tire hits the anti-roll
bar at full lock, perhaps a new bar can be
built to clear. Also you may be willing to
sacrifice some steering lock to get more
rubber. These are all compromises that
should be decided on before you buy the
tires.

Even though you can gain traction with

the widest tread, there are reasons for
selecting a narrower tire. An important
reason is wet-weather traction. A wide
tire has a problem known as /tydroplaning.
Hydroplaning is where water is forced
between the tire and the road, lifting the
tire up on a fluid wedge. This totally
destroys traction, and the car usually goes
out of control. Wide tires, a light car, fast
driving and deep water are the worst
combination,

Besides tire width, the tread design has
a great effect on a tire’s tendency to hydro-
plane. Tread grooves give the water under
the tire a place to go, breaking up the
wedge of water that tends to lift the tire,
Wide tread grooves offer the best rain per-
formance. This and other effects of tread
design are shown in Figure 31.

Tire weight is of some concern. Lower
unsprung weight will give better cornering
on bumps and the ride will be improved.
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—
Handling | Cornering - .
Classification Pattern Tiaa Genardl stability | Braking Life Riding Witiesr
Pattern Purpose on dey oF it Comfort | Property
 — 1
. RD-20 Rib General 3 3 2 2 J
Use
. = I | | I N (N S } |
RD-201 Block Sporty 2 1 2 3 |3
driving |
| |
S i == i || | s e e o
||
RD-102 Rib/Blgck High‘ Speed 1 1 3
70 Series driving ‘ [
S N S RN S |' .
| |
RD-150 Rib Soft/Quiet | 3 3 1
riding |
- | i
Rib Long Mileage
RD-170V 4 'jB for Highway J 1 2 1
(Steel Br) o .
— — S I\ P T | | |
Rib/Block Sats |
RD-601 Reinforced S— 2
(Radial) Wiagon }
f— S = — —T._—_—_—_—. i
Winter tyre || ||
R-19P Block for Highway 3 3 2
driving } ||
WO | | |
Winter tyre }
RD-701P Block for deep 3 3 1
SNOW \|
Note: 1= Best 2= Better 3= Good Blank = Standard

Figure 31/Here is a comparison of Bridgestone Radial tread designs. The advantages and disadvantages of each design are shown in the
table. Similar tread patterns are made by other manufacturers, so this table can be used to compare other brands. Bridgestone offers
tires for every purpose, as you can see from this selection. (Courtesy of Bridgestone Tire Co., Ltd.)
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These two racing tires show tread design for wet-weather performance. The slick tire is
for dry tracks only. The treaded tire on the right is a rain tire. Notice the center of the
rain tire has an extra wide groove. This helps prevent water from building up a wedge
between rubber and pavement.

Engineers can observe and photograph tire behavior through a glass plate set into the

test track at the Goodyear proving ground near San Angelo, TX. Photographs of tread
distortion and hydroplaning are analyzed to help design tires with improved performance.
(Photo courtesy of Goodyear Tire and Rubber Co.)

124

Acceleration and braking are also affected
by the weight of the tires on account of
their flywheel effect. Tire weight is diffi-
cult to determine without a direct mea-
surement, so just take a fish scale or a
small platform scale to the tire dealer
and take your own measurements. Weight
of the tire is not the most important fac-
tor, but it may help you decide which

of similar tires you wish to use. Tire
weight is more important on a light car
than a heavy one, because it represents

a larger percentage of the vehicle weight.

WHEELS

When you select tires for improved
handling, often the wheels should be
changed too, Most cars come stock with
wheels that are the narrowest rim width
which will work. For best cornering
power you want a wider rim than the mini-
mum. How wide you can go depends a lot
on the tire construction. For road tires,
check Figure 29 or the tire manufacturer’s
specs. For best handling use a rim width
at least as wide as the tire tread.

You benefit from a rim up to several
inches wider than the tread. For racing
tires check with the tire manufacturer or
select a rim at least as wide as the tread
width. Usually the wider the better on
rims, and you can use 4 rim up to 2"
wider than the tread on most racing tires.

A wider rim effectively stiffens the
sidewalls of the tire, and there is less
deflection of the tire in a corner, This
means lower slip angles and a higher limit
of adhesion. You may also be able to
notice a slightly harsher ride with a really
wide-rim wheel.

Other reasons for obtaining new wheels
besides looks are to increase the strength
and stiffness of the wheel, improve brake
cooling, and most important of all to
lower the unsprung weight. An additional
reason, sometimes vitally important, is to
change the track width so big tires fit on
the car. New wheels are much better than
spacers for getting proper tire clearance.

Look at Figure 32 before going out to
buy wheels. It shows four dimensions used
to describe a wheel. One dimension shown,
rear spacing, is related to another term
called offser. Rear spacing and offset are
two ways to describe the same thing. I'll
clarify that in a minute,
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Typical of a custom street wheel is Cragar’s Mag Master. This is a cast aluminum "‘slot-
mag”’ style wheel, and is one of the least expensive of Cragar’'s custom wheel line.
Weights range from 15 to 24 pounds, and it is available in 13", 14", and 15" diameters.
Various rim widths, rear spacings, and bolt patterns are available for a wide range of
street applications. (Photo courtesy Cragar Industries)
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This drawing shows what happens to a tire
mounted on a wider rim. The tread width
doesn’t change, but the sidewalls are braced
better and the maximum section width in-
creases. Wide rims are necessary to get max-
imum cornering power from any tire.

Figure 32/Rim width, diameter, rear spac-
ing, and bolt-circle diameter are the dimen-
sions necessary to describe a wheel.
Another term related to rear spacing is
offset.
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Figure 33/The bolt circle on the car should be measured before buying new wheels. The
easiest way is 1o measure between adjacent studs with a caliper across the outsides of the
two studs-—dimension A’ in the drawing. Then measure the stud diameter 'B”, and cal-
culate the center distance *’C*. Then multiply by the number shown on the drawing to
compute bolt-circle diameter, Of course 4-bolt patterns can be measured directly
between opposite studs.
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Figure 34/Positive offset results in a wider track than negative offset. A wheel with the
mounting surface at the center of the rim has zero offset.
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To select wheels for your car, first you
should choose wheel diameter and rim
width. These are determined by the tire
you have decided to use along with rim-
width recommendations made earlier in
this section,

Next check the bolt pattern ¢n your
car. I{ can be measured as shown in Figure
33, If you have a metric bolt pattern, mea-
sure it in inches and multiply by 25.4 to
convert to millimeters, Also check the
stud diameter and threads so you can buy
the proper lug nuts with the new wheels.
If you don’t have a thread gage, check
with yvour car dealer for the proper thread
diameter and pitch. Many foreign cars
use metric threads, even if the bolt pat-
tern is inches. Also some cars use left-
hand threads on one side of the car. Take
a good Jook at the threads, and don’t
assume anything.

Now let’s get to the matter of offset
and rear spacing. Rear spacing is the
distance between the mounting surface
of the wheel and the inboard edge of
the rim, as you saw in Figure 32 1t’s
plain, simple, and easy to measure,

Offset is the distance between the
mounting surface of the wheel and the
center of the tim, as shown in Figure 34.
From a chassis-engineering standpoint,
offset is handy to use because it tells you
directly what a change in wheels will do
to the track width of the car. Track is
measured between the center of one rim
or tire and the center of the other, If you
change wheel offsei, you are moving the
center of the tire and obviously you are
changing track.

Wheels can be built so the center of
the rim is outboard of the wheel mount-
ing surface, called positive offset. Positive
offset makes the track wider.

Wheels built so the center of the rim
is inboard of the wheel-mounting surface,
called negative offset, make the track
narrower.

I prefer to work with offser numbers
and then convert these numbers to rear
spacing if necessary to compare manu-
facturer’s wheel specs. This discussion
proceeds the same way—the effects of
offset, followed by the method of con-
verting the dimensions to rear spacing.
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Make
AMC

Buick

Cadillac
Chevrolet

Corvette
Chrysler
Dodge

Ford

International
Lincoin

Mercury

Oldsmaobile

Plymouth

Pontiac

Foreign Cars

TYPICAL BOLT PATTERNS FOR WHEELS

Year and Model
60-75 Ambassador, AMX, Gremlin, Hornet, Javelin, Matador
65-75 Skylark, Special GS300-400, Apollo, Century
65-75 Le Sabre, Centurion, Electra, Riviera, Wildcat
75 Astre, Skyhawk
60-75 All models
71-75 Vega
60-64 Chewvy 11, Corvair
57-70 Caprice, Impala, Bel Air
70-74 Monte Carlo
65-69 Corvair
64-75 Chevelle, Chevy |l, Camaro, G-10 Van, Nova, El Camino
71-75 Full size models, Caprice, Impala, Bel Air, G-20 Van
75 Monza
54-75 All models
60-75 All models except Imperial
71-75 Colt
71-75 Dart, Demon, Lancer, Swinger with drum brakes
71-75 Dart, Demon, Lancer, Swinger with disk brakes
60-75 Full size models
71-75 Pinto
74-75 Mustang 1|
70-75 Maverick
60-67 Falcon, Mustang
49-72 Full size models
71-75 Maverick
49-75 Bronco, Pick-up, E200 Van
64-75 Falcon, Fairlane, Mustang V-8, Torino, Ranchero, Van
73-75 Full size models
72-75 Scout, Travelall
70-72 Continental
69-72 Mark 111, IV
65-69 All models
73-75 Continental, Mark IV
71-75 Capri
61-75 Comet
64-75 Comet, Cougar, Cyclone, Montego
61-72 Monterey, Montclair, Park Lane, Marguis
73-75 Full size models
64-75 Cutlass, F-85, 442, Omega
64-75 Full size models
60-75 Belvedere, Fury, GTX, Roadrunner, Satellite
70-75 Barracuda
73-75 Duster, Scamp, Valiant with disk brakes
60-75 Duster, Scamp, Valiant with drum brakes
69-75 Grand Prix
64-75 Firebird, GTO, Grand Am, Tempest, Ventura
65-75 Bonneville, Catalina, Grandville, Star Chief
Austin Healey Sprite
Alfa Romeo
BMW 1600, 2002
Fiat
Datsun 510, 2402, 2602 2802
Ford (English)
Lotus Elan, Europa, Seven
Mazda
MG B
MG Midget
Opel 1900, Manta, GT
Porsche 914 {4 cylinder)
Porsche 914-6, 911, others
Toyota 1600 Corolla, Corona Mk 11, Celica
Triumph Spitfire
Volvo 144, 122, P1800
VW 68-74 sedans
VW 48-67

No.

Bolts
5

L & B G B R~ S o i & & TN G S G S 6 S O R NS R G S & S 6 S 2 S - SN N O & B 1 & B S & G N 2 & S 6 o Y S N & IO SN G 1

Bolt
Circle
Diameter
4-1/2in
4-3/4 in

5in
4in
5in
4in
4-1/2in
4-3/4 in
4-3/4 in
4-3/4 in
4-3/4 in
5in
4in
4-3/4 in
4-1/2in
4-1/2in
4in
4-1/2in
4-1/2in
4-1/4 in
4-1/4in
4-1/2in
4-1/2in
4-1/2in
4-1/2 in
5-1/2in
4-1/2in
5in
5-1/2in
4-1/2 in
4-1/2in
5in
5in
4-1/4 in
4-1/2in
4-1/2 in
4-1/2in
5in
4-3/4 in
5in
4-1/2in
4-1/2in
4-1/2'in
4in
4-3/4 in
4-3/4 in
5in
4in
108Bmm
100mm
98mm
4-1/2in
4-1/4 in
3-3/4 in
100mm
4-1/2in
4in
100mm
130mm
130mm
4-1/2in
3-3/4 in
4-1/2in
130mm
205mm

This table shows bolt patterns of some domestic and foreign cars. To be sure, a/ways
measure the bolt pattern on your car before buying other wheels. Don’t assume that
wheels with identical bolt patterns will interchange. Brake clearance, center hole, and
tire clearance may prevent it.

Changing wheel offset changes the
track width of the car. Changing rim width
or tire width has no effect on the track.
Adding positive offset makes the track
wider. If your wheels are negative offset
to begin with, adding positive offset means
reducing the amount of negative offset.

When installing wider tires and wheels
it is normal to use wheels with more posi-
tive offset. Besides widening the track this
creates more clearance between the inside
of the tire and the car chassis. Then if the
tires touch the outer fender lips, the fen-
ders can be flared to clear. It is impossible
to use wide tires when there isn’t enough
room on the inboard side of the tire,

Rear wheels on this March Formula car
have positive offset to reduce loads on
the wheel center and wheel bearings dur-
ing hard cornering. This is explained in
Figure 35.

Front wheels of March Formula car have
negative offset. This puts steering pivot
axis near center of tire for easier steering
and better handling.
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Adding positive offset to wheels can
make a car corner faster because the result-
ing wider track reduces weight transfer.
However, there are some side effects. On
the front of the car, increased positive
offset increases the distance between the
steering pivots and the center of the tire.
This makes the car steer harder. It also
increases the loads on the steering system
which increases the steering-linkage deflec-
tion, and this may require extra toe-in to
compensate, All these things are undesir-
able, so if possible keep the front offses
near stock.

At the rear, increased positive offset
is not as bad. There usually is more tire
clearance problem in the rear, requiring
positive offset. If the car has independent
rear suspension, increased track may cause
miore toe change during acceleration and
braking which will require a change in rear
toe setling. This is usually not important
encugh to notice in street driving, but
could cause a problem on a racing car.

Changing offset affects wheel-bearing
toads. On some cars the wheel bearings are
so marginal in strength that an increase in
positive offset cavses them to fail pre-
maturely.

A road car is designed with wheel off-
set to minimize loads on the bearings in
straight-line driving, but in a corner the
wheel bearings get higher loads. In most
cases a positive-offset wheel will increase
the loads in straight-line driving, but
reduce the loads in a corner, This is shown
in Figure 35. The best bet for street driv-
ing is to keep the offset as close to stock
as possible. If necessary go ahead with
small changes in offset and don’t worry
about bearings. 1t only becomes an intoler-
able problem with a large change in wheel
offset, say more than 2 inches,

Before ordering new wheels you must
determine what offset you need. Start by
measuring your existing wheels. Figure 36
shows how this is done. Remove the
wheel from the car and lay it down on a
smooth floor with the outboard side of
the wheel down. Lay a straightedge across
the tire sidewall and measure to the floor
and to the wheel mounting surface as
shown. Then calculate the offset. The
formula will also tell you if the offset is
positive or negative, If a tire is not on the
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Co = CORNERING FORCE ON OUTBOARD BEARING
Ci = CORNERING FORCE ON INBOARD BEARING

Figure 35/Wheel bearings carry weight of vehicle, “W”, during straight-line running.
They also carry cornering forces, “C”, in turns.

With negative offset, weight loading is well distributed between inner and outer bearings.
However, cornering foads upset this balance by increasing force on the inside bearing
and decreasing force on the outside bearing. This makes cornering much harder on the
inside bearing than straight-line driving,

With positive offset, the situation is reversed. In straightine driving, bearing loads are
uneven but the addition of cornering forces tends to even them out. Thus cornering
Soads are less severe than those of straight-line driving.

In these sketches, offsets are exaggerated for clarity. Smatl changes in offset don’t affect
bearing loads enough to worry about. In any event, wheel-bearing life will probably be
affected more by your driving than anything else.
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wheel, use the same method but measure
to the edges of the wheel.

Now go to the car and measure clear-
ances around your existing tires, Check
all positions of suspension and steering
movement. You may have to jack up the
car on one side to simulate body roll, Put
a lot of weight on the car to make the
suspension approach full bump. If you
can’t make the suspension bottom out,
remove the springs. On leaf-spring cars,
use a turnbuckle in place of the shock and
compress the spring by tightening the
turnbuckle. This is a lot of trouble, but if
you want {0 use the widest rubber it must
be done,

Because stock oftset will give the best
overall results for street use, first check
clearances without changing offset. This
means that additional tire and rim width
is equally divided between each side of
the wheel center. [f your new tires have
a section width 4 wider than your exist-
ing ones, this means the clearance will be
reduced by 2 on both the inboard and
outboard sides of the tire.

Pay particular attention to clearances
on the inboard side of the wheel and tire.
If you widen the wheel rim width without
changing offset, the inboard edge of the
rim will be closer to the steering linkage
and suspension. 1f it turns out that there
is not sufficient wheel or tire ¢learance
on the inboard side, determine how far
the wheel shoutd be moved outwards to
clear. You can imagine putting spacers
inside the wheels to do this, Remember
this is with your new rims and tires.

After figuring out how far to move the
new rims outboard to clear, double check
the outboard side of the tire for clearance.
Remember you need clearance inside the
fender for one half the increased tire
width plus the amount you move the
wheel outboard.

The amount you move the wheel out-
board is the increased positive offset, The
added positive offset plus the offset of
your existing wheels will give the offset
of your new wheels.

Some wheel manufacturers use the
term rear spacing rather than offset to
describe their wheels. Rear spacing is the
distance from the wheel mounting surface
to the inboard edge of the wheel, shown
in Figure 32.
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Figure 36/You can measure offset with or
without the tire mounted on the wheel.
Place wheel with the outboard side down
and take dimensions A’ and "'B’’. Offset
is calculated with the formula shown. If
“B" is larger than “A/2" the offset is
negative. If tire is not on wheel, take mea-
surements to edge of rim rather than tire.
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Make a sketch like this to see what offset your new wheels should have, First draw the
old tire and the position of the closest parts such as the fender and the suspension.
Then draw the new tire mounted on the new wider rim, but without changing offset.
This means the new tire is centered on the old tire, with the increased width divided
equally between both sides. If there is interference on the inboard side as shown, move
the wheel outboard enough to clear. This is distance X" shown above. The new wheel
offset is found by adding the increased positive offset X" to the old offset. If spacers
were used, "X’ would be the required spacer thickness under a wheel with the same

offset as your old wheels.
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Figure 37/If you know offset you can cal-
culate rear spacing and vice versa. In these

formulas if the offset is negative be sure
to put in a negative number for “B”. If
you don’t change rear spacing when buy-
ing new wheels, the new wheels cannot

hit the suspension on the inboard side, bu

watch out for tire clearance problems,

A = REAR SPACING
B8 =0FFSET
C=RIMWIDTH

D = EDGE THICKNES

Rear spacing of this custom wheel can be measured directly as shown. This

g r

tire pushed off the rim, so the measurement can be taken by resting the 2 x 4 on the
edge of the wheel and measuring to the mounting surface. If the tire were inflated, the
rear spacing is determined by measuring from the tire sidewall to the mounting surface
of the wheel, and then subtract the distance from the tire sidewall to the edge of the
wheel. Wearing necktie adds a little class to the operation.

Rear spacing is easy to measure directly
off the wheel. There are no positive and
negative values, so there is less confusion
than with offset. However, some care
must be used to describe your new wheels
using rear spacing measurements.

If you have already figured out your
wheel offset, you can determine the rear
spacing as shown in Figure 37. Notice that
you need the distance from the tire bead
to the edge of the wheel to do it. If you
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have a tire mounted on the rim this isn’t
easy, but it can be measured with several
dimensions as shown. The typical steel
rim has an edge thickness of about 1/2
inch.

A safe way to specify new wheels is to
keep the rear spacing unchanged and just
widen the rim. This puts the inboard edge
of the rim the same distance away from
the suspension as before, so it can never
interfere with anything. You still have to

wheel has the

check tire clearance on the inboard side,
but usually there is no problem. This
method increases the positive offset by
half of the rim-width increase. On many
cars this gives too wide a track, causing
the tires to run into the fenders or other
problems. Don’t let wheel dealers sell you
on this method for selecting new rims. It’s
safe for them, but you may not be satisfied
with the results. Always check clearances
on both sides before putting your money
down.

There is one way to increase the posi-
tive offset of wheels without buying new
ones. This is use of spacers under the
wheels. Spacers are to be used only as
a last resort, and then only for small
changes in offset, say less than 1/2 inch.
Spacers are often marginal in accuracy and
if not used properly they can be dangerous,

Spacers can cause the wheels or lug
studs to fail. Particular attention must
be paid to the lug nuts when using
spacers, Never add spacers without
changing wheel studs and lug nuts to the
strongest possible design.

If spacers are used under steel wheels
be careful that they make contact over the
same area on the wheel as before. Inade-
quate contact surface on the wheel can
cause the wheel to flex during hard cor-
nering leading to wheel failure. Longer
studs should be used with spacers so the
lug nuts get full engagement with the
threads. Studs must have an unthreaded
shank in contact with the holes in the
spacer. Spacer holes should fit close to
the shank of the studs. If the spacer has
big sloppy holes or contacts threads, the
studs can fail due to bending. NEVER
NEVER use a stack of washers as a spacer,
instant disaster can occur!

If spacers are used under light-alloy
wheels longer studs can be used or long-
shank lug nuts. The best bet if using the
long lug nuts is to bolt the spacer to
the wheel and match-ream the lug holes
in the spacer for a perfect match. A close
fit with the shank of the lug nut is essen-
tial for adequate strength. Cragar Indus-
tries and other wheel manufacturers offer
a selection of long-shank lug nuts for
cast “mag” wheels.

Beware of adapters to change one bolt
pattern to another. These are heavy and
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often are too weak for really hard driving.
It is best to invest in the proper wheels
rather than take a chance.

WHEEL TYPES

There are almost as many types of cus-
tom wheels as there are tires. These pro-
ducts can be broken down into two major
categories, street wheels and racing wheels.
Just as with tires, they should be used
only where intended. There may be little
difference in appearance but the two types
of wheels are designed for totally different
jobs, A racing wheel is designed to be as
light as possible for the type of car and
the type of racing. Thus it may have a
very small safety factor, and may fail if
used on too heavy a car. In addition, a
racing wheel must be very stiff under a
cornering load unless it is only used for
straight-line racing.

A street wheel is designed for a differ-
ent environment. [t must have a large
enough safety factor to go practically
forever without failure under all sorts of
conditions including overloading, impacts
with curbs, severe and repeated bumps,
and corrosion. A street wheel is not neces-
sarily designed for long service in corner-
ing at racing speeds, nor is it necessarily
as light or stift as it could be. It is,
however, always designed to a price, even
the most expensive one on the market,
Racing Wheels—Racing wheels are usually
made of magnesium, almost always by a
casting process, There are other racing
wheels made from sheet metal, usually
aluminum, and formed by spinning or
stamping. Each has advantages for particu-
lar cars and types of racing. Both types
are very light and tend to be very expen-
sive. You can pay upwards of $250.00
each for a good quality racing wheels, so
they are a luxury on anything but an all-
out competition machine.

o WHEEL
WHEEL

\ - SPACER NOT

N/ MAKING FULL

| " conTacT wiTH CLEARANCE AROUND
[ WHEEL 77 “\ sTup

|||— tﬂﬁ:ﬁﬂ
ﬂ”ﬁﬂt— = o % FULLY THREADED
- 21% ) STUD IS BAD EVEN

I? IF HOLE IN SPACER
|_ | Hug § 1SSMALL

— L

WRONG WRONG

LONG SHANK LUG LONG STUD MAKING
NUT FOR MAG CLOSE CONTACT
WHEEL, MAKING WITH HOLE IN
CLOSE CONTACT i SPACER. NO THREADS
) WITH HOLE IN —bffHH ;?rl BEARING AGAINST
SPACER. STUD 77 >~ HOLE IN SPACER.
\ SHOWN IS TOO vz | WHEEL NOT SHOWN—
)/  SHORT FOR HARD CAN BE STEEL OR
HUB '\) USE. STUD SHOULD | Hue MAG TYPE.
et EXTEND INTO HEAD — -
OF NUT IF POSSIBLE. BEST

If poverty or a taste for adventure causes you to try spacers under your existing wheels,
check these ways to do it. The top two methods will quickly satisfy the adventurous
spirit. The bottom two are a reasonable accommodation to a dwindling bank balance.

This LeGrand magnesium wheel is one of the lightest available. They are made in a wide
variety of sizes for light racing cars, and offer great lateral stiffness from extremely deep
spokes.
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Cast-magnesium wheels are popular in
almost every type of motor racing, and
they started the “mag” wheel craze for
the street. Street “mag” wheels are now
made of aluminum alloy, but real mag-
nesium still has its place in racing because
of its lighter weight. Cost and corrosion
problems are the reasons magnesium is
not widely used for street wheels.

Cast-magnesium racing wheels are
nearly always designed with some sort of
spoke pattern to reduce weight and let
some air flow through the wheel for brake
cooling. By having very deep spokes, the
wheel can have great lateral stiffness, and
this is why they are so popular in road
racing and for light oval-track cars.

Because they are cast, the rim can be
made in any thickness desired, so the mag-
nesium wheels can be designed for a
particular weight vehicle. Some magne-
sium racing wheels are only suitable for
light cars, so don’t put magnesium wheels
on a heavy car unless you know they were
designed for it.

One of the top manufacturers of mag-
nesium racing wheels is Minilite of
England. This brand, marketed in the
USA by Hank Thorp, has an outstanding

This is a cast magnesium wheel designed for racing only. It is made for a Formula car

reputation in the road-racing field. Mini-
lite makes a very wide range of sizes and
offsets to fit cars from Minis to Corvettes.
They offer a unique guarantee against
fatigue failure, almost unheard of for
racing wheels.

The high quality of Minilite magnesium
wheels makes them suitable for street use
on a car for which the wheels were
designed. Minilite magnesium wheels are
expensive, as are all racing wheels, but
they may be worth it to you for the
increase in stiffness and the reduction in
unsprung weight. They have licked the
corrosion problem with magnesium by
using a protective coating. You never see
glittering polished Minilites, so if you
want that appearance, stick to the heavier
aluminum street wheels,

Minilites are very popular for road
racing, and the wheels are engineered to
fit the rules of various road-racing clubs
such as IMSA and SCCA. Minilite wheels
are one of the strongest designs available,
and are not the absolute lightest racing
wheels. Most people want this extra
reliability and use Minilites. The highly
developed casting method used gives the
wheels outstanding impact strength, and

weighing about 1000 pounds, with a racing tire inflated to about 20 psi. This is a very
light wheel, ideally suited for its intended use. It would not be strong enough for a
heavy car, and would not last long on the street. Keep the intended use in mind when

selecting wheels.
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Minilite Sport wheels are similar to their
famous magnesium racing wheels but are
cast in aluminum. (Photo courtesy Hank
Thorp)

they often survive wrecks that shatter
lesser-quality cast wheels.

In addition to magnesium wheels,
Minilite is now making cast-aluminum
sport wheels for street use. Similar in
design to the racing wheels, they are
heavier and less expensive. As with the
magnesium wheels, Minilite Sport wheels
are suitable for tubeless tires.

Another manufacturer of high quality
magnesium racing wheels is LeGrand Race
Cars. The LeGrand racing wheels were
originally designed to be used on their
extensive line of formula and sports-
racing cars, but they have expanded their
line to suit most light cars. They can be
obtained for Formula Fords, Super Vees,
and other cars of similar weight. LeGrand
wheels are known for their extremely
deep spokes and light weight, both of
which add to their suitability for road-rac-
ing cars. Other racing-car manufacturers
do not offer a wide variety of sizes in cast
magnesium racing wheels.

As an alternate to cast magnesium
wheels, | designed and developed a two-
piece spun-aluminum wheel for Chassis
Engineering Co., which I then owned
and have since sold. These wheels were
first used in road racing.

A similar design, called the Super Trick
wheel, has been developed by Cragar and
is now standard equipment on virtually
all top drag-racing cars in the country.
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They are available in a wide range of sizes
from skinny front rims for rails to the
massive 16-inch diameter rear wheels.

These wheels are spun or stamped from
aluminum sheet and heat treated for high
strength. The wheel consists of two halves,
bolted together at the rim, with a light
alloy spacer in the center for stiffness.
This center spacer is the hub on certain
models for drag racing. This saves the
weight of a separate hub for the car.

In addition to drag-racing wheels,
Cragar has developed similar Super Trick
wheels for off-road racing. They have par-
ticular advantages in this type of compe-
tition because the material of the wheel
can be bent into a pretzel without break-
ing. This is a tremendous advantage in a
race where you actually expect to hit
solid rocks from time to time. The rims
may be bent and battered, but the car
can go on running to the next pit stop.
Most off-road racing cars use the VW
205mm bolt pattern, and the large flat-
center Super Trick wheels are particu-
larly suited for this pattern.

Several small companies make racing
wheels of the monocoque sheet metal
type for road racing on light cars. This
type of wheel has yet to be developed
for use on heavy cars in road racing. There
are only a couple brands of racing wheels
used on the big Corvettes and A-sedans in
road racing, and these are cast-magnesium
construction.

In England some of the Formula One
cars use an assembled magnesium wheel.
The MelMag wheel is bonded or glued
together around a honeycomb center. It
results in a very unique wheel, and may be
a racing design we will see more of in the
future.

Street Wheels—Countless varieties of
street wheels are on the market today.
Prices and styles cover a wide range, and
are as confusing as the marketplace for

tires. There are several things to remember.

Quality doesn’t come cheap, so you
generally get what you pay for in a custom
wheel. Any reputable street wheel manu-
facturer should have a wheel that is SEMA
(Specialty Equipment Manufacturers
Association) approved. This is your
assurance that the wheel is designed to
pass a maximum-load endurance test,

The Crager Super Trick wheel has dominated the field of drag racing due to its light
weight and wide range of sizes. Pictured here is an ultra-light front wheel for drag racing
and a large rear wheel. Weights range from 9 to 17 pounds, and virtually any size is
available. The wheels are also made for off-road racing, where their ability to absorb
impact overloading without cracking makes them a superior type of wheel.

This test is so severe muany standard-
equipment wheels will not pass.

When shopping, you will be looking
for a wheel that fits your car, has the
proper rim width and offset, and is the
lightest weight you can get. Carry a steel
tape and a scale with you when shopping
for wheels so you can compare and mea-
sure. Also you may choose a certain type
of wheel construction because ol its
structural properties,

Custom street wheels are made of
steel or aluminum. They can be cast,
stamped, forged, or flame-cut. They are
available painted. polished, or chromed.
Some have brake-cooling holes and some
do not. Some are 4 lot lighter than others.
I will try to sort out the main differences
here.

The common street wheel is made of
sheet steel. It has a rolled rim and a
stamped-steel center, welded or riveted

in place. These are the lowest-cost wheels,

usually fairly light too. The disadvantage
is usually a lack of lateral stiffness. Some
original-equipment wheels are weak and
will not take the stresses of road racing
for a long period. If you have steel wheels

This sticker is an indication that the
wheel has passed the severe SEMA test.
There are some good wheels that have not
been SEMA approved. If a wheel has not
been SEMA approved, ask the manufac-
turer for equivalent evidence of safety on
the street. Some street wheels are guar-
anteed against failure, and this is evidence
of quality.
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The stock steel wheel is reasonably light and reliable for street use. However, the center

is too thin for hard cornering, and tends to flex. Less flexibility is one big advantage of

cast-aluminum custom wheels.

on your car and wish to widen the rim
you may find other steel wheels in a
junk yard or at a dealer that will bolt
right on. Look for a car with the same
bolt pattern and then compare offset, rim
width, and other clearance dimensions
to see if they will work. Sometimes the
centerhole in the wheel is the wrong
diameter and won’t clear the hub. Other
times the wheel shape may not clear your
brakes, particularly if your car is equipped
with disks. Check all these important
details before putting your money down.
You may also have a wheel specialty
shop widen your rims. This is done by
cutting the rim apart and welding in a
band or a new rim half. This sort of thing
is not as popular as it once was because
complete wide rims are becoming more
available. The split-and-welded rim is not
as strong as the original wheel, and failures
have been known to happen with poor
jobs. If you go this route check the quality
of the work, and ask how the fabricator
will back up the job. If possible, welding
a complete new rim on your centers works
a lot better. Steel wheel shops may be
able to do this and give you just the
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This VW has steel wheels with widened
rims which were split and welded by a
specialty shop. This type of wide wheel
is usually fairly cheap and light, but the
strength is strictly according to the skill
of the welder. For rugged use, one-piece
rims are preferred.

right offset. Do not assume this will be
the cheapest way to go—custom work
sometimes comes high.

A similar wheel uses a steel rim with a
flame-cut or punched-out steel plate cen-
ter. These wheels are popular for rugged
off-road use, because of the much stiffer
center. The heavy center plate is made
lighter by using holes or a spoke pattern,
but some of these wheels are still the
heaviest available. They also are among
the strongest in sheer impact strength.
Take a good look at these steel wheels if
your car gets very rugged use.

The majority of custom street wheels
are made of aluminum. Most of them are
cast, but some are made by an exotic forg-
ing process. A forged aluminum wheel will
have the very best strength properties,
and is highly desirable if both hard road
use and occasional racing are intended.
The optional spoked-alloy wheels offered
by Porsche are made by forging. These
are as light as a good racing wheel and
are suitable for street driving also—a rare
combination in any wheel. Unfortunately
Porsche wheels don’t fit anything but a
Porsche, but don’t overlook them if you
are using a Porsche bolt pattern on a
special car,

This wheel has a steel rim welded to a
steel center cut from heavy plate, Even
though the spokes lighten the center con-
siderably it is a rather heavy wheel com-
pared to cast aluminum types. Notice
how the spokes are staggered at the weld
points to provide added lateral stiffness
to the center.
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One-piece cast aluminum wheels for
the street are made by 4 number of repu-
table companies including Cragar, Ameri-
can, Ansen, Rocket, Keystone, ET, and
Minilite.

Assuming these have all passed the
SEMA test or the equivalent, they are all
adequate in strength. There are spoke
types and slot-mag types, mostly only
a difference in appearance. The spoke
type may offer slightly better brake cool-
ing in a marginal situation, while the more

solid slot-mag center may be a bit stronger.

A number of street wheels use a cast-
aluminum center with a steel rim. The
strength of this type wheel is sometimes
questionable at the attachment between
the center and the rim. Some quaint
schemes have been tried on the cheaper
brands, so stick with something that looks
like quality. Again stay away from any
wheel that has not passed SEMA. The
steel rim offers an advantage in mounting
tires and curb impact, because the rim is
rugged. [t may be the best compromise if
all other factors are equal.

SPRINGS

The basic characteristic of springs
which makes them useful is the fact that
they are springy. An uncompressed coil
spring exerts no force as long as it is
uncompressed. The more you compress
it, the more it pushes back.

If it takes a force of 100 pounds to
compress 4 coil spring one inch, then
when compressed that much it can sup-
port a weight of 100 pounds. The
behavior of coil springs is that it will
require an additional 100 pounds to com-
press the spring another inch. Now, 200
pounds is resting on the spring and it has

compressed or deflected a total of 2 inches.

If one corner of a car weighs 400
pounds and that corner is resting on this
spring, it will compress 4 inches when the
car is sitting still. If the car is driven and
hits a bump, the spring should compress
still more—perhaps another 4 inches
before the suspension hits the bump stop
on the frame. That’s a total of 8 inches
of spring travel, with the spring force
ranging from zero to 800 pounds. Actually
most coil springs still have some compres-
sion even when the suspension is fully
extended—they are compressed to install

These Porsche wheels are made from
aluminum by forging. They are nearly as
light as the lightest racing wheels and are
strong enough for unlimited street use.
These are probably the best all-around
wheels you can buy but unfortunately
they only fit a Porsche. The price is as
high as the quality. You get what you
pay for.

The Crager S/S is a high quality two-piece
custom wheel using an aluminum center
and a steel rim, available in a wide range
of rear spacings. The center can be
mounted at various locations on the rim.
S/S wheels are available in 13", 14", and
15" diameters, widths from 4" to 10”.
(Photo courtesy Cragar Industries)

——

The Cragar Mach 8 is a one piece “mag’’
type wheel. Actually made of cast alumi-
num, this wheel ranges in weight from 18
to 25 pounds; sizes in 14" and 15" diame-
ters and 6, 7, and 9-inch rim widths. Rear
spacing is 3 3/4 inches on most models,
which is suitable for many street appli-
cations, (Photo courtesy Cragar Industries)

them in the car—so the actual range of
spring forces may be from 200 to 1000
pounds in this example.

A suspension travel of 8 inches is com-
mon on passenger cars but not suitable for
most racing cars. Modified springs are
sometimes helpful in improving the hand-
ling of a car. Generally spring modifica-
tions are for one of two reasons: Lo
change the stiffness of the suspension, or
to change the ride height of the car.
Because springs control so many fac-
tors in car handling, what you may
think is a simple change can result in com-
plex handling differences.

The basic purpose is to absorb bumps
and irregularities in the pavement. Springs
provide a reasonable degree of comfort
for the vccupants of the car, and they
help maintain contact between lires and
road. The wrong springs can reduce both
ride quality and handling on bumpy
surfaces.

In general, soft springs give the best
ride and also the best traction on rough
surfaces. The disadvantage of soft springs
is a lot of up-and-down motion of the
cdr on its suspension, resulting in
inferior handling under certain conditions.
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ride and handling. Car is a Datsun 510.

For example soft springs will allow more
nose dive under braking with greater cam-

ber change on an independent front suspen-

sion and a net loss of braking traction.

On banked corners, soft springs can
allow the car to ride the bump stops, a
very serious condition leading to poor
handling. If large aerodynamic forces are
acting on the car, soft springs will allow a
large change of ride height with change
in speed, and this can cause entirely dif-
ferent handling characteristics between
low-speed and high-speed driving. Even
though body roll in corners can be con-
trolled by anti-roll bars, the springs are
the only effective limit to vertical motion
of the car on its suspension. A special
case is the Z-bar described later in this
section.

The usual modification to springs is
to stiffen them for less vertical motion.
This has the side effect of increasing
roll stiffness of the suspension, so the
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There's a spring and shock at each corner of a car. Spring stiffness has a big effect on

car will have less roll in the turns. Increas-
ing the spring stiffness has definite limits
for hoth ride and handling. For racing
use, the springs should be fairly stiff, so
this modification may be just what you
need. However, for drag racing, stiffening
the springs will result in less lifting of the
nose and thus less weight transfer to the
rear tires. I[f only one end of the car is
stiffened and not the other, the resulting
change in relative roll stiffness may alter
the steer characteristics. It may also cause
uncomfortable fore-and-aft pitching
motions on certain surfaces.

In every case, the ride will become
harder with stiffer springs, and you will
need stiffer shocks to control the springs
properly.

No matter how you go about selecting
springs for your car, you must eventually
judge the result by a criterion common
to all people and all cars—how does it feel?

Everybody has experienced the soft

wallowing undulations of a large passenger
car designed for a boulevard ride, and
many have felt the harsh jiggling vertical
motions of a stiffly sprung performance
car.

The difference is how fast the body
bounces or oscillates up and down on the
suspension springs. Shock absorbers or
dampers tend to mask the effect of verti-
cal body movements because they oppose
those movements. For analysis, we imag-
ine that the shocks are disconnected,
leaving only the two essentials which
determine the rate of vertical oscillation.
These are the weight of the chassis and
the stiffness of the springs.

A natural characteristic ol any weight
associated with a spring is vibration or
oscillation at some definite rate. This is
done by a pendulum—where the springi-
ness is contributed by gravity —or a tun-
ing fork which has some weight and some
springiness in each half, It is also a pro-
perty of a weight hanging from a spring,
or sitting on a spring. In all such mechani-
cal systems, if the weight is moved away
from its rest position and then released,
it will oscillate back and forth, or up and
down, at some steady rate or frequency.

You can probably see intuitively or by
experiment that more weight tends to
make the system oscillate at a lower
natural frequency and a stiffer spring
tends to make it vibrate faster.

WEIGHT

CALET LSS S L LSS

If set into motion, the weight will bounce
up and down on that spring for a long
time. The bouncing will be at a steady
rate called the natural frequency. Cars

do the same thing.
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Weight is a commonly used expression,
but stiffness is not. If you test some coil
springs for stiffness by compressing them
between your hands, you will conclude
that the springs which are less stiff com-
press more with the same force applied.
Spring stiffness is the force applied to
the spring divided by the amount the
spring compresses or deflects as a result
of that force. If force is measured in
pounds and deflection in inches, spring
stiffness is expressed in pounds per inch.

A common symbol used for spring
stiffness is K, called spring constant, or
spring rate.

_ Force
Deflection

The chassis of a car sits on springs. Dis-
regarding the effect of shock absorbers,
every bump in the road causes the chassis
to bounce on its springs at some natural
frequency determined by the weight of
the chassis and the stiffness of the springs.

Because the stiffness of the front
springs is not usually the same as the rear
springs, and because the weight of the
front end of the car is not usually the
same as the weight at the rear, most cars
have two natural frequencies of vertical
oscillation—one at the front and a differ-
ent rate at the rear.

Natural frequency is expressed in
cycles per second, where a cycle is one
complete up-and-down motion of the
car.

Imagine you are sitting in a car without
shocks and someone bounces the springs.
If the natural frequency is very low and
the motion large, say 3 inches, you would
not feel like you were in a car at all.
Instead the slow up-and-down motion
would resemble that of a boat gently ris-
ing and falling with the waves. The ride
would possibly make you seasick.

If we increase the natural frequency
of the suspension to 1 cycle per second
and reduce the vertical motion, the ride
would begin to feel better, more like a
car. Increasing the natural frequency to
2 cycles per second would result in a
jigely ride like a truck or a racing car. A
further increase to 10 cycles per second
would blur your vision and vibrate your
body to the point of total discomfort,

WITHOUT SHOCKS
ONE

CYCLE

/ WITH SHOCKS

T — —

SUSPENSION
MOTION—INCHES

0 1 2 3 4 5
TIME—SECONDS

Here is a graph of suspension motion after a wheel hits a bump. The solid line shows

the motion without any shocks, the car continuing to bounce up and down a number

of times. The dotted line shows how shock absorbers cause the motion to disappear very
quickly. The natural frequency can be determined from this graph by seeing how many
cycles occur in one second. In this example the suspension natural frequency is 1/2 cycle
per second—which will make you seasick.

2.0
Q\— SUSPENSION NATURAL FREQUENCY--SOFT SEDANS

\

SUSPENSION NATURAL FREQUENCY —
/HIGH PERFORMANCE CARS
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This graph shows combinations of vibration frequency and motion which the average
person finds tolerable. Above the curve is the discomfort zone, which obviously is to be
avoided. A typical sedan has a low-natural-frequency soft suspension so vertical motions
of over 1 inch are not uncomfortable. A sports car or racing car requires less lean and
variation in ride height, so a higher natural-frequency suspension is used. The stiffer
racing suspension means less comfort. Typical suspension frequencies are shown as
dashed lines on the graph.

If you plan to change the springs for
better handling, you should first deter-
mine the natural frequency of your car’s
suspension. Then you can make an intel-
ligent change that won’t be a blind guess.
To calculate natural frequency, you must
find both the vertical stiffness of the sus-
pension and the sprung weight—meaning
the weight sitting on the springs.

like riding on a jackhammer. A car with no
springs would have a natural frequency of
about 10 cps. The car would be bouncing
only on the tires.

There is a comfort zone which the
human body likes best, and this is
what most cars are designed for. Going
far outside the limits results in a very
uncomfortable ride.
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The suspension vertical stiffness —also
called wheel rate—is the amount of verti-
cal force at the wheel necessary to move
the suspension one inch vertically.

You can find wheel rate by direct meas-
urement. Add weight to the car so its
effect on each wheel is known. If you
place the weight directly between a pair
of wheels, it will divide equally between
the wheels. Then measure the vertical
and aft after the weight is applied to
eliminate scrub. Then measure the vertical
movement of the suspension. The vertical
stiffness is the added weight per wheel
divided by the resulting suspension ver-
tical movement.

If you place a 400-pound weight cen-
tered over the rear axle, it adds a force of
200 pounds to each rear wheel. If this
makes the body of the car move one inch
closer to the ground, the suspension ver-
tical stiffness at each wheel is 200 pounds
per inch.

Because of friction in the suspension,
it is often difficult to do this job accu-
rately. The best way is to remove the
shocks and place a scale under each tire
to accurately measure the change in
weight on the wheel. If you like calcula-
tions, you can determine the suspension
vertical stiffness by the following formula:

Suspension vertical stiffness per wheel =
Spring stiffness

(Mechanical advantage)?

Some important ideas have been con-
cealed in the last few paragraphs and they
may not be obvious. Let’s spend a min-
ute on them.

First, the stiffness of a suspension is
not the stiffness of the spring all by itself.
The important stiffness is that *‘seen™
by the wheel or the body, which may be
different on account of leverage.

Also, suspension stiffness is the same
whether “seen” by the chassis or the
wheel. This is another way of saying that
moving the chassis down 2 inches is the
same as moving the wheel up 2 inches. It
is often more convenient to consider
wheel movements as you will see in just
a minute.

Finally, there must be a reason that the
mechanical advantage term is squared in
the equation above for suspension verti-
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Here’s a set-up for measuring the vertical suspension stiffness of a small sports car. A
heavy toolbox is used to add weight to the chassis. The change in ride height is mea-
sured with the scale (arrow) at the left front corner of the car. On this car it is difficult
to get consistent results due to friction in the leaf spring and shocks.

cal stiffness. You can tune chassis without
ever knowing why, but if you are
intrigued by such things, let’s piece it
together,

Mechanical advantage is another way
of saying leverage. Imagine a front suspen-
sion using A-arms, with the wheel at the
end of the A-arm and the coil spring

exactly halfway between the wheel and
the suspension pivot on the frame. When
the wheel moves 2 inches, the coil spring
will compress only one inch because of
leverage or mechanical advantage.

The trick here is to recognize that a
change in leverage changes both the
amount of force at the end of the lever
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and the amount of movement at the end
of the lever. Because spring stiffness is
force divided by movement, using a lever
to operate a spring causes a curious
happening.

Let’s assume two cases and calculate
some forces and movements. Suppose the
stiffness of the spring itself, measured all
alone, is 800 pounds per inch. With the
coil spring halfway between pivot and
wheel, move the wheel upward one inch.

The spring compresses only half an inch.
If spring rate is 800 pounds per inch,
compressing it by half an inch causes a
force at the spring of 400 pounds. But
because of the 2:1 leverage at the wheel,
the force at the wheel is only 200 pounds.

As far as the wheel is concerned, the
stiffness caused by the spring located
somewhere else is still force at the wheel
divided by deflection at the wheel. Two
hundred pounds force divided by one
inch of wheel movement is a stiffness at
the wheel of 200 pounds per inch.
Because that’s what the wheel “sees,” it is
called wheel rate.

Now let’s double the leverage so it is
4:1. When the wheel moves upward one
inch as before, the spring will compress
only 1/4 inch. That same spring will exert
a force of 200 pounds when compressed
only 1/4 inch because the rate is still 800
pounds per inch. The force of 200 pounds
at the spring will become only 50 pounds
at the wheel because the leverage is now
4:1.

What stiffness does the wheel experi-
ence? A force of 50 pounds divided by a
movement of one inch is a wheel rate of
50 pounds per inch.

Doubling the leverage reduced the
wheel rate by a factor of 4.

The mechanical advantage of a suspen-
sion is the amount of vertical movement
at the tire to move the spring one inch.
Movement of the spring is measured as
shown in Figure 38: along the centerline
of a coil spring, vertically for a leaf spring,
and in the direction of driving-arm
motion for a torsion bar. The mechanical
advantage can be measured or calculated.
A direct measurement is usually easiest,
Just move the suspension vertically by
jacking up the car slightly. Measure the
motion of the spring. Mechanical advan-

tage is the vertical motion of the body
divided by the movement of the spring.

When measuring mechanical advantage,
do not use large motions or take measure-
ments near the end of suspension travel.
Mechanical advantage often changes with
suspension motion, and is only significant
when measured at or near the ride height
position. Simple calculations for natural
frequency assume a constant mechanical
advantage, and this is nearly correct for
small suspension movements near the
ride height. Natural frequency calculations
of variable-stiffness suspensions are too
complex for this book.

After you have measured or calculated
the suspension vertical stiffness, you must
determine the sprung weight. Often this
is approximated by subtracting an esti-
mated unsprung weight from the total
weight per wheel. A more accurate
unsprung weight figure can be obtained
with a direct measurement. Place the car
on jack stands under the frame, thus
supporting all the sprung weight. Then
disconnect the rebound limiting devices,
usually the shocks or the leaf springs,
and weigh the unsprung weight by plac-
ing a scale under each tire. The sprung
weight at each wheel is the total weight
on each wheel minus the measured
unsprung weight. There is a small error
in this procedure unless you remember to
add in the contribution to unsprung
weight ol any moving parts disconnected
from the suspension. For clarification
refer to page 27.

Finally you c¢an calculate natural fre-
quency as follows:

Natural frequency =

3.13 / Suspension vertical stiffness per wheel

Sprung weight per wheel

Another method for finding the natural
frequency is to use the following formula:

3.133

Matural Frequency =
\/ Static Deflection

Here the natural frequency is measured
in cycles per second, and static deflection
is measured in inches. The term static
deflection is the vertical distance the car
body has to be raised to take the load
completely off the springs, starting at the
ride height.

[t is possible to measure the static
deflection of your suspension and avoid
calculating sprung weight and vertical-
suspension stiffness. You must disconnect
the shocks or other rebound straps from
the car so the load can come completely
off the springs when the body is raised.
Then measure the ride height of the car,
the distance from some reference point on
the frame to the ground. Next jack up the
car slowly until the load is completely off
the springs. The spring should rattle around
but just barely. Stop there and take
another ride-height measurement. Subtract
the first reading from this number to get
the static deflection. This method is
limited to coil springs or other designs
where static deflection can be easily
measured. If it cannot, use the formula
on page 139.

In this formula the suspension vertical
stiffness is measured in pounds per inch.
The sprung weight is in pounds. The

SPRING STIFFNESS = FEITE

j F
COIL SPRING

MOVEMENT X
%

T LEAF SPRING

F T

Ry
*_\——
1

TORSION
BAR

Figure 38/Spring stiffness is the amount of force applied to the spring divided by the
movement caused by that force. The directions of forces and spring movements are as
shown. Measure both force and movement in the normal direction of spring motion.
Spring stiffness is expressed in pounds per inch.
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Figure 39/1f you know vertical suspension stiffness and sprung weight, you can find the
natural frequency from this graph. Measure the vertical suspension stiffness per wheel
and sprung weight per wheel as described in the text.

Use the graph as shown by dotted lines, With a suspension vertical stiffness per wheel of
75 pounds per inch and sprung weight per wheel of 325 pounds, the natural frequency

of oscillation will be 1.5 cycles per second.

natural frequency is cycles per second.

To avoid arithmetic you can determine
the natural frequency from Figure 39.
Find the curve with your suspension ver-
tical stiffness. Draw a horizontal line at
the sprung weight per wheel, and note the
point where this horizontal line inter-
sects the curve. Then draw a vertical line
down from this intersection point and read
off the suspension natural frequency on
the bottom of the graph.

Figure 39 is useful if you wish to
change springs. You can select a natural
frequency and see what vertical suspen-
sion stiffness is required with a certain
amount of sprung weight. The new spring
stiffness can be determined once you
know the desired suspension vertical
stiffness:
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Spring stiffness =
{Suspension vertical stiffness per wheel)
x {Mechanical advantage}?

There is another interesting fact that
can be determined from Figure 39, Note
that if you reduce the sprung weight of a
car the natural frequency increases. This
happens when you lighten a car for racing,
50 sometimes there is no need to change
the stock springs, By lightening the car
you get an effect similar to stiffening the
springs.

The problem with this is: As sprung
weight is reduced, the ride height goes up,
resulting in a ¢.g. height increase. This
may result in more weight transfer and less
cornering power. Therefore, the free height
of the springs should be less to maintain
or lower the c.g. Here again, you must

do everything carefully and in steps so you
don’t end up with the wrong ride height.

For example, if you take the body off
your VW and convert it into a light dune-
buggy, the sprung weight is reduced. If
you leave the springs the same, the
patural frequency goes up, and what was
once a soft-riding sedan now has the ride
of a racing car. Change the springs if you
are making a large change in car weight
and don’t want the ride to change.

The only real comparisen of suspension
stiffness is natural frequency. A suspen-
sion with high natural frequency has a
firm ride and a tow natural frequency
rides softly. Because sprung weight of
the car enters into the calculation of
natural frequency. changing sprung weight
has the same effect as changing the spring
stiffness.

The natural frequency of the suspen-
sion should fall in the range of one to
two cycles per second. The lower limit
is for soft-riding sedans and the upper
timit is for racing cars. You can make a
compromise, depending on how back-
breaking you think you want the ride to
be.

Traction on bumps will be better with
softer springs, but smooth-pavement
handling will be better with the stiffer
springs. Decide these things before you
start to modify springs.

Pitching is an uncomfortable fore-and-
aft motion of the car, caused by one end
of the car moving up on the suspension
while the other end of the car is moving
down,

To minimize pitching motions, the
front suspension should have a lower
frequency than the rear suspension. Then
the front takes longer for the rise and fall
after hitting the bump, and the rear sus-
pension “catches up” with the front.
When the front and rear suspensions
move simultaneocusly there is no pitching.

Pitching can be largely eliminated this
way, but only at one road speed. Select
the speed at which you would like the
best ride, and design the springs to that
condition. There will be some pitching
at other speeds. For a road car 55 MPH
is a typical cruising speed. For a racing
car use the average speed of the typical
race lap.



CHASSIS MODIFICATIONS

Knowing the car's wheelbase and the
average speed, you can compute the time
it takes for the rear wheels to hit a bump
after the front wheels have hit it. The
formula is as follows:

- 0568 Wheelbase
Car speed

Time to travel wheelb

where time is in seconds, wheelbase is in
inches, car speed is in miles per hour,

The time for one full cycle of motion
must be determined for both the front
and rear suspension. This time is called
the narura! period, and is equal to one
divided by the natural frequency. The
front natural period should be greater
than the rear natural period by the time
it takes for the car to travel its wheelbase
length. Thus if you select the natural
period for the rear, you then calculate
the natural period for the front by
merely adding the wheelbase travel time
to it. One divided by the natural period is
the natural frequency. To summarize;

1

Natural Petiod = — W
Matural Frequency

Front natural period—Rear natural period =
Time to travael wheelbase

Natural Frequency = m

when natural frequency is in ¢ycles per
second; natural period is in seconds per
cyele.

As an example let’s calculate the
natural frequencies for a small racing car
such as a Super Vee. Assume the wheel-
base is 90 inches and the average speed
for this class of car is 100 miles per hour.
The time it takes for the car to travel its
wheelbase is:

Time to travel wheelbase =
0568 x 90 inches
100 miles per hour
For a desired rear suspension natural
frequency of 1.8 cycles per second the
natural period becomes:

=.0511 seconds

Natural period =

1— = 5556 seconds

1.8
Adding the time to trave] the wheelbase
gives the natural period of the front
suspension.

MNatural period of front suspension =
55856 + 06511 = 6067 seconds per cycle

Natural frequency of front suspension =
1
6067

= 1.65 cycles per second

Besides suspension stiffness, springs
are modified to change the ride height
of the car. Usually you are trying to lower
the CG. If you have leaf springs, they can
be re-arched or have the eyes reversed by
a spring shop. Changing the arch only
changes the ride height, not the stiffness,
If you change the number of leaves,
that will change both ride height and
stiftness, You can stiffen a leaf spring by
adding more leaves. A spring shop can
make them for you or you can disassem-
ble some leaf springs for parts, Juggle
leaves around until you get the stiffness
you like. Adding a long leaf will increase
stiffness more than adding a short leaf,

For drag racing you may wish to raise
the ride height and CG lor better weight
transfer by installing fong shackles on the
rear feaf springs. Before doing this, you
should do some planning. The amount of
ride-height increase for a particular shackle
change is shown in the accompanying
drawing. The ride height is not raised the

NEW REAR SPRING
EYE EYE LOCATION
WITH LONG SHACKLE

SPRING

H=CHANGE IN RIDE HEIGHT
5 =CHANGE N SHACKLE LENGTH
B Sx A

A+8B

This approximate formula is good for
springs which are nearly horizontal and
for shackles which are nearly verticle,

4
W
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FORCE
HALF-ELLIPTIC SPRING

3
K = 10,000,000 l\IT\-u'_\I'a_'I'__

CGUARTER-ELLIPTIC SPRING

NwT?

K = 5,600,000
L3

K = SPRING STIFFNESS MEASURED WHERE FORCE

IS APPLIED—LBS/INCH
N = NUMBER OF LEAVES
W= LEAF WIDTH-INCHES

T= LEAF THICKNESS—INCHES

L= LENGTH FROM EYE TO CENTER—INCHES

For steel leaf springs these formulas give spring stiffness. The half-elliptic spring must
have the load in the center as shown. All leaves must be of constant thickness for these
formulas to apply. Even so, the formulas are only approximate, and the spring should

be tested to ba sure of stiffness,
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same amount as the shackle is changed.
Usually, it is about half as much. A long
shackle at the rear of the spring will
increase roll steer, along with raising the
car. To allow adjusting roll steer (roll
axis), which may be necessary when you
change the ride height and CG, consider
fabricating a new bracket to allow moving
the front spring eye mounting.

On a coil spring of a certain wire size
and coil diameter, stiffness is determined
by the number of coils. Thus cutting the
spring increases the stiffness and reduces
ride height. If you only want to reduce
ride height the spring can be shortened
without changing its stiffness. A spring
shop can do this for you, or you can try
it at home. To do it yourselt you need a
spring compressor, This is a long large-
diameter bolt and two thick metal plates.
The plates should have a hole in the cen-
ter for the bolt. Clamp the spring between
the plates and compress it by tightening
the bolt. Make sure it doesn’t slip or you
could kill yourself!

STUD, NUTS
=" & WASHERS
SPRING
RETAINING
PLATE

- CENTERING
PLATE

Here is a simple spring compressor that can
be used for shortening a coil spring in an
oven. The spring retaining plates should be
thick steel with a clearance hole for the
stud. The centering plates can be other
material such as aluminum or plywood.
The centering plates are necessary to keep
the spring from slipping off center and
bending the stud. If this happens the stud
may break and the flying parts could
easily kill someone! When designing this
tool use very strong parts, particularly

for big springs!
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With the spring collapsed, put it in an
oven at about 400 degrees F. Leave it in
for a few minutes and take it out. Let it
cool and remove the spring from the com-
pressor. It will now be shorter by some
amount. With luck it is not too short,
and some additional time in the oven will
malke it more nearly correct. This trial-
and-error process is used on the other
spring. Any differences can be made up
with metal shims when you install the
springs on the car. It is disaster to try
shortening springs by heating them with
a torch—you will probably ruin the spring.

If you want to put stiffer springs on
vour car as well as lower it, these two
changes tend to work against each other.
A stiffer spring compresses less from zero
load to its normal riding position. Thus
cutting off the end of a coil spring will
not lower the car as much as you removed,
because the spring also got stiffer when
you cul it.

If mathematics is your bag, you can
compute the stiffness of a coil spring, The
formula is:

_ WG
8ND?
where:
KK = stiffness of the spring in lbs. per
inch
W = diameter of the spring wire, in
inches
G = 12,000,000 for steel springs
N = number of active coils (number
of free coils + 1/2)
D = diameter of the coil measured to

center of wire, in inches

Notice how sensitive spring stiffness is
to the diameter of the wire. If you double
the diameter of the wire you multiply the
stiffness of the spring by 16. It is also
quite sensitive to coil diameter—a larger
coil results in a softer spring. Note the
direct relationship between the number
of active coils and the stiffness. If you cut
off half the active coils, spring stiffness is
doubled. Cutting off active coils or heat-
ing and collapsing the end coils solid is
the way to change the stiffness of a coil
spring. All you can do is make it stiffer,
never softer. Buy a new spring if you
require a softer one.

If you are checking in junk yards for

~

FORCE ~

D = BAR DIAMETER—INCHES

L = BAR LENGTH—INCHES

A =LEVER ARM LENGTH—INCHES

K = SPRING STIFFNESS MEASURED
WHERE FORCE 1S APPLIED—LBS/INCH

The stiffness of a torsion-bar spring can
be computed by this formula. It applies to
steel torsion bars with dimensions as
shown. Bars that are not solid round sec-
tions are more complicated to compute.
By changing length of the lever arm the
stiffness of the torsion bar can be
adjusted.

different springs, bring your measuring
tools and electronic calculator to figure
stiffness. Don’t go by the looks of the
spring or you will be fooled. Remember
a tiny difference in wire diameter makes
a huge difference in stiffness, so measure

M
1
ik

If you measure the diameter of the coil
and the wire diameter as shown, you can
calculate the spring stiffness using the
formula in the text. The coil diameter
“D" is measured to the center of the wire.
An easy way to find the diameter “D” is
to measure the outside diameter of the
coil and subtract the wire diameter “W"’.
Use very accurate measurements of both
“D" and W™, as a small error in measur-
ing will result in a large error in the cal-
culated spring stiffness.
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it with a micrometer. The number of
active coils is the number of free coils
plus one half coil. The free coils are the
ones free to move, usually all but the two
end coils.

In addition to stiffness you must also
consider the inside diameter, end treat-
ment and direction the coils are wound.
The inside diameter should be at least as
big, end treatments should be the same and
the coils should be wound in the same
direction as the springs being replaced to
ensure proper seating. To prevent sagging
occurring as a result of overstressing, wire
size in the new springs should be at least as
big as those replaced.

There are four types of end treatments
you are likely to encounter—open,
squared, square and ground and pig-tailed.
It is not a good practice to use the wrong
type of end because the spring may be-
come unseated and disaster would likely
result. Determining the direction a coil
spring is wound: Look at the end of the
spring and follow the wire around in a
clockwise direction. If the wire goes
away from you it is a right-hand wind
and vice-versa.

You can measure spring stiffness with
a bathroom scale and a steel tape, Measure
the free length of the spring resting on
the bathroom scale and note the scale
reading. Now push the spring and measure
its deflection while reading the increase
in weight on the scale. The spring stiff-
ness is the increase in scale reading divided
by the spring compression. If you are
strong enough to deflect it one full inch
the arithmetic is simple.

If your car requires stiffer springs, one
way to do this is to bolt on helper springs.
There are a large number of helper springs
on the market, both coil and leaf types.
Some bolt on in addition to the existing
springs, and some come with heavy-duty
shocks as a single unit. All of these
increase the suspension vertical stiffness,
and thus increase the natural frequency.
You won’t get a huge increase in stiffness
with any of these springs, so the car will
still be reasonably comfortable.

One type of helper spring has adjust-
able stiffness, These are the air helper
springs such as those marketed by the
Air Lift Company. The more the air pres-
sure the greater the stiffness. Thus you

can tune the stiffness to get the ride you
want. Air Lifts also change the ride height
of the vehicle when the pressure is
changed, so once the right spring stiffness
is obtained you will have to adjust the
ride height to the desired value,

The relationship of spring load and
spring deflection is shown in Figure 40
for Air Lifts at 40 PSI pressure. Spring
stiffness increases with increasing spring
deflection, This is a rising rate suspension
system, which increases suspension verfti-
cal stiffness with suspension movement
toward full bump. Rising-rate suspension
is highly desirable, giving a soft ride at
the ride-height position, but increasing
stiffness when approaching the bump
stops. This allows more severe bumps to
be taken without hitting the stops, but
does not sacrifice ride comfort. Rising-
rate suspension is particularly valuable
on racing cars, which have limited suspen-
sion travel because of low ride height.

On cars meant for street use, stiff
springs usually are not one of the most
useful modifications. You can get more
handling improvement with stiffer anti-
roll bars and the ride will not suffer
nearly as much as modifying the springs.
You may consider lowering the car with
the springs, but this modification is best
done by using smaller-diameter tires. This
way you still have full suspension travel.
On a road car a softer ride is more desir-

Stiffness of a small coil spring can be mea-
sured with a ruler and a bathroom scale.
Just lean on the spring and measure the
increase in scale reading and the deflec-
tion of the spring. Spring stiffness is the
scale reading increase divided by spring
deflection.

Here’s a very handy tool for measuring
stiffness of big springs. This Wacho port-
able coil-spring checker allows guick and
accurate measuring of coil spring stiffness.
This expensive tool is a must for a serious
racer, particularly if experimenting with

a variety of coil springs. (Photo courtesy
of Wacho Products Co.)
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Figure 40/This shows the relationship be-
between spring load and spring deflection
for a suspension with and without Air

Lifts. For a leaf or coil spring only, the
curve is a straight line. This indicates

the spring stiffness remains constant.

The Air Lifts, however, have an increas-

ing spring stiffness as the spring is com-
pressed. Note the increasing steepness of
the curve. This gives a rising-rate suspension.
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STIRRUP

RIGHT REAR
AXLE

CAMBER
COMPENSATOR BLADE

The camber compensator looks like a transverse leaf spring bolted under a VW swing
axle suspension. This device opposes going into tail-up attitude in the turn. Reduction
of jacking effect helps corerning and stability of a VW. If you have an early swing
axle VW this is an essential bolt-on modification, even if you only drive to the grocery
store. The safety and stability improvements are well worth it.

The Z-bar on this racer is mounted above the rear suspension with one end of the bar
attached to each swing axle through pivoted links. To change stiffness, the links can be
clamped at different positions on the bar. The bar is attached to the frame with bearings,
similar to the attachment of an anti-roll bar. However, a Z-bar is twisted only when both
wheels rise or fall together. Thus it has no effect on roll stiffness but increases the verti-
cal stiffness of the suspension. It reduces the swing-axle jacking effect.

144

able than on a racing car, and the lower
road-speeds mean aerodynamic forces

are very small, All in all, modified springs
are not very helpful except in highly-
modified cars. A word to the wise: Don’t
change the springs unless you have a really
good reason.

If you have a car with swing-axle rear
suspension there is a bolt-on leaf spring
that will help the handling. This is called a
camber compensator. The device mounts
under the trans-axle on a swing-axle
suspension and connects with straps to
both axles. It looks like a transverse
leaf spring, but it acts only when both
wheels droop together. This reduces the
jacking effect during cornering that makes
a swing-axle rear suspension oversteer.
This type of device is almost essential for
maintaining moderate camber angles dur-
ing cornering with a swing axle.

A similar device is a Z-bar. This is some-
what like an anti-roll bar, but Z-shaped in
contour. It is twisted only when both
wheels of the car move in the same direc-
tion. In this way it acts something like a
spring, but with a difference. The Z-bar
does not add anything to roll stiffness,
unlike the suspension springs. When the
car leans it offers no resistance. Also the
Z-bar resists both bump and droop
motions of the suspension. In the droop
direction this is similar to the action of
a Camber Compensator. The Z-bar has the
advantage of being adjustable in stiffness
and preload, assuming the ends are pro-
perly designed. The Z-bar is standard
equipment on Formula Vee road racing
cars, which are required to use VW swing
axle suspension. A Z-bar is a desirable item
for street use too, if your car has swing-
axle suspension.

A Z-bar or a Camber Compensator
reduces the jacking effect of a swing-axle
suspension. This increases cornering
power due to smaller camber angles in a
turn. If you set your car up with negative
camber to compensate for jacking effect,
adding a Z-bar or Camber Compensator
means you can use less negative camber.
Thus braking and stability will improve.
For street driving these devices tend to
reduce oversteer and high-speed instabil-
ity, usually a problem on a car with
swing-axle rear suspension. This is pro-
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bably the best item you can buy to
improve the handling of a swing-axle
suspension system.

SHOCK ABSORBERS

Many sedans and sports cars can be
helped by better-quality shock absorbers,
On most production cars, the manufac-
turer uses the softest and cheapest shocks
to lower manufacturing cost and to get
the softest ride under non-spirited driving
conditions. For hard driving, most original
equipment shocks simply will not do the
job.

Without shocks a car would bounce
uncontrollably on the springs. The car
would hit the bump and droop stops
often, and the ride would be a constant
series of bounces. The tires would have
little adhesion on turns because they
would be bouncing up and down on the
road surface. Shocks are used on all auto-
motive suspensions to damp out these
wild oscillations. The shocks do not hold
up the car, but they do absorb much of
the energy when the wheels hit a bump
in the road. All a shock does is convert
the energy into heat, thus resisting
unwanted motion.

If the suspension tries to move
rapidly, the shock resists this with a high
force, caused internally by the shock
piston trying to ram oil through a tiny
valve. Adjustable shocks change the
size of this valve by an external knob or
adjuster,

The heat generated inside a shock
warms up the oil that it contains. As the
oil gets hot, it thins out just as the oil
does in your engine. Thin oil offers less
resistance to being pushed through a
small hole, so the shock loses its damping
force. This is shock fade, and it can be a
real problem under certain conditions. To
combat fade, the shock must be larger and
contain more oil, On some cars, dual
shocks are used for this purpose. In any
event, a good-quality shock will be bigger
and heavier than a cheap light-duty shock.

Another problem with shocks is cavi-
tation or foaming of the oil. Gas bubbles
are formed inside the shock and it offers
little resistance to movement of the sus-
pension. High-quality shocks are designed
to have less tendency toward foaming,
both by their design and by the fact that
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The important dimensions of a shock are
extended length, compressed length,
stroke, and body diameter. The length is
measured center to center on the eyes as
shown. On shocks with studs, measure
to the shoulder at the base of the stud.
For special shock applications be sure

to have all the above dimensions handy.

they tend to run cooler.

Of course the brute strength of the
shock is important if you are planning
to do hard driving. Heavy-duty shocks
have larger-diameter rods and bigger parts
on the ends for increased strength. Also
the design of the seals is better on the
more expensive shocks. Leakage of fluid
past the seals is one source of shock failure.

The amount of force a shock develops
for a given speed of compression or expan-
sion of the shock is its damping or stiff-
ness. When people talk about stiff shocks
they are referring to shocks that offer a
great amount of resistance to motion. At
very slow speeds there is only the friction
of the moving parts inside the shock, as
the oil offers almost no resistance. The
force increases roughly four times for

The racing Koni shock has a separate
adjustment for bump and rebound. The
bump or compression stroke adjustment
is the knob on the body of the shock. The
rebound or extension stroke adjustment
is made by inserting a pin into the small
holes just under the upper shock eye.
Adjustment procedure is given in Chap-
ter 3.

each doubling of shock-absorber speed
of movement.,

For street use the force is much less
on the bump stroke than on the rebound
stroke. When the wheel rises on a bump it
encounters a rather small resistance. A
large force on the upward motion of the
wheel would jar the car and cause a poor
ride. The major part of the resistance to
motion is when the wheel is being pushed
back toward the road by the spring.

The stiffness of a shock must be
matched to the stiffness of the springs.
Because springs are normally dependent
on weight of the car, heavier cars require
stiffer shocks. Thusshocks for a Buick
will be much too stiff for a VW, assuming
they are mounted in a similar manner on
the suspension,

Shock manufacturers seldom supply
any engineering data about their products.
You would like to know the relationship
of force to motion when designing the
suspension on a special car. Figure 41
shows the sort of information you would
like if you could get it. Since you usually
can’t, you must resort to trial and error
or use of adjustable shocks on special
cars.
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Figure 41/This graph shows the relationship between force and stroke for a double-

adjustable Koni shock. The various curves show how the shock adjustments vary the
force separately in the extension and compression strokes. This test is run at a parti-
cular shock velocity, If the shock were tested at a higher velocity all forces would be
higher, {Courtesy Kensington Products Corp.)

For production cars shock manufac-
turers have designed proper shocks, and
all you have to do is install them. There
are a number of quality brands, all more
expensive than the minimum price you
could pay. Stay away from the cheapest
ones, and stick with heavy-duty or high-
quality shocks. Monroe, Gabriel, Koni,
Armsirong, and Bilstein are all well-known
companies with a large product line, Some
of these companies also build racing units
and can help you select the proper shocks
for your car,

Unlike racing wheels and tires, racing
shocks can be used on the street. However,
there are several disadvantages, the major
one being cost. The hest racing shocks
such as the aluminum Konis used on road-
racing and drag cars cost over $200,00
each. Racing shocks vsually do not have
rubber end bushings, but instead use
spherical bearings with metal races. This
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gives better shock action on small bumps,
but the metal fittings do transmit more
road noise and vibration from the suspen-
sion, Also many racing shocks have closer
ter a 50-50 damping force ratio between
the bump and rebound stroke. This will
make the car ride stiffer. In addition, some
racing shocks do not have dust covers and
thus don’t have as much protection against
damage to the precision-ground shaft. If
the shatt of the shock is nicked or cor-
roded, the seal will leak oil and the shock
will soon be useless.

An advantage of many racing shocks is
that they are externally adjustabie. Some
such as the racing Konis have separate
adjustments for the bump and rebound
stroke. On racing cars, the shocks can be
tuned to give the maximum adhesion on
whatever course you are running, Because
the temperature of the shock may vary
with the course and the temperature of

the day, adjustable shocks are desirable for
the ultimate in suspension tuning.

Adjustment of the shock is largely a
trial-and-error process that you do at the
track as described in Chapter 3. A rough
adjustment can be done in your garage by
bouncing the suspension. Start with the
shock set on ful] soft and see how many
times the car bounces up and down before
it comes to a stop. !t usually will be more
than one complete up-and-down cycle,
Then increase the shock stiffness until the
car only goes down and back to rest. Addi-
tional stiffness will probably not be neces-
sary, but tests should always be made at
the track to confirm the proper setting.

Bilstein shocks are used on some racing
cars such as Porsche, They are designed
for the particular racing car and are not
externally adjustable. Bilstein shocks are
rather unique in their design and deserve
special mention. They have a pressurized
gas chamber inside which acts against the
oil at all times. The result of this is a
resistance to foaming of the oil, because
gas bubbles do not form as readily when
liquid is under pressure. This s the same
theory behind the pressurized cooling
system in your car. The boiling point is
taised by pressure. The gas pressure shock
also runs cooler because the working
cylinder is exposed to the air and not
insulated as is the reserve chamber on a
conventional shock absorber.

Bilstein shocks have special seals to
withstand the high pressure of the oil,
Thus they will not leak and will work
perfectly well if mounted upside down.
On most cars this saves unsprung weight,
because the heavier oil-filled body of
the shock is stationary and the lighter
rod and piston move with the suspension.
If you try this with any conventional
shock it will not work, Air will be in a
portion of the shock normally filled with
oil.

The gas pressure of 25 atmospheres
inside the Bilstein tends to push the
shock into the open position at all times.
Thus it is always fully extended when
not mounted on the car. According te
Bilstein, this force is approximately 40
pounds, and it remains nearly constant
through the travel of the shock. This extra
force acts in addition to that of the
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springs and may make a small difference
in ride height on a light car.

Bilsteins have had remarkable success
in off-road racing, apparently because of
their resistance to fade and foaming.
Some models are made specially for rac-
ing. The importer is happy to assist a race
car owner select proper shocks for his
car. Contact Bilstein of America for
engineering assistance if you need it. Be
sure to include all information on your
car such as weight, type of suspension,
and the use of the car. Also the mechani-
cal dimensions of the shock must be
specified. Measure a shock from eye to
eye extended and collapsed, and give the
dimensions of the mounting bolts. [t pays
to get expert help on special applications.

There are some shocks that serve a
dual purpose: to damp the suspension
and also to change the spring stiffness.
These are called overload shocks, and
they increase the stiffness of the suspen-
sion. There are two types, those using
coil springs mounted on the shock and
those using air pressure in the shock. The
air type can be adjusted for ride height
with an air valve outside the car. The
main purpose of these shocks is to raise
the ride height and provide stiffer springs
for a car or truck that has to carry extra

weight. However, because they also stiffen

the springs and are good heavy-duty

shocks, they can also improve the handling

of some cars. If you install these shocks
you will increase the ride height and the

spring stiffness at the same time, so be sure

this is what you need before you buy
them.

Just because a Monroe Load Leveler
or a Gabriel Load Carrier looks like a
racing coil-shock unit, don’t assume it
will work as the only suspension spring
on a special racing car. These overload
shocks use a shock that is much too stiff
for the spring that is on it, because it is
meant to go on a car that already has
springs. The spring will have to be much
stiffer if it is to be the only spring on
the suspension. Overload springs generally
are about 60 pounds per inch spring
stiffness, and this is only satisfactory on
a very light car. On such a car the shocks
would be too stiff, so they just won’t
work for that purpose.

il Bl

One advantage of the Bilstein shock is that it mounts upside down. Thus the

R

unsprung portion of the shock is the relatively light piston and rod. This saves a small
amount of unsprung weight over a shock which mounts the other way,

This Monroe Load-Leveler is both a heavy-
duty shock absorber and an auxiliary coil
spring which adds to the suspension stiff-
ness. Although it has both a spring and a
shock, these units are not intended to
serve as the entire suspension. (Photo
courtesy Monroe Auto Equipment
Company)

Air-adjustable shock absorbers are pres-
surized air in a cavity inside the shock to
add stiffness to the suspension—just as
an added coil spring does. This cross-
section of a Gabriel Hi-Jacker shows the
air valve and a flexible diaphragm which
converts the top portion of the shock
body into an air chamber. (Photo cour-
tesy Maremont Corporation)
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BODY ROLL

- 2

B BopYy ROLL

The top drawing shows how an anti-roll bar is twisted when the body rolls in a turn.
This creates forces at the four points where the bar is attached to the vehicle.

The forces are shown in the bottom drawing. Forces A on the suspension increase
weight transfer to the outside tire. Forces B on the frame resist body roll.

The effect is a reduction of body roll and an increase in weight transfer at the end of

the chassis which has the anti-roll bar. Because the total weight transfer due to cen-
trifugal force is not changed, the opposite end of the chassis has reduced weight transfer.

.
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MGA competing in a slalom could really use an anti-roll bar. The car leans too much,
causing positive camber on the front tires. This loses traction on the front tires and
causes understeer. Besides cornering faster, the car would be more fun to drive if it had
less roll.
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This sedan is burning the inside tire trying
to accelerate through a right hand turn. A
stiffer front anti-roll bar would cure this
problem. For street or racing this is a modi-
fication that really helps.

ANTI-ROLL BARS

Installing heavier anti-roll bars will give
you more improvement in handling per
dollar spent than almost anything else you
can do. Most production cars use an anti-
roll bar, usually in the front, but they are
a compromise for average driving condi-
tions. This means the anti-roll bar is stiff
enough to limit roll to acceptable values
if the car is driven conservatively. If hard
driving is the normal operating condition
for the car, typical production anti-roll
bars simply are not stiff enough. They
allow so much roll that on a car with inde-
pendent suspension the tires may operate
at a positive camber angle in a turn. In
addition, a car that rolls less in a turn is
more fun to drive and has better tran-
sient response.

Most anti-roll bars are used on the
front suspension, except on front-wheel-
drive cars. It adds more roll stiffness to
the front, which reduces rear suspension
weight transfer in a turn. This delays or
eliminates lifting one of the driving
wheels, and may create an understeering
tendency by increasing the loading on
the outside front tire.

If you try to improve your car with
a stiffer front anti-roll bar you will defi-
nitely get less body roll in a turn. However,
if you go to extremes, front-wheel lifting
may be the result.
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The steer characteristics resulting from
a stiffer front anti-roll bar are unpredict-
able. On cars with similar front and rear
suspension designs the tendency is for a
stiffer front anti-roll bar to cause more
understeer, due to increased weight trans-
fer in the front. On cars with independent
front suspension and solid rear axle, the
tendency is often toward less under-
steer, particularly if the car was designed
to roll a great deal in the corners. The
reason is, the stiffer anti-roll bar prevents
excessive positive camber from occurring
on the front tires in a turn. This effect is
sometimes stronger than the extra weight
transfer, and the result is less understeer,
Usually this result is strongest on cars
which inherently understeer a great deal,
s0 a larger front anti-roll bar is almost
always a help to the handling with no
other changes.

If vou install an anti-roll bar on the
rear, or if you stiffen an existing one, the
effect is to create oversteer. This is nof a

desirable modification unless the car under-

steers very heavily under all conditions.
One reason for making this modification,
however, would be if you wanted to race
the car in slaloms. Ultra-tight cornering

requires the car to oversteer to help it

Photo on top shows a stock Datsun
cornering at 25 miles per hour. The bot-
tom photo shows the same car cornering
at the same speed after installation of an
Addco anti-roll bar kit. The roll angle
has been reduced from 6 1/2° to 4°.
(Photos courtesy of Addco Industries)

This is a rear anti-roll bar kit from Addco Industries. It is very simple, requiring only
4 holes to install. The mounting plates bolt to the rear axle locating arms and the bar
is twisted when the body rolls. A rear anti-roll bar kit should be used in conjunction

with a heavy front anti-roll bar on most cars.

around the turns, A typical car under-
steers a Jot in very tight turns, so a rear
anti-roll bar may be just the thing for this
type of racing. Be careful with the car on
the street with slalom suspension, because
it may be dangerously unstable on high-
speed corners. Oversteer usually gets less
controllable as speed increases.

Anti-roll bars are designed so they
twist when the car rolls in a turn, A ver-
tical motion of both wheels does not put
any loads in the anti-roll bar. Thus it only
affects the roll stiffness and not the verti-
cal-suspension stiffness. However, when
only one wheel of the car hits a bump,
the anti-roll bar is twisted and adds to the
vertical-suspension stiffness. This tends
to make the ride somewhat stiffer, but
not anywhere near as much us stiffening

the springs. Thus soft springs and stiff
anti-roll bars are a good combination for
a reasonable ride plus flat cornering.

The stiffness of anti-roll bars is usually
chosen to limit the roll angle to a certain
amount. For racing, the ride is not as
important as for a road car, so common
practice is to limit the body roll to 2
degrees or less. This can be considerably
more on a road car and not be unaccept-
able. It all depends on your personal pre-
ference in the compromise between ride
and handling. My suggestion is limiting
the car to 4 degrees roll at maximum
cornering power for street use.

Exact calculation of how stiff to make
an anti-roll bar is very complex. The
easiest way is to test a heavier bar from
the car manufacturer or from an accessory

These sway-bars are modified production Chevette units.
Solid bearings with Delrin inserts replace the production
rubber bushings at the frame. The rear bar shown on the
left uses an infinitely adjustable block with a weld-on
round extension. The front bar uses an extension with a
series of positive locating holes. This is due to the tight
clearances at the front suspension.
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supplier and simply install it on your car.
These bolt-on kits are usually engineered
for reasonable performance on the street
or on the track, and you can save your-
self the trouble of selecting the stiffness
of the bar.

First determine what the car does in a
turn. The best way to find the roll angle
is to use a camera, Station the photog-
rapher in a position where he can shoot
a head-on shot of the car as it rounds a
corner. A skid pad or a large parking lot
may be a good spot to conduct this test,
Drive the car as hard as possible in a turn
and photograph it at maximum lean. Mea-
sure the angle of lean off the photograph
with a protractor. Take a number of
photos to be sure you are getting a true
head-on shot.

Now install a stiffer anti-roll bar and
take photos again. Comparison of the
photos will show the difference in roll
angle with two different anti-roll bars.

Another means of evaluating the effect
of a stiffer anti-roll bar would be to take
the bar off completely and take photos
of the car cornering. This is not a good
thing to try unless the car is a sports car,
because excessive body roll on some
sedans can cause them to overturn,

The stiffness of an anti-roll bar is
determined as shown in Figure 42.

As with a coil spring, the diameter of
the bar is very important. In addition to
the stiffness of the bar itself. the mechani-
cal advantage of the suspension affects
the overall roll stiffness caused by an anti-
roll bar. To make the bar most effective,
the end of the bar must be as close as pos-
sible to the tire. If the end of the bar is
mounted on the suspension upright, the
mechanical advantage is nearly one. Most
anti-roll bars are mounted with a mechani-
cal advantage of more than one. As with
the springs, the effective vertical stiffness
at the tire is equal to its vertical stiffness
of the anti-roll bar divided by the mechani-
cal advantage squared.

If you cannot find an anti-roll bar kit
for your car perhaps you can find a stiffer
bar at @ wrecking yard, With the formula
of Figure 42 you can calculate the stiff-
ness of a new anti-roll bar based on its
dimensions. Look for a stiffer bar off a
station wagon to use on your sedan. Many
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station wagons use stiffer anti-roll bars
because of their high gross weight.

Replacement of the rubber bushings
with solid bearings on the frame and at
the suspension may have more of an
effect than a bigger diameter anti-roll
bar as illustrated from the graph which
was generated from actual test data.
Note: In this case solid mountings used
with a .80-inch bar give the same effect
as a 1.00-inch rubber-mounted bar.

This procedure requires modifying
the existing bar and making provisions for
mounting the new linkage to the control
arm and bearing blocks to the frame,

The bar is modified by cutting it off at
each end and adding straight sections of
the same diameter as the bar. This permits
using an adjustable block as pictured on
pages 97 and 151.

It is also possible to build a bar at home
if you have a welding torch. Use 4130
steel for bars up to 1 inch and 4340 steel
for larger diameters. These chrome-
molybdenum alloy steels should be heat
treated after bending.

First lay out a pattern for your bar by
bending some stiff wire or by cutting a
pattern on a piece of plywood. Mark the
center of your piece of bar stock and also
mark the center on your pattern. Start
with the bends near the center first and
wark to the ends of the bar, keeping the
bar centered on the pattern as closely as
possible.

To bend steel bar it is necessary to heat
it to a yellow color. Do not melt the steel.
Clamp the bar in a vice and slip a pipe over
the end so you can bend it without burn-
ing your hands. Heat the INSIDE of the

bend over a distance of about 2 inches
along the bar and gently apply pressure.
Don’t try to bend too fast or you will
distort or crack the metal. As the bend is
started, move the heat to reduce the
amount of bending close to the vise jaw.
With some practice you can get a smooth-
radius bend this way. Use as large a bend
radius as possible for best results. If you
crack the bar on the outside of the bend,
have an expert welder weld it up with the
proper rod.

Check the bar for flatness by laying it
on a flat floor. If it is twisted, reheat and
correct as required by bending slightly.

There are various types of end attach-
ments for an anti-roll bar. If you want it
adjustable for stiffness, a clamp-on fitting
can be manufactured. In this case no end
fitting on the bar itself is required.

If you want the bar to bolt onto a pro-
duction car, copy the stock bar ends. Most
have the ends flattened and a hole drilled
through the bar for a driving link. If your
bar is large enough you may not have to
flatten it. If you do require a flat end you
can heat the bar almost to the melting
point and forge the end flat on an anvil
with a big hammer. Repeated heating will
be necessary. If the steel gets too hard to
drill, heat it yellow and let it cool slowly.

After the ends are complete and the
bar trimmed to [inal dimensions, take it
to a heat-treating shop. Have it heat
treated to a tensile strength of 160,000
to 180,000 PSI. This will be strong
enough for normal automotive use or
racing.

If in doubt about the bar strength, rig
up a test after it is heat treated. Figure
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Figure 42/Stiffness of an anti-roll bar is measured at one end. This formula includes
twisting of the bar plus bending of the driving arm. It is only valid for round bars as
shown. This formula does not include flexing of rubber mounting parts, which can con-

siderably lower the stiffness.
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S .
This home-built anti-roll bar was bent too
sharply. The metal is kinked in the bends.
Notice the adjustable clamp-on driving-
link bracket which avoids having to ma-
chine the ends of the anti-roll bar to

attach the driving link.

out how tar the bar will twist if one wheel
is at full bump and the opposite wheel is
at full droop. Then clamp one end of the
bar to a heavy table or a vise and twist it
that far with a long piece of pipe over

the other end. If the bar is still straight
after that, it should be strong enough for
any use on your car, If it twists perma-
nently in the test, take it back to the heat
treater and ask for more strength,

LOCATING DEVICES

Locating devices are used to prevent
excessive deflection or movement of the
suspension. These are usually used to pro-
vide more precise or better location than
the stock design provides. There are many
types of locating devices such as traction
bars, Watts linkages, radius rods, and Pan-
hard rods. All provide better wheel loca-
tion than the stock set-up.

Locating devices are commonly used
at the rear of a car with solid-axle suspen-
sion. This type suspension is cheap to
build by using longitudinal leaf springs to
locate as well as spring the axle.

Lateral location is important when cor-
nering, The side load on the tires is trans-
mitted from the axle to the frame through
the leaf springs. The leaf springs bend side-
ways to carry this load and the rubber
bushings in the ends are compliant. This
method of location is not very stiff, and

the axle can deflect sideways relative to
the frame. Thus the rear suspension has

a softness which the driver feels as a vague
or rubbery feeling in a corner,

The car will respond better if this
sponginess is eliminated. Also sideways
deflection of the axle requires more clear-
ance for the tires to keep them from rub-
bing on wheel wells or springs. If you are
using wide tires, this can sometimes be a
real problem.

Two popular devices used to locate the
rear axle laterally are a Watts linkage and
a Panhard rod. Both of these do essentially
the same thing. They provide a linkage
which connects the axle with the frame
and gives positive lateral location. The
locating device is much more rigid than
springs, and is able to carry almost all
the lateral load. The locating device must
be free to move in other directions so it
does not interfere with the intended
motions of the axle.

A Panhard rod is commonly used, as it
is simple and cheap. A Panhard rod runs
across the car, usually the entire width of
the chassis. One end is pivoted on the axle
and the other end is pivoted on the frame.
It should be horizontal with the car in its
normal riding position. A Panhard rod
does not provide vertical up and down
motion at the end attached to the axle
because it arcs about the end pivoted on

the frame and there is a slight sideways
motion. If the bar is long, if it is horizon-
tal at normal ride height, and if the axle
vertical motion is small, then the sideways
motion is small and not too important.
This is the case for most racing cars,

On a road car with soft suspension and
a fairly large amount of wheel travel, a
Panhard rod may not be the best answer.
The lateral motion allowed by the rod
gives a rear-axle steering effect when
the wheels rise and fall over bumps. This
tends to make the car wander, particularly
when going over undulating roads at high
speeds. Small bumps will generally not
cause any problem because they cause
only a small amount of wheel travel.

If the Panhard rod is not horizontal
you are in for trouble. Then the rod causes
a large lateral movement of the axle when
it rises and falls. This will be felt by the
driver, and can also cause structural failure.
The Panhard rod is fighting the leaf springs
and large forces are developed in both com-
ponents. Just make sure the Panhard rod
is horizontal and you won’t have this pro-
blem. If you are building one yourself
this may mean building a bracket on the
axle and the frame to put the ends of the
Panhard rod at the proper height. The
length of the rod should be as long as pos-
sible to minimize lateral motion.
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On a conventional leaf-spring rear suspension the side force from the tires is transmitted
to the frame through the front of the leaf springs as shown. The springs are not very

stiff and they deflect sideways under the loads. This causes the rear of the chassis to feel
unstable to the driver. More precise lateral axle location results in better control, plus it
gives more clearance for wide tires. Without an extra locating device the tires may hit the

springs during hard cornering.
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As a Panhard rod moves vertically, it also swings in an arc so the axle moves a small dis-
tance horizontally. A long Panhard rod will have a smaller horizontal movement than

a short one. If the Panhard rod is not mounted in a hotizontal position with the car at
normal ride height, horizontal movement is larger.

This is a very unusual Panhard rod. There is a large ring in the center of the bar to
allow easy gear changes in the rear end. This adds considerable weight and reduces
stiffness of the rod. It represents an extreme compromise for quick gear changing.

FRAME
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Figure 43/A Watts linkage provides lateral location for the rear axle without horizontal
movement. The vertical link is pivoted to the axle housing in the center. Notice the long
bracket on the left-hand frame rail to position the lower link so it is horizontal. This
bracket must be reinforced to provide a rigid support.
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A lateral locating device which does
not have this problem is a Watts linkage.
This is more complex and takes up more
space than a Panhard rod, so it is not
always the best solution. However, the
geometry is better, and it should be con-
sidered if at all possible.

A Watts linkage consists of two paral-
lel lateral links plus a vertical link connect-
ing them. The axle is pivoted in the center
of the vertical link as shown in Figure 43,
If the horizontal links are parallel and
equal length they will have the same
amount of lateral motion at the ends
attached to the vertical link. Because
each lateral motion is in a different direc-
tion, this rotates the vertical link through
some angle, but the center of the vertical
link is not affected. This center point
travels in a true vertical path, and that is
where the axle is attached.

A Watts linkage can consist of tubing
tor the lateral links, using spherical rod
ends for pivots. The vertical link is a
beam, and should be designed to carry
bending loads. The center pivot is usually
a rigid bearing on a stud or post so it can
rotate but not pivot laterally. If a
spherical bearing were used here, the
linkage would collapse.

To build a Watts linkage for a produc-
tion car usually requires some big brackets.
The links must be horizontal or the link-
age won’t give the proper axle motion.
Some Watts linkages have been turned on
their side to take up less space, and this
may be the answer for your car. The
attachment between the Watts linkage
and the axle is a tough problem, and it
must be designed strong enough to carry
the side loads in cornering.

If the horizontal links on the Watts
linkage are too short the linkage may not
have enough vertical travel. A Watts link-
age goes off perfect geometry at the
extremes of its travel. Before building a
Watts linkage make sure it has enough
vertical travel to allow the full bump-to-
droop motion of your suspension. To
check this, use a compass and a big sheet
of paper to make a scale drawing of the
motion. Use the largest scale possible for
accuracy. If you run out of travel make
the horizontal links longer or shorten
your suspension travel with suitable
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Panhard rod installed by Bill Swan is attached to frame with long bracket welded to bottom of frame rail. Length is needed to get rod

horizontal at normal ride height. Axle attachment at other side of car is by a welded bracket on the spring support plate. Panhard rod

is tubing threaded to accept spherical rod ends. Note use of jam nuts on rod end threads.

stops. Be sure the suspension won't hit
the stops in normal driving,.

You may decide to build your own Pan-
hard rod or Watts linkage. If so you will be
faced with some welding, both on the
frame and axle. If you are not 4 good
welder it is best to get some expert help.

A weld failure can be dangerous if it lets
go in the middle of a fast turn.

Some cars come stock with a Panhard
rod, but these are not very useful for an
all-out car. A stock Panhard rod is usually
equipped with rubber bushings at the ends,
and these are too flexible to do a lot of
good for axle location. If you are trying
to adapt a stock Panhard rod, replace
the rubber bushings with stiffer ones
or with hard bushings. Methods [or doing
this are mentioned in the next section.

The horizontal links of a Watts linkage
or Panhard rod are easily built using heavy-
wall tubing and spherical rod ends. You
can tap the inside of the tubing and
thread the rod end into it. Secure the rod
end with a jam nut to keep the threads
from causing slop in the linkage, The rod
must be strong enough to take the corner-
ing loads from the tires plus an occasional
bump against a curb. Stress analysis of the

rod is rather complex because buckling
strength enters into the picture. If in
doubt make it stout enough to support the
entire weight of the car in compression.
The brackets on frame and axle are pro-
blems in building your own Watts linkage
or Panhard rod. The height of the pivol
point on the rear axle determines the roll
center height, and normally you want this

as low as possible to minimize weight trans-

fer on the rear tires. Thus the bracket on
the frame is usually quite long, Make sure
this bracket is strong enough to carry the
cornering load from the horizontal link.
It is beyond the scope of this book to
design brackets, but just keep in mind that
the rod should be lined up with the cen-
ter of the bracket structure so it won’t
twist. The best bracket designs use double
shear, with one mounting plate on each
side of the link.

A Panhard rod or Watts linkage will
not make a big difference in the handling
of a production car for sireet driving.
These are usually reserved for use on the
racetrack, where every bit of extra corner-
ing power is important. This is not to say
that you shouldn’t try this on a road car.
[t will improve the handling some, per-

haps reduce oversteer or provide better
high-speed stability. On a limited budget,
tires. shocks, anti-roll bars, and wide
wheels will give you more improvement
per dollar spent. It is for this reason that
there are very few lateral location devices
on the market as bolt-on kits. You will
usually have to get one made by a small
specialty shop or build it yourself,

There is another locating device that
is very popular. This is the so-called trac-
tion bar first developed for drag racing.
Traction bars will help you in a cornering
situation too, but only in acceleration out
of the corner. The traction bar prevents
the axle from twisting about its own cen-
ter during hard acceleration. This effect is
shown in Figure 44.
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Figure 44/This shows a leaf-spring rear
suspension during hard acceleration. The
torque reaction on the axle twists the
spring into the S-shape above. Traction
bars, lift bars, and spring stiffeners are
designed to locate the rear axle and keep
it from twisting the springs. Traction is
improved and axle hop during accelera-
tion is eliminated by these locating
devices.

e

This Sunbeam Tiger has much-needed
traction bars (arrow) added below the leaf
springs. This car is very light and powerful,
and cannot use full power without these
bars to control spring windup. This car is
also equipped with Koni shocks, wide
rims, and racing tires.
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On a solid rear axle with leaf springs,
the axle is twisted about its own center
by a torque equal to that delivered to the
rear tires. This torque is transferred into
the rear leaf springs, which are not able to
resist it without going into an S-shape. If
the axle is allowed to twist, the result is
an uncontrolled vibration of the axle on
the springs. This can be felt as wheel chat-
ter when accelerating, and almost all
traction is lost. In addition, this violent
vibration of the axle can cause breakage
of the suspension parts, and the large
change in angle of the drive shaft U-joints
can cause sudden embarrassing failure.

Traction bars are rigidly pivoted to
the lower part of the axle near the springs—
one on each side —and are pivoted ahead
of the axle on the frame. When the axle
tries to rotate about its center, this
motion is resisted by the rigid traction bar,
keeping the wheels properly located on
the pavement. The geometry of the trac-
tion bar must be compatible with the
vertical motion of the axle or binding will
occur when the axle moves vertically or
when the car rolls in a corner. Some trac-
tion bars are made strictly for drag racing
and will not work on the street in a corner-
ing situation. Look at the design before
buying. Also some traction bars are
extremely heavy and should not be used
on a car where unsprung weight is impor-
tant. Unsprung weight is less important
on a smooth drag strip, but even in this
type of racing there may be some small
bumps to worry about.

There are a number of firms that manu-
facture traction bar kits, some which bolt
on and some which have to be welded.
Usually the welded types are lighter and
simpler, but require the services of an
expert welder for a safe installation.
There are other similar devices produced
which instead of having a separate bar,
use a stiffening leaf attached to the for-
ward part of the spring. These devices
again are mostly to help in acceleration,
and some even hurt the cornering by add-
ing extra roll stiffness to the rear suspen-
sion.

There are many locating devices used
on cars with coil-spring rear suspension.
These are designed-in as a vital part of
the suspension, because the coils offer
little help in locating the axles. On most
sedans these locating links use rubber
pivots, which are as soft as possible to
reduce road noise and ride harshness.
However, these soft pivots offer rather
poor location for the axle allowing
unwanted deflections in cornering and
acceleration. To the driver this feels like
the rear end is doing its own thing and
wandering from side to side under the
action of side loads. Also some high-speed
stability could be gained if the axle
were located more precisely.

To do this several firms offer replace-
ment parts for racing use or better road
handling. TRW manufactures a line of
trac-bar heavy-duty rear lower control
arms. These are made from heavy-duty
steel and have stiffer rubber pivots than

This accessory spring by Hellwig Products Co. resists rear spring wind-up during accelera-
tion. The device is a helper spring which raises the ride height and stiffens the spring, but
its design also helps reduce wheel hop in hard acceleration.
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On the rear suspension of cars with coil
springs the solid axle is located by links
using rubber pivots. TRW manufactures a
line of heavy duty links to increase the
stiffness of these links for improved axle
location. These TRW trac-bar links pro-
vide better handling on street or track.

the stock items. A car equipped with
these arms will respond to steering better

and have more traction on bumpy surfaces

or when accelerating hard. High-speed
stability may be improved a noticeable
amount also. These are good for a road or
dual-purpose car,

For all-out racing, rubber bushings are
usually replaced with spherical bearings or
metal bushings. This gives a rather harsh
ride and transmits all the noise and vibra-
tion right through to the chassis. Also
these pivot points are subject to wear and
may have to be lubricated frequently. The
cost is also much higher than rubber
bushings.

Another solution for stiffening rubber
bushings is the use of washers as shown
in Figure 45. These trap the rubber so

it can’t move around as much, thus stiffen-

ing the bushing against unwanted deflec-
tion. However, they still isolate road noise
as the stock rubber is designed to do,
When installing these bushing stiffeners,
trim the rubber down the thickness of

the washer, say 1/8" for the design shown
in Figure 45. The washer should be as
tight a fit as possible to minimize flexing
of the rubber.

The A-arm on this racing Datsun is
equipped with a pivot kit by Mac Tilton
of El Segundo, California. The rubber
bushing has been replaced by a spherical
bearing for racing use. This is not too
practical for the street, but is necessary
for holding the suspension in the proper
geometry in a hard racing turn. Spherical
bearings are used where the link has to
swivel as well as rotate. Solid metal or
plastic bushings are used where there is
rotation only.

CLEARANCE HERE

IS REQUIRED
K RUBBER

)
I

STOCK GAP/ -
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- [= 1/8" WASHER

Figure 45/The right side of this bushing
shows the stock gap in the sleeve sur-
rounding the rubber. The left side shows
the modification to stiffen the bushing.
The rubber here is trimmed off by 1/8"
and a washer of that thickness is inserted.
To complete the modification the right
side of the bushing should have a washer
too. Be sure there is still clearance
between the outside edge of the washer
and the sleeve.

Other locating devices can be used to
provide both lateral and torsional location
of a rear axle. One of these consists of an
A-arm attached to the center of the rear
axle. The apex of the A-arm is a spherical
bearing on the axle housing, and the two
pivots of the A-arm are located on a line
across the chassis. The A-arm is horizontal
with the car at ride height, and the pivot
points are located in a forward position so
as to not fight the motion of the leaf
springs. In a cornering condition, the side
load is transmitted from the axle to the
frame through the A-arm, so it acts as a
lateral-location device. If the car rolls,
the axle pivots about the spherical bear-
ing at the tip of the A-arm, so the pivot
becomes the roll center. In an acceleration
condition, the A-arm acts the same as a trac-
tion bar, locating the axle against twisting.

Notice | talked about the locating
device determining the roll center . It is
entirely possible to re-locate the rear roll
center with a lateral-locating device. The
roll center with leaf springs is high, and
there are some definite advantages to a

The rear axle on this Lotus is located lat-
erally by the apex of an A-arm attached
to the bottom of the axle housing. The
other A-arm pivots are on the frame be-
hind the seats. Notice how the A-arm
bracket is simply welded to the bottom
of a stock axle housing.
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lower rear roll center. For one thing, it
reduces the weight transfer at the rear
wheels, thus reducing the amount of lift-
ing of a rear wheel in a turn. On a nose-
heavy car with power, this can be a real
problem. Of course, lowering the rear

roll center will increase the roll angle of
the car, so this modificaiton should
always be done along with another modi-
fication to increase roll stiffness. The Pan-
hard rod, the Watts linkage, or the A-arm
locator can be used to change the rear roll-
center location. The effect on roll-center
height is shown in Figure 7.

[t you have a car with conventional
solid-axle rear suspension and leaf springs,
the roll center is approximately at axle
height. To lower the rear roll center using
an axle lateral-locating device, the locat-
ing device must be a great deal stiffer
laterally than the leaf springs. and the
maximum body roll angle must be small.

[f this is not the case the car will roll
about the low roll center and put side
forces into the leaf springs. The spring
side forces will resist roll and add
unexpected roll stiffness to the rear
suspension, just as if you installed a rear
anti-roll bar. This effect will increase rear
weight transfer and defeat the original
purpose of lowering the rear roll center,
You will get some overall gain with
improved rear-axle location, but the car
may still tend to lift a rear wheel in a
turn. To avoid this problem use a stiff
axle-locating device, keep the leaf spring
pivots flexible laterally, and reduce the
total body roll with a stiffer anti-roll bar
on the front suspension.

STIFFENING THE FRAME

If you are attempting to get the ulti-
mate traction and cornering power out of
your car it is important that the frame be
stift in torsion, Thus weight transfer at
one end of the frame can be resisted by
the suspension at the opposite end with-
out excessive deflection of the frame
structure.

What is excessive? This depends on the
weight of the car and its intended use. For
road use, the frame should be stiff for
other reasons. A stiff frame will make the
car feel more solid and will not be as apt
to rattle and squeak when going over
bumps. Older sports cars with rail frames
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This drawing shows a solid axle with leaf spring suspension, and a lowered roll center
due to a lateral locating device. The body rolls about the stiff pivot point under the
differential and flexes the front leaf spring pivots sideways as shown. Because the leaf
springs resist this flexing they add increased roll stiffness to the rear suspension. Thus a
lowered rear roll center may not reduce the rear weight transfer as much as expected.
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On this racing sports car an attempt was made to use the roll bar structure to stiffen the
frame in the cockpit section. This design is better than nothing, but it would be a lot
more effective if the forward diagonal brace (arrow) ran all the way to the firewall. By
having this brace angled downward so sharply it connects only to the fore and aft brace

across the door.

were very bad in this respect. Some had
such a flexible frame that you could see
the dashboard shake sideways on bumps
and actually feel the frame twisting under
you if you drove diagonally into a drive-
way entrance.

To modify a frame for increased tor-
sional stiffness is a big job that requires

work on the basic frame structure. It

is next to impossible for a road car,
because the added frame structure usually
intrudes into the passenger space. About
the only thing you can do on a road car
is some minor amount of stiffening. On a
racing car a great deal can be done and a
stiff frame helps all types of racing cars.
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The usual means of stiffening a frame
is to use the roll bar or roll cage for this
purpose. This stiff sturdy structure can
be attached to the car in such a way that
it actually braces the frame structure.
This is most effective on cars with open
cockpits such as sports cars. [n addition
to using the roll bars, certain other modi-
fications can be made. On cars where the
rules allow it, doors can be welded shut
all around the edges. On a sedan, this
makes a closed monocoque box structure

out of the body and really improves things.

Also on unit construction cars, tack-
welded body seams can be continuously
welded, which provides a small increase in
the joint stiffness.

On some cars the body is separated
from the frame with rubber mounts. This
is done to reduce noise and vibration from
the road. If these mounts are made rigid,
the body will stiffen the frame. Rubber
mounts can be replaced with metal to
remove the flexing between body and
frame. On this type of car, additional
mechanical connections between body and
frame will also help increase stiffness.

To stiffen the frame for drag racing Stahl
and Associates developed these metal
bushings to replace rubber subframe bush-
ings. The rubber bushings normally con-
nect the body to the frame with a flexible
joint to isolate road noise. Metal bushings
tie the body and frame together so they
act as a rigid unit for proper handling in
drag racing. Stahl subframe bushings are
available for Camaro, Nova and Firebird
cars. (Photo courtesy Stahl & Associates)

In an open sports car with a rail frame,
most of the frame twisting occurs in the
cockpit area. The usual way to stiffen the
frame is to use the roll bar, The typical
roll bar used on a sports car consists of
a hoop behind the driver plus diagonal
braces running to the back of the frame.
This type of roll bar does almost nothing
to stiffen the frame in a twisting direction.
However, if additional braces are run from
high on the roll bar hoop forward to the
dashboard or firewall, the frame is then
greatly increased in stiffness. The idea is
to triangulate the frame with the roll bar
structure bridging over the flexible cock-
pit area, Two sets of braces are necessary
running both forward and aft. These
braces must be tied rigidly into the
frame structure, not just tacked on. The
roll bar will carry very large loads and
the joints must be absolutely rigid.

Another approach is the use of a roll
cage. This consists of two hoops, one at
the front and one at the rear of the cock-
pit. These are connected with fore and
aft members. To use a roll cage to stiffen
the frame you should try to use triangles,
not rectangles, in the design of the tube
structure. A diagonal tube running across
the door opening on each side is very effec-
tive. The forward roll-cage hoop should

SCCA driver Al Sharpe has a well-designed roll cage on his Corvette. The roll cage aft

be tied rigidly to the body as high up as
possible at the corners of the dashboard.
[t should also be connected to the main
frame rails at the bottom.

The frame stiffening usually used in a
sedan is the roll cage. Here many extra
diagonal members can be used to
increase stiffness. It should have braces
running forward, through the firewall area.
all the way to the front suspension cross-
member. These braces should also be
attached at the firewall or dashboard. The
same sort of structure should go to the
rear of the frame. A properly designed
roll cage for a stock car is virtually the
same sort of structure as a space frame.
This adds safety for the driver as well
as massive stiffening on these heavy cars.

When using a roll cage to stiffen the
frame, pay particular attention to the
attachments to the body or frame of the
car. The body is usually made of light
sheet metal, and it will not work to tack
a heavy roll-cage tube to the thin body
metal. You should always try to make the
tubes attach at the strongest points of
the body where there are corners or

where several pieces of sheet metal are
joined together. Good attachment points
are where the firewall meets the dash-
board, where the door sills end, and at

o

hoop is braced back to the rear of the frame with diagonal braces. A diagonal across the
passenger’s seat adds further stiffness to the cockpit area.
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This type of roll cage is used in NASCAR stock cars. In addition to the full roll cage
structure there are extra diagonals through the center of the car, all meeting in a
cluster of tubes behind the driver’s seat. This roll cage extends all the way from the
front suspension to the rear end of the frame rails. It is virtually a complete space
frame of tubing attached to the stock rail-frame structure.

the corners of the floor. Back up the thin
body metal with extra doublers—an extra
thickness of metal wherever possible and
spread the joint loads over as large an
ared as you can.

Frame stiffening often is not practical
on a road car. Racing cars sometimes suf-

fer from a lack or frame torsional stiffness,

and some modifications can be helpful.
One way to increase the stiffness is to

tie all aluminum panels and firewalls
rigidly to the frame structure. If these are
fastened with only a few fasteners, use a
fastener every inch or so. If you can tie a
rectangular panel rigidly around all the
edges it can act the same as a monocoque-
frame skin panel and helps the overall
frame stiffness. If you have to add some
ballast to meet a weight requirement,

you may wish to do it by adding stiffness
to the frame. On a space frame, an easy
way to do this is to put two diagonals
across every rectangular section of the
frame. If there is already one making two
triangles out of the rectangle, just add two
short tubes forming an X across the rec-
tangle. This will greatly increase the frame
stiffness with a small amount of added
weight. Another area to improve stiffness
is around the cockpit of a single-seat race
car frame. Just run two tubes side by side
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along the top of the cockpit and brace
the four corners of the cockpit opening.
This will do a lot of good in the usually
weak cockpit area.

How stiff the frame should be is a
ditficult problem, but extra stiffness
never hurts, If you need extra weight, put

it into the frame. It is much more useful
than adding lead weights to meet the
minimum weight in your racing class.

CHANGING THE CG LOCATION

As described in previous chapters the
CG location has a large effect on the way
your car handles. For street use you can
make small changes in CG location that
will be noticeable. For racing, these
changes can be greater and are even more
important if you want to win. The CG can
be moved in any of three directions—up
and down, side to side, or fore and aft.

Before starting to move the CG you
should measure where it is. Then you can
make an intelligent choice of how far to
move it and in what direction. Also know-
ing the CG location is useful if you want
to calculate loads on the suspension,

To find the CG location you will need
at least two platform scales to weigh the
car under the tires. On a very light car,
bathroom scales will work, but only if
you take care not to jam the mechanism.
Use of scales in discussed in Chapter 3.
Place the scales under the tires and take
readings, Weigh the car as driven, with
driver and half a tank of fuel. If you want
the car set up with a greater load than
this, add people or weight as required to
bring it to operating weight.

This racing car was built for a class with a rather high minimum weight. The frame
structure has extra diagonals to increase stiffness. The added weight is acceptable
because otherwise ballast would have been required.
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The longituding! CG location is its
position in the fore-and-aft direction. The
lateral CG location is its position side-to-
side. These locations are determinded from
the wheel weights as shown in Figure 46.
This gives the CG location for the entire
vehicle. If you want the CG location only
for the sprung weight as shown in Figure
14, then subtract the unsprung weight
from each corner. For example, if the
right-front wheel scale reads 650 pounds
and the unsprung weight of the right-front
suspension assembly is 50 pounds, then
600 pounds is the chassis weight used to
calculate CG of the sprung weight.

The vertical CG location is the CG

height, usually measured above the ground.

The CG height can be measured using
scales, but some extra calculations are
required. You should know the CG height
if you want to do any weight transfer or
roll-stiffness calcwelations as described in
Chapter 2.

The method for measuring the CG
height is shown in Figure 47. First make
sure the floor is level. Check the fuel
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Figure 47/With these measurements you can calculate the CG height “H”,
determining weight transfer during acceleration, braking, or comering.
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Figure 46/This is a view looking down on the car, To locate CG in the horizontal plane,
place scales under all four tires and record the weights. In the equations shown, Rear
Wheel Weight is the sum of left rear and right rear wheel weights, Total Weight is the
sum of all four wheel weights. Right Whael Weight is the sum of the two right-side wheet
weights. Calculate longitudinal and lateral CG dimensions as shown, I the track is not
the same at front and rear, you will get approximately the correct result by averaging
the tracks. If the equation for ’R" yields a negative answer, the CG is that amount to

the left of the chassis centerline.

tank—it should be full, empty or perhaps
half full. You should know how full
it is because that influences results. If you
make one measurement with tank empty
and another with tank full, you will know
the range of CG heights. Block the sus-
pension to prevent movement during the
test. This can be done by replacing the
shocks with rigid links. Determine tongi-
tudinai CG location as shown in the top
part of the figure, Calculate F, the distance
from the front wheel centerline to the CG.

Then elevate the rear wheels with
blocks about 2 feet high, The taller the
blocks the more accurate the calculations
and measurements, but you will have pro-
blems jacking the car up extremely high.
Place scales under the blocks and under
the front tires, and drop plumb bobs from
the wheel centers as shown. Calculate G
from the scale readings. The two rear scale
readings are added together and divided
by the total of all four scales. This num-
ber multiplied by measured length L gives
the value of G. L is measured horizontally
between the plumb bobs.

Now for some trigonometry. Calculate
@, the angle the car is tilted. You can find
the tangent of the angle # by dividing B
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by L. B is the height of the blocks under
the rear wheels. Now use your electronic
calculator, trig tables or a slide rule to
find the sine of §.

Measure the radius of the front tire R.
Now you have all values needed to solve
for CG height H in the formula given. It
really isn‘t all that difficult unless you
have trouble with the trigonometry. If
50, you can find H by making an accurate
drawing of the lengths and angles mea-
sured. You will end up with something
very similar to Figure 47.

To do it graphically, notice the per-
pendicular through the CG in the top
drawing of Figure 47. Transfer this per-
pendicular to the bottom drawing as
shown by the dotted line. Then construct
the perpendicular shown in the bottom
drawing which also passes through the
CG. The CG is at the intersection of these
two lines. Measure the height by scaling
your drawing,

To find the CG height of the sprung
weight only, use the following formula:

_ W x H) - (Ug x Rg) - (Up x Ry)

Hs
W- (Ug+ Up)

where,
W = total weight as measured by all
four scales
H = total car CG height as calculated
from Figure 47
Uf= unsprung weight of both front
wheel assemblies
Uy = unsprung weight of both rear
wheel assemblies
Rf= radius of front tire
Ry= radius of rear tire
Hs= CG height of sprung weight only,
above ground level
This formula makes the simplifying
assumption that the CG of each unsprung
wheel assembly is located at the center
of the wheel. This gives reasonably accu-
rate answers for most suspension systems,
as almost all the heavy unsprung items
are centered around the wheel centerline.
Now that you know the CG location
you can decide where to move it. For
either street driving or racing you may
wish to change the vertical CG location,
For comering you want the CG as low as
possible. This holds true for street driving
or most types of racing. The exception to
this is drag racing, where a raised CG will
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increase weight transfer off the line. On a
front-engine car this is quite important
for winning drag races. This tends to
spoil the handling in other types of
driving.

The most effective way to change the
CG height is to change the ride height.
Chapter 3 goes into detail on the methods
of adjusting ride height and the limits to
lowering the car. Study this carefully
before starting to modify anything. In
addition to suspension adjustments there
are many bolt-on kits on the market to
either raise or lower the ride height.

In addition to changing ride height you
can raise or lower various components of
the car to change the CG height. For every-
thing but drag racing you want every item
as low as possible. Always start with the
heaviest things first, as they make more
difference to the CG height. Consider
lowering the engine, the driver, and the
fuel tank. The battery is a heavy item that
can usually be moved easily. If you are
racing in a minimum-weight class and have
to add ballast, put it low in the car o
lower the CG as much as possible. For drag
racing, reverse all this and place movable
items high in the car.

For maximum cornering power you want
the CG as low as possible. This stock car
has the ride height reduced to the mini-
mum possible value for racing on paved
ovals. Lowered CG means weight transfer
in the corner is reduced.

For drag racing with a front-engine sedan you need maximum weight transfer during
acceleration. To do this, raise the CG by increasing the ride height. Here the rear ride
height has been increased by means of long shackles. These raised cars corner very
poorly, but they do accelerate well off the line.
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The lateral CG location has to be a com-
promise unless you are racing only. If only
the driver is in the car his weight tends to
move the CG to his side of the car. If two
people are aboard this effect is cancelled
out if they weigh the same. For street
driving you will have to choose which
condition you set the car up for. It will
not be perfect for other loading conditions.
For street use, you can shift certain
items laterally in the car such as the
battery, spare tire, and fuel tank. Only a
small change in CG location is possible
without ruining the car for street use.

For racing you can do more radical
modifications. For road racing you would
like to have the CG deuad center in the
car for equal handling turning both right
and left. On a sports car the driver’s
weight will usually put the CG off center.
Offsetting or tilting the engine is some-
times used to help correct this, as well as
moving certain items attached to the
chassis. If you have to add ballast to meet
the minimum class weight, put it on the
side opposite the driver as far away from
center as possible. Sometimes in road
racing a compromise is made because
there are usually more right turns than
left turns. A car with right-hand drive
may be used to deliberately shift the
driver’s CG to the right to help in the
right-turns. Of course this tends to hurt
cornering in left turns,

In oval-track racing there are only
left turns, so it helps to have the CG off-
set to the left. The limit to this is when
the car becomes unstable in hard accel-
eration or braking due to unequal traction
forces on the two sides of the car. Oval-
track cars usually must live with this
problem to gain cornering speed. They
are almost always set up with the CG
heavily offset to the left. Cars for tight
tracks can use a greater CG offset than
cars for high-speed ovals. At high speed,
stability becomes more important.

For a drag-racing car with solid-axle
rear suspension, the CG should be offset
slightly to the right. This counteracts the
driveshaft torque reaction that tends to
unload the right rear tire and add vertical
load to the left rear tire. Because drag
racing with passenger cars is done with
only the driver, the CG usually ends up
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Ron Moore selected a right-hand drive Mini for road racing to have an advantage in right-
hand turns. Here at Riverside Raceway, where he does most of his racing, there are

more right turns than left. At this point in a hard right turn he is able to apply power,
where a left-hand drive car would have to wait an instant later before accelerating out of
the turn. This works against him in left-hand turns.

offset to the left. The need to make the
car as light as possible usually prevents
having the CG offset to the right, Drive-
shaft torque reaction can also be com-
pensated by weight jacking as described
in Chapter 3.

On drag-racing cars without rear sus-
pension or with independent rear sus-
pension there is no driveshaft torque
reaction to worry about. The differential
on these cars is mounted solidly to the
frame and the driveshaft torque is taken
on the differential mounts without affect-
ing the loads on the rear springs. On
these cars the CG should be centered
laterally to give equal traction forces on
both rear tires. The car will not run
straight unless the right and left traction
forces are equal,

The longitudinal CG location is impor-
tant for all types of cars. For street driving
its location determines steer characteris-
tics and sometimes high-speed stability.
For racing it greatly affects the overall
performance of the car in acceleration,
braking, and cornering.

Most street-driven cars understeer in
stock form, This can be reduced by mov-
ing the CG farther aft. An extreme exam-
ple of this is a pickup truck, which has
an extremely forward CG location without

a load in the bed. A pickup is one of the
worst-handling vehicles made, due mostly
to this extremely unbalanced longitudinal
CG location.

In steady-state cornering a pickup
understeers heavily, but if power is applied
in a turn the lightly loaded rear tires tend
to lose traction due to a combination of
side load and forward thrust. Thus the
understeer changes instantly to extreme
oversteer. A similar thing happens if you
hit the brakes in a turn in a pickup,
usually resulting in a spinout or worse.
The solution for these vehicles is to do
everything possible to move the CG
towards the rear.

Mount the spare tire on the rear, buy
a big rear bumper, and put gas tanks as
far back as possible. Even this won’t
solve the inherent problem, but it will
help. Only with a partial load in the rear
is a pickup reasonably balanced in a turn.

For racing, having the CG toward the
rear wheels is a must. For drag racing this
is particularly important. The Funny Car
category was invented with this in mind,
On these cars both the front wheels and
the rear wheels are moved forward rela-
tive to the body. This effectively moves
the CG back in relation to the wheels.
Also engine and driver location are moved
to the rear.
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A tail-heavy weight distribution is help-
ful in other types of racing too. It helps
acceleration out of the corners, particu-
larly if larger rear tires are used. A tail
heavy car does not always oversteer, as
explained in earlier chapters. If a power-
tul racing car were nose-heavy, full power
could not be applied as early in a corner
without losing rear-wheel traction. Also
braking would suffer, because the forward
weight transfer adds to the already nose-
heavy condition. A car has maximum
braking traction with equal loads on all
four tires.

So far I have shown how to find the
CG of a car and given some general guide-
lines about its location in cars of various
types. Exact methods for changing the
CG are not possible to describe in detail
because it will vary with every car design.

To move the engine, you must fabri-
cate motor mounts and install them
appropriately on the chassis at the new
location. This may require a longer or
shorter driveshaft. If the driveshaft takes
a new angle, you must consider the effect
on the U-joints. Moving anything sup-
ported by brackets involves the same
general procedure: find a new location
where it will fit, make new brackets to
support it.

Before cutting and welding, it may be
a good idea to do your modification on
paper to see how much the CG is affected
and where the new location is. Once the
CG is known by the experimental
method described earlier, it is fairly
easy to calculate the effect of moving
any part on the car.

| say fairly easy because it depends on
how much you remember of high-school
physics. Here’s a quick review.

The CG of a car is a fiction which
assumes all parts of the car become
weightless except the CG which is a tiny
point where all the weight is magically
concentrated,

In a real car, the effect of a part with
real weight is determined both by how
much it weighs and where it is located
on the chassis. If you move the battery
forward, it will put more weight on the
front wheels; less on the rear wheels; move
the CG forward; but not change the total
weight of the car.
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The owner of this slalom buggy felt a need for more weight on the front tires so he

installed this ballast as a front bumper. Usually a handling problem can be cured by
more efficient means, but if the CG has to be moved this is one way to do it.

Both weight and location or distance
from a reference point are important in
determining the effect of a part. A handy
point of view is to consider each part as
though it is trying to rotate the vehicle
around some reference axis such as the
rear axle. From that point of view, the
radiator is trying to move the front end
of the car downwards, rotating the car
about the rear axle.

The torque caused by a part is equal
to the weight of the part multiplied by
the distance from the reference axis
in this case the rear axle.

In physics, this kind of torque is
called a moment but it’s basically a
torque. Because the car is not actually
rotating around its rear axle, the moment
produced by one part must be exactly
opposed and balanced by some other
moment. [f we add up all of the moments
which are trying to make the front end
of the car move downwards into the
ground while rotating around the rear
axle, the opposing torque or moment is
the force of the ground against the bot-
toms of the front tires.

When all of the weight is considered to
be concentrated at the CG, then the total
moment trying to rotate the front of the

car downwards is equal to the total weight
of the car multiplied by the distance
from the CG to the rear axle.

But in a real car, that total moment is
the sum of all the moments of the indi-
vidual parts. Move one part and you affect
the moment of that part and the total
moment at the CG.

The easiest way to show how to
figure the effect of moving one part is by
example. The accompanying sketch shows
a 2,000-pound car with the CG located
60 inches ahead of the rear axle. The
radiator filled with water weighs 100
pounds and is located 100 inches ahead
of the rear axle. What would be the effect
of re-locating the radiator 10-inches far-
ther forward?

First calculate the total moment of
the existing car, using the rear axle as the
reference axis.

Moment = 2,000 pounds x 60 inches =
120,000 Ib.-in.

Now imagine you take the radiator
completely out of the car. That would
reduce the total moment by whatever
moment the radiator itself was contri-
buting. Calculate the moment of the
radiator at its old location:
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W = 2000 LBS

— 60”

By the methods described in the text, you can calculate the effect of moving weight on

the chassis before you do it

Moment of radiator at old lecation =
100 x 100 = 16,000 lb.-in,

Subtract that from the total moment
with radiator installed.

Moment without radiator =
320,000 - 10,000 = 110,000 Ib.-in.

Thal will move the CG back toward
the rear axle, but you don't care because
you aren’t going to run the car without
a radiator.

Now, figure the new moment of the
radiator moved 10 inches forward.

New moment of radiator =
100 x 110 - 11,000 in.-b.

Add that back into the total moment of
the car.

New moment of car =
110,000 + 11,000 = 121,000 Ib.-in.

For that new moment, the weight of
the car didn’t change, but the distance of
the CG from the rear axle did change.
Find the new distance by dividing
moment by weight.

CG distance from rear axie =
121,0060/2,000 - 60.5 inches

Moving the radiator forward by 10
inches only moved the CG forward by
half an inch.

It doesn’t matter which axle you
choose as the reference axis. It is handy to
use the rear axle when you plan to move
something forward und the front axle
when you plan to move something back-
ward on the chassis- -the arithmetic is
simpler.

You might have to work for two days
to move that radiator forward and the
result would probably not be noticeable
in handling of the car—as far as steady-
state cornering is concerned. The change
might be felt in transient response when
entering a corner.

If there are several parts you can move
or if you are considering moving the
engine, calculations like this can tell you
the effect before you do it, [n general,
unless you can move the CG by a few
inches, it may not be worth doing.

The best fore-and-aft location of the CG
is not easy to decide. You definitely want
more weight on the rear wheels than the
front, but just how far to go is the big
question. If a racing car is nose-heavy it
will have traction problems when accel-
erating out of slow corners. Cars with high
power-to-weight ratios such as racing cars
cannot tolerate nose-heavy weight dis-
tribution. But if the car is foo tail-heavy
it can have other problems. In accelera-

tion at low speeds the front tires may lift
off the road. During cornering there will
be a tendency to lift the inside front
tire off the road. A car with good
acceleration out of a corner requires a
high percentage of the lateral weight
transfer to be taken by the front tires,
50 the rear tires will have some traction
available for acceleration. A car that is
very light on the nose is forced to take
most of the lateral weight transfer at
the rear, being limited by lifting of the
inside front tire.

CHANGING THE POLAR
MOMENT OF INERTIA

The polar moment of inertia is very
difficult to change. On a production car
for street use there is very littie that you
can do to change it. Moving a few items
in location is about all that can be done
within practical limits. However, on a
racing car, more can be done with con-
siderable effort.

Polar moment of inertia takes some
understanding as discussed in Chapter 2.
it is 2 computed number that involves
both the weight of the car and the dis-
tribution of its weight. Thus two cars
with the same total weight can have dif-
terent polar moments of inertia. A
high polar moment of inertia means
that the car has a high resistance o
changing direction of travel. 1f it has a
high polar moment of inertia it will go
into a spin very slowly, but once the
spin starts it will take longer to stop. As
a disadvantage, a high polar moment
nteans that the car will not respond
quickly to the steering, and thus it will
iend to understeer when entering a tight
turn, [t will be more stable at high speeds,
however, because disturbing forces will
not easily change its direction.

Note that the polar moment of inertia
(PMOI) involves both weight and distance.
The distances in the calculations are
squared, so that makes them much more
importani than the weight. However,
because there is not very much you can do
with distance of various items in the car
from the CG, it is not easy to make big
changes in the PMOIL. The means of chang-
ing it involve the wheelbase, the track,
the locations of the fuel tanks, and the
locations of some heavy items such as
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the battery and the radiator. Large pro-
duction sports cars and sedans have a
high polar moment of inertia because of
their weight, size, and engine location,
and thus are more sluggish in handling
characteristics. An all-out racing car is
usually much lighter, and so its PMOI

is automatically less than a big production
car. Larger racing cars, such as A-sports
racing cars have a high PMOI relative to
their smaller brothers such as D-sports
racers, The larger weight and size auto-
matically makes the bigger car have a
larger PMOIL. Thus if you design a
D-sports racer you may be in trouble

if you copy a big car. A high-polar-
moment design may be needed on a

tiny light car, just to make it more drive-
able. A large heavy car on the other hand
may require all the tricks possible 1o
make the PMOI lower.

The following tricks are used to reduce
the polar moment of inertia:

Short wheelbase. (Also increases
weight transfer in accelerating
and braking.)

Narrow track. (Also increases
weight transfer in cornering.)
Fuel near the center of the

car. (May require a longer
wheelbase.)

Driver more upright in the seat.
(Raises the CG and sometimes
the air drag.)

Central-mounted radiators.
(May require bigger radiators.)
All systems located near the
center of the car. (Space
problems.)

Small amount of overhang front
and rear. (Aerodynamic drag
increase. )

Obviously the opposite tricks can be
used to increase the polar moment of
inertia. Because of all the various trade-
offs in the design you may not wish to
use all the tricks available, and thus the
polar moment of inertia will end up at
some value which you cannot change
very much.

What is the ideal value for polar
moment of inerfia? This is another ques-
tion where drivers disagree. If you prefer
a slower responding and more stable car
you should keep the value high. If you
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have quick reflexes and want ultra-quick
response to the steering, then reduce the
PMOIL. It is my opinion that small racing
cars such as those under 1000 pounds and
under 150 horsepower can use a high
polar moment of inertia to advantage.
Cars larger than this may be better hand-
ling with a lower polar moment of
inertia design. You are the judge when
modilying your own car.

BRAKE SYSTEM MODIFICATIONS

For both street driving and racing an
efficient braking system is essential. For
good handling your brakes should be con-
sistent, use only a moderate amount of
pedal force, and be free of fade in the
hardest use. Methods of brake system
modification are essentially the saume for
street or track.

Before starting brake-system modifica-
tions give the system a complete check.
Take all the wheels off and look closely
at the wheel cylinders. Check for signs
of leaking fluid. If there is any doubt,
give the cylinders an overhaul. New seals
are cheap compared to the damage caused

by bad brakes. Also look at the master
cylinder and overhaul or replace it if

any leaks are evident. If the brake linings
are worn or contaminated with oil or
brake fluid replace them with new ones.
Fix leaking oil seals.

It is possible (o greatly improve braking
consistency by making the disks and
drums run true. Chattering or uneven
braking is often due to rough, scored, or
uneven braking surfaces. For disk brakes
the disks should be ground to remove
all grooves. Make sure the disks are the
same thickness on both sides of the car,
so heat will be equally distributed. When
you install disks make sure they don’t
suffer from excess lateral runout. Put a
dial indicator against the side of the disk
and rotate the wheel. The disk should
not wobble sideways more than 0.005"
at the edge. I il does, shim under the
disk where it mounts or have it re-ground
to true it up. A tiny amount of runout
is desired to keep the pad from dragging
against the disk all the time. About 0.002"
runout is ideal.

Check lateral runout of brake disks with a dial indicator as shown. Excess disk runout
will cause added pedal travel, because the pads are pushed farther away from their full
contact position. ldeally the lateral runout should be about 0.002".
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Steel-braided brake hoses are used to make
a firmer pedal and to prevent hose damage.
These hoses are available for virtually any
car, and are good insurance on either road
or track. They are a must for hard use such
as off-road racing.

Drum brakes should be turned to
make them smooth and round. Make
sure the diameters are equalized. This
is very important because different drum
diameters make the car swerve to the side
when you hit the brakes hard. You can
test the brakes for roundness on the car
if you remove the backing plates. Then
install the drums and use a dial indicator
on the inside of the drum. If they are
not round and concentric, shim or replace
as required.

Brake drums and disks are heavy and
affect the balance of the wheels. Make
sure the dynamic balance of the brake
rotating parts is checked il you are trying
to get perfect wheel balance. If you
balance the wheels on the car this takes
care of the problem, but then the wheels
cannot be swapped without changing the
overall balance, It is best to have the
brakes balanced separately if you can
afford the extra money.

After installing rebuilt brakes complete
the system check by inspecting the brake
lines and hoses. If there is any doubt about
the condition of the hoses replace them.
Pay particular attention to the possibility

of a brake hose rubbing on the chassis. The
results of a blown hose are disastrous.
Leaking brake line fittings should be
fixed. If the lines are damaged or corroded
replace them. Steel brake lines are avail-
able in various lengths with flared ends.

It is bad practice to attempt to make your
own flares. Brakes require a special rein-
forced flare, which the standard cheap
flaring tool will not do. If you need to
bend brake lines, use a proper bending
tool. A crimped line should never be used.

When the brakes are used hard the
hydraulic pressure causes brake lines to
expand. Most of the expansion occurs in
the rubber brake hoses at the wheels. The
expansion creates a softer pedal which
requires more stroke. To increase pedal
firmness you can install steel-braided flex
hoses in place of the rubber hoses. These
are high-pressure, high-temperature air-
craft-type hydraulic hoses, lined with
teflon and reinforced with stainless braid
These hoses are available from Earl’s
Supply Co., Lawndale, California, and
other suppliers. Earl’s offers Kits for
almost any car, including those with
metric fittings. These metal-braided lines
are more resistant to damage from rocks
and rubbing on chassis components. They
are a must for racing and good insurance
for street use.

Braking can be improved by bleeding
the fluid and replacing it with new high-
performance brake fluid. When brake
fluid is old it deteriorates from heat and
by picking up moisture from the air. Old
fluid has a reduced boiling point. Boiling
brake fluid causes a mushy pedal, which
can happen suddenly in hard use. Boiling
fluid is the major cause of brake problems
with disk brakes, and can be a problem
with drums too.

If the fluid is old, drain the system com-
pletely and fill with new fluid from a
previously unopened can. Don’t store
brake fluid unless it is tightly sealed to
keep out moisture. Use high-performance
brake fluid with a boiling point of at least
550°F. Check with your car manufacturer’s
recommendations for brands of fluid.
Some fluids can cause damage to the rub-
ber parts. If you cannot find out what is
recommended, use American fluid in an
American car, English fluid in an English

MASTER
CYLINDER,

TO FRONT
. BRAKE
Vi

The Safety Braker is installed in the line
to the front brakes as shown. This works
on cars with any type of braking system,
power-assisted or not. On cars with a
single master cylinder the Safety Braker
installs in the single line from the master
cylinder. For the ultimate set-up with

a dual braking system, use a Safety
Braker in the line to the rear brakes

in addition to the one serving the front
brakes. The device is more helpful in

the front system than the rear, but every
little bit helps. This device reduces the
tendency for one wheel to lock up
prematurely in a hard stop.

car and so forth. Never mix brands of tluid.

The best fluid to use is silicone-base
brake fluid. Silicone {luid has the advan-
tage of not absorbing moisture, thus
maintaining a boiling point of approx-
imately 550°F. Also, it is compatible with
all brake-system seals. When converting to
silicone fluid, you have to flush the brake
system with alcohol to purge out the old
fluid and moisture. Silicone (luid is slightly
more viscous than ordinary brake fluid, so
it is a little harder to get it through the
system and to get the system fully bled.

If you are racing, bleed the brakes after
each race. This removes the fluid that was
exposed to the maximum heat at the
wheel cylinders. Once a year replace all
the fluid with new. For street driving
such frequent bleeding is impractical, but

If your brakes are too sensitive and
prone to lock there is a bolt-on gadget
that may help. This is the Safety Braker
manufactured by G & O Manufacturing
Co. of San Rafael, CA. This is a little
chamber in the brake system which
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BASIC HYDRAULICS

There are only about three basic
principles needed to understand hydrau-
lic brakes and similar systems.

In a closed brake system, the hydrau-
lic pressure is the same everywhere.
Pressure is measured in units such as
pounds per square inch (psi) which
means that there is some force mea-
sured in pounds exerted outward on
every square inch of the inner surface
of the brake system—the master cylin-
der, the wheel cylinders, and all of the
connecting lines and hoses which are
filled with fluid.

When you apply force to the master
cylinder by using the brake pedal, this
force tends to move a piston in that
cylinder and causes the fluid in the
brake system to have a higher pressure.
When pressure at one point increases,
pressure everywhere increases to the
same value. A simple explanation for
this is the fact that fluid will always
flow from a high-pressure area to a low-
pressure area until the pressures are
equal.

The pressure in the system is caused
by the force which you apply through
the brake pedal. To pick easy numbers,
suppose your right foot, acting through
the leverage of the brake-pedal mechan-
ism, applies a force of 100 pounds to
the piston in the master cylinder and
the area of the master-cylinder piston
is one square inch. The force you apply
is distributed over the entire area of the
piston, so you are applying 100 pounds
per square inch. On the opposite side

of the piston, the hydraulic fluid
receives a pressure of 100 psi due to
your right foot on the brake pedal.
Every part of the hydraulic system has
a pressure of 100 psi.

The wheel cylinders act “backwards’
from the master cylinder. At the wheels,
these cylinders convert hydraulic pres-
sure back into mechanical force which
is used to move the brake lining against
the drum or disk. The amount of
mechanical force which can be derived
from hydraulic pressure is determined
by the area of the wheel cylinder piston.
If these pistons are also one square inch
in area, then each is being forced out-
ward by 100 pounds of hydraulic force.
Each will exert a mechanical force of
100 pounds.

The mechanical force produced at
each wheel cylinder can be changed by
changing the area of the piston. If the
piston area becomes 2 inches, the force
will be 200 pounds, and so forth.

It appears from what has been said
so far that any amount of mechanical
force can be derived from a hydraulic
pressure of 100 psi just by increasing
the size of the piston in the wheel
cylinder. You could get 1,000 pounds
by using a piston of 10 square inches,
without having to push a bit harder with
your foot. That is true but a practical
problem results from the fact that the
pistons in the wheel cylinders move.

Because the wheel cylinder pistons
move to apply the brakes, the volume
of fluid contained in each wheel cylin-
der increases when the brakes are
applied. Therefore the master cylinder

not only pressurizes the hydraulic

fluid, it must also act as a pump. The
master cylinder must pump out as much
fluid as the wheel cylinders require when
the wheel cylinder pistons move outward
to apply the brakes. This affects peda/
stroke.

To pump more fluid from a master
cylinder of fixed diameter, the pedal
stroke has to be longer. There is a
limit to how much you can extend your
leg and toe to operate the brake pedal
and apply a reasonable amount of
force. There is a related limit of pedal
travel which is the location of the
floor board or a mechanical stop which
does the same job. When the mechanical
limit of pedal travel is reached, or your
anatomical limit, that's all the stroke
there is. It is good practice not to use
all available stroke in applying the
brakes so as to leave a little in reserve.

It is obvious that more movement at
the wheel cylinders also causes more
stroke at the pedal, which is why brake
systems are set up with small travel of
the brake shoes or pads between brakes
fully off and fully on.

Anyway it turns out that force mul-
tiplication hydraulically by using larger
pistons in the wheel cylinders has a
practical limit. More force multiplica-
tion requires more pedal travel. Which
is exactly the same as it used to be in
the days when brakes were totally
mechanical, operated by a system with
leverage. In a hydraulic brake system,
the ratio of piston areas is equivalent
to the ratio of lever arms in a mechani-
cal system.

reduces the pressure pulses that occur
when brakes tend to lock. It makes the
braking effort more consistent and easier
for the driver to control. The Safety
Braker bolts into a brake line, and on
most cars it makes a noticeable improve-
ment in driver control during braking.

There are other modifications that can

be used to change the brake pedal force.
For maximum control during hard brak-

166

ing the driver should have to push hard,
but not so hard that it takes maximum
effort to lock the wheels. Pedal force
that is too low, such as on some cars
with power brakes, is as dangerous as
pedal force that is too high. On cars

with too low a pedal force, rapid applica-

tion of the brakes causes wheel locking
and a loss of control, Maximum braking
occurs just short of locking the wheels,

and the driver must be able to maintain
this by controlled force on the pedal.

If your pedal force is too high, the
car can be converted to power brakes.
Most cars these days offer power brakes
as an option. You can perhaps buy all
the required parts from a junk yard, over-
haul them, and install them on your car,
On some cars this is an easy bolt-on con-
version. If your model never had power
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_:} T BRAKE
= r <———EFFECTIVE
B RADIUS
ROLLING

RADIUS

The brake effective radius is the distance
from the center of the axle to the center
of the brake lining contact area. In the
disk brake shown, the effective radius is
to the center of lining pad. On a drum
brake the effective radius is the actual
inside radius of the drum. Drum and disk
brakes cannot be compared simply on the
basis of effective radius because the drum
brake usually has a self-servo action caus-
ing it to have more braking force. The tire
rolling radius also affects braking.

brakes it might be possible to adapt one
off another car. Here you will have to be
very careful on picking the right system
to get a pedal force that is what you
require. It pays to get the help of a
mechanic or an engineer to help calculate
the pressures and forces involved. Each
car is different, and the specific calcula-
tions require a complete knowledge of
how the power assist unit works that you
are thinking of using. A trip to the library
might be of help in finding specs on a
system from another car.

If you have a light car, say under 2500
pounds, you probably won’t need power
brakes. The pedal force can be changed

by putting a different size master cylinder
on the car. Calculations on master cylin-
ders are easy. You must know the diameter
of the old master cylinder bore and the
new one.

New pedal Force = Old pedal force x
{New master cylinder bore diameter)?

(OId master cylinder bore diameter)2

Let’s take an example. Assume your
car requires 100 pounds of pedal force to
lock the wheels, and you want to reduce
it for easier braking. The old master cylin-
der has a bore diameter of 1.00"". Let’s
assume you want to install a new master
cylinder with a 0.75"" diameter bore.

2
New pedal force = 100 x t_C_ILS_J =56 pounds
(1.00)2

As you make the master cylinder smaller,
the pedal force gets smaller for a given
amount of braking force at the wheels.
When you install a smaller master
cylinder the pedal stroke will increase.
Check this out before you do a modifica-
tion like this. If the pedal stroke becomes
so long your brake pedal nearly hits the
floor, you cannot use a smaller master
cylinder to reduce the pedal force. Pedal
stroke can be calculated as follows:

New pedal stroke = Old pedal stroke x
(Old master cylinder bore diameter)?

{New master cylinder bore diameter)?

Brake diameters also affect pedal force.
Using a bigger diameter brake drum or
disk will reduce pedal force. The critical
dimension is the distance from the center
of the axle to the center of the brake lin-
ing. This is the brake effective radius. On
a drum brake this is merely the inside
radius of the brake drum. On a disk brake
it is the distance from the center of
the axle to the center of the brake lining
pad. Unlike changing master-cylinder
diameter, brake effective radius does not
change the pedal stroke. Putting bigger
brakes on a car is the most effective way
of reducing pedal foree. In addition, the
bigger brakes will be more resistant to
fade, because they don’t get as hot. Bigger
brakes have more metal in them, and the
more metal, the lower the brake tem-
perature.

If you put bigger brakes on your car,
here is the calculation of the new pedal

force. This assumes that the hydraulic
cylinders are the same size, and only the
effective radius of the brake changes.

MNew pedal force = Old pedal force x

Old brake effective radius
Mew brake effective radius

The rolling radius of the tire has the
opposite effect from the brake effective
radius. If you increase the tire rolling
radius you increase the brake pedal force.
This can be a noticeable effect if you put
much taller tires on a car, say for drag rac-
ing. If you put taller tires on the rear
only, it will reduce the braking force on
the rear brakes only, and the front will
remain the same. This upsets brake
balance as well as increasing the pedal
force.

To calculate the new pedal force if all
four tires are changed equally in rolling
radius, use the following formula:

Mew pedal force = Old pedal force x
New tire rolling radius
Old tire rolling radius

You can reduce pedal force with softer
hrake linings. However, this may not be a
good idea if you drive hard. For fast driv-
ing and hard braking you need hard lin-
ings. A soft lining on drum brakes tends
to fade more under severe use. On either
disks or drums, a soft lining will wear out
faster.

For severe use there are metallic linings,
such as the Velvetouch brand marketed by
Lakewood Industries of Cleveland, Ohio.
Velvetouch linings are outstanding for
drum brakes, because they are virtually
fade free. Conventional organic linings
suffer from fade caused by gas emitted
from the hot linings which acts as a lubri-
cant between lining and drum. If this fade
is really severe the brakes feel like there is
oil on the linings. The pedal force goes up
so high that it is impossible to lock the
wheels. The Velvetouch metallic linings
virtually eliminate this problem. These
linings are also available for disk brakes.

Fade is caused by excess heat. If brakes
can be made to run cooler fade will dis-
appear. Getting more cooling air to the
brake is a simple and easy way to reduce
fade. On drum brakes the backing plates
can be drilled with cooling holes. Scoops
or ducts can be added to vent the
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interior of the brake drum. However,
these cooling holes let water in, so braking
in the rain is likely to be scary until the
brakes get good and hot. Vented backing
plates may not be suitable for street use

in the rain.

On disk brakes the cooling air should
be directed at the caliper. Fade is usually
caused by fluid boiling in the caliper. The
duct should exit as close to the caliper
as possible. The ultimate solution is to
fabricate a duct and attach it to the
spindle, then attach the flex hose to the
duct. A spoiler on the front of the car
may contain brake-vent holes, and you
can connect these to heater ducts to
bring cooling air to the calipers.

Cooling air for the brakes increases if
it has an exit out the fender openings. On
most cars this can be helped by ventilating
the wheels. If your car has solid-disk
wheels, switching to spoke-type wheels
can help cool the brakes, but they should
be aided by cooling ducts bringing fresh
air into the inside of the brake. If your
car has a rounded nose and front fender
shape, the air flowing around the sides of
the fenders creates a suction on the front

Al

Scoops for the front brakes are built into this fiberglass spoiler. This car has sheet metal
ducts added behind the spoiler to direct cooling air right at the front calipers. Many
accessory spoilers have these cooling holes molded in them, and ducts are easy to build
to complete the installation. A spoiler on the front of the car will hurt brake cooling as
it restricts the air flow under the car. Ducting solves this problem.

fender openings. This alone may be strong
enough to suck cool air through the
wheels Lo exit air from the brakes. You
can tell what is happening by observing
the car driving in the rain. If you see spray
flying out of the front fender openings,
the body is doing a good job of extract-
ing air.

Braking can be aided by drilling holes
in the braking surfaces of disks or drums.
On drum brakes this drilling lets hot gas
out that normally would be causing fade,
Approximately 3/16-inch holes 2 inches
apart are suitable, drilled through the
brake drum surface. Chamfer the holes
to keep the lining from snagging on the
edges.

On disks, drill across the disk through
the braking surfaces. Use 3/8-inch holes
spaced about 2 inches apart in a regular
pattern, The holes must be chamfered

' - to prevent damage to the lining. Cross-
This racing Porsche has front brake ducts with flex hoses leading from the front spoiler drilling disks gives a more consistent brak-

to the brake calipers. The duct blowing air to the inside of the wheel, and the rounded ing action and keeps the linings from
body sucking air out of the fender opening combine to provide air flow through the glazing due to heat. After drilling either
holes in the wheel. These ducts are obviously too low for street use, and are not neces- disks or drums, the rotating part should
sary on this car for ordinary street driving. be balanced.
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The brakes on a big-engine Corvette really
need lots of cooling air for road racing.
These brakes are cooled by ducts in the
front bodywork, plus each wheel has a
cooling fan attached to extract air through
the holes in the wheel. These are Corvair
engine-cooling fans, and they are very
light. The added unsprung weight of the
fan is hardly noticeable on a big heavy

car such as this.

If your car has drum brakes, perhaps
you will want to try converting to disk
brakes. Disks are more consistent in action
and virtually free from fade. They are
affected less by water and dirt. Disk
brake linings are easy to inspect for wear,
and a snap to change.

Most drum brakes have a self-servo
action, which reduces pedal force. The
friction of the lining against the drum pro-
vides a torque about the pivol point of
the shoe, which presses the lining harder
against the drum. This has a power-assist
effect, which allows the use of non-power
brakes on big heavy cars. However, il fade
occurs on this type of brake the effect of
fade is multiplied by the servo action,
requiring a greater increase in pedal
force than if there was no servo action.

Disk brakes are not servo-assisted. I
you push twice as hard on the pedal you
get twice as much stopping force at the
tires. Thus with disks the car is easier to
control in a quick stop.

The lack of servo action on disk brakes
means that the pedal force will be higher

than drum brakes with the same effective
radius. Most disk brakes have larger
hydraulic cylinders at the brake to

Notice the holes in the brake disk on this race car. Cross drilling disks aids braking in

several ways. Besides making the disk slightly lighter it reduces any buildup of hot gas

between the lining and the disk. Also there is a reduced tendency to glaze the brake pads.

These are slight improvements but every bit helps in racing.

increase the force of the lining against
the braking surface, but this is limited
by pedal stroke, Also there still may not
be adequate braking force available

at a reasonable pedal force, so power
boost may be required. Most disk brakes
on big cars require power boost.

Because there are so many things that
can affect pedal force when converting
from drums to disks, it is necessary to do
some careful planning. To eliminate the
complex factors such as sell-servo action
ol the drums, and power assist, use the
following method:

1. Pick a disk-brake system from a car

of approximately the same weight as
yours. Plan on using the power-assist

unit that comes on the car with the disk
brakes il"it has such a unit. Also plan on
using the master ¢ylinder that comes on
the disk brake system.

2. Make the assumption that the disk-
brake-equipped car is well designed and
has a correct amount ol pedal force. If
you can, drive the car with the disk brakes
and prove to yoursell that the pedal lorce
is OK. It the pedal lorce is too high or
too low, plan to compensate on your car,
3. Assume that the disk brakes require a
pedal force of 100 pounds on the car they
came from. This is only an assumption
that makes calculating easy. Then calcu-
late the new pedal force that results from
all the differences from the original
system that occur on your car. The result-
ing pedal force will be compared to the
assumed 100 pounds to see how much
higher or lower it will be. This will tell
you the effect on pedal force of convert-
ing your car to disk brakes.

4. Calculate the new pedal force by cor-
recting for the pedal ratio in your car. The
pedal ratio is the mechanical advantage or
leverage of the brake pedal. It is the dis-
tance between the pedal pad and the pedal
pivot, divided by the distance between

the master cylinder pushrod and the pedal
pivot. The new pedal force is given by:

New pedal force =

Old pedal force x Old gedal satin

New pedal ratio
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For your calculation based on the assump-
tion of 100 pounds of pedal force, the
formula becomes:

MNew pedal farce =
Pedal ratio from disk brake equipped car
Pedal ratio from your car

100 x

This new pedal force is to be used in the
next calculation.

5. Calculate the effect of the tire rolling
radius. I your tires are the same rolling
radius as the tires on the disk brake
equipped car, there is no change in pedal
force. However, if you have different size
tires use the following formula:

New pedal force =
Pedal force calculatad in step 4 x
Your tive radius
Tire radius on disk brake equipped car

This new pedal furce is used in step 6.

6. Calculate the effect of the weight of
the car. If your car is exactly the same
weight as the disk-brake-equipped car
there will be no change in pedat force.
Otherwise use the folowing formula:

New pedal force =
pedal force calculated in step 5 x
Your car weight
Weight of disk brake equipped car

If the weight distribution of the car
equipped with disk brakes is greatly dif-
ferent than your car the pedal force will
be the same as calcutated in this step,

but the brake balance between front and
rear will be wrong on your car. You will
have to plan on making a balance adjust-
ment to your car if you want to use this
disk-brake system. I discuss how to modify
the brake balance later in this chapter.

7. i you are using a complete disk-brake
system on your car including master
cylinder and power-assist unit, if any, the
job of calculating the new pedal force

is over. Compare the pedal-force calcu-
lated in step 6 to the original 100 pounds
you assumed, If the new pedal force is
between 80 and 120 pounds the disk-
brake system will probably work well. If
it is outside these limits you can plan on
quite a difference in pedal force from the
amount the car with the original disk-
brake system had. If this is satisfactory
you may want to use the disk-brake
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Pedal ratio is given by the following formula: Pedal Ratic = g

In the drawings, the pedal pivot is at point “'P."" The force “F" is applied to the pedal
pad by the driver, and it is multiplied by the pedal ratio as a larger farce on the master
pushrod. Thus if the driver pushes with 50 pounds on the pedal and the pedal ratio is 4,

force on the master cylinder is 200 pounds.

system anyway, but be aware of what is
likely to happen after you install the
disk brakes.

IT the vriginal car with disk brakes had
drums on the rear you may not wish to
use them. If your existing rear drums are
the same effective brake radius as the
ones on the rear of the disk-brake-equipped
car, chances are the system will work as
calculated above. However, if the size of
rear drums is greatly different you can
plan on brake-balance problems and some
change in pedal force. It the drums on
vour car are smaller than the ones used on
the disk-brake-equipped car, and you use
the same master cylinder the disk brakes
had, you will have less braking on the rear
than you want,

A system with disks and drums usually
uses a pressure-limiting valve for the rear
drum brakes. If your drum brakes are the
same size as the ones from the disk brake
equipped car, then you may wish to use
the pressure-limiting valve off the disk-
brake system, However, you may choose
instead to use the adjustable pressure-
limiting valve described later in this chap-
ter. Read on, and make your decision
afterwards.

The mechanical problems of bolting
on a disk-brake system are numerous. On

some cars it is possible to get a disk-brake
system that was optienal on another
muodel and simply bolt on the proper con-
nections, This is the easiest method. There
are kits available to convert some cars
to disk brakes.

It is also possible to buy 2 caliper and
a disk and machine special parts to mount
them on your care Aleng with the disk it is
best to get the hub teo. The bearings may
have to be spaced or changed to another
size to adapt it fo your spindle. Be careful
when moditying bearings not to make 2
drastic change in bearing spacing or size.
Keep in mind the loads which the bear-
ings were designed to carry, If you are
increasing the bearing loads due to a
heavier car, closer bearing spacing, or
switching to smaller bearings, be very
careful, If in doubt, coasult an expert
mechanic or an engineer.

Mounting the caliper is usually the
biggest problem. A bracket will have
to be fabricated. Look at some caliper
mounts in a junk yard, and you will get
an idea what will work. Use a husky
bracket, at least as strong as what the
disk-brake system originally used, If
you use a flimsy caliper bracket you may
have a disaster. If in doubt, get expert
help on this critical component.
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This Corvette pressure limiting valve is
adjustable. It's a quick and simple way to
add adjustable brake balance to a car with
a dual braking system. The adjustment is
by turning the large threaded shaft on the
left side of the photo to change the maxi-
mum pressure setting of the valve.

Keep in mind the wheel clearance
when installing disk brakes. The caliper
often protrudes outward toward the
wheel, and may cause problems. You
may wish to switch wheels at the same
time you convert, because wheel offset,
clearance, or even the bolt pattern may
change. Take careful measurements of
the caliper position before you start work,
and make sure your wheels will fit.

Disk brakes are often used on the
front wheels, with drums on the rear.
This gives the advantage of disk brakes
on the front where the most braking
force is applied. If you use a disk-and-
drum system, there may be a problem. If
the rear drum brakes are self-servo type,
the braking force increases out of pro-
portion to the pedal force. On the front
disks there is a proportional relationship
between pedal force and braking force.
Thus the rear wheels will tend to lock
up in a hard stop.

The solution to brake-balance problems
is an adjustable pressure-limiting valve.
There is one used on 65 to 68 Corvettes,
Chevrolet part number 3878944 It should
be installed in the rear brake line, in a
position where it can be adjusted easily.
This valve has a large jam nut on a
threaded rod. To adjust it, you loosen

the jam nut and turn the threaded rod.
Turning the rod inward increases the brak-
ing force on the rear wheels, and turning
the rod outward reduces the braking force
on the rear wheels. This valve has the
overall effect of reducing the rear braking
force. so if the rear wheels never lock up
even with the rod screwed all the way in,
then you must increase the braking

force on the rear brakes some other way.
Perhaps you can install a smaller master
cylinder for the rear brakes only, or use
softer brake linings at the rear and harder
at the front.

The Corvette pressure-limiting valve
can also be used to adjust brake balance
on cars which do not have a modified
brake system. Just install the valve in one
of the lines, and it will reduce the braking
effort at that end of the car.

If you do not have a dual braking
system, the valve will not work. You
must first convert to a dual master cylin-
der for this or any other brake-balancing
method to work. In addition a dual mas-
ter cylinder is highly desired for safety,
and is now required on all new cars.

To convert to a dual master cylinder
takes some planning. The brake-pedal
force has to be shared between the front
and rear systems, so the total area of the
master cylinders must be the same as the
single original cylinder. If your original

RANGE OF ADJUSTMENT
rE!

Y

REAR BRAKE PRESSURE (PSI)

MAIN LINE AND FRONT
BRAKE PRESSURE (PSl1)

Points A & B describe the minimum and
maximum limits of the brake propor-
tioning valve split points. Front and rear
pressures are equal until pressure reaches
the split point.

system used a l-inch diameter master
cylinder and you put on two 1-inch cylin-
ders, you get only half the braking force

at the wheels. Thus the pedal force is

twice as high with the twin l-inch cylinders
as it was originally with the single 1-inch
cylinder.

The area of a master cylinder can be
computed as follows:

Cylinder Area = 0.7854 x (Cylinder diameter)?

New master cylinder area must equal
old master cylinder area for equal pedal
force. On some cars it is possible to bolt
on a dual cylinder in place of a single one.
Many cars converted to dual system when
it was required by law, and some conver-
sions are easy. On other cars, space will
prevent an easy conversion. On these cars
you may wish to buy a complete new
pedal assembly with dual cylinders.

Neal Products of San Diego, California
supplies a well-made pedal assembly with
dual master cylinders and an adjustable
balance bar. This is the best set-up for
adjusting front-to-rear brake balance. The
pressure-limiting valves mentioned earlier
reduce the pressure at one end of the car
to get a balanced ratio of braking effort.
With a balance bar, one end of the system
is reduced and the other end of the
system is increased. Thus the total pedal
force is not changed with a balance adjust-
ment. Balance bars are used in racing cars,

Here is the Neal brake pedal, complete
with adjustable balance bar and dual
master cylinders. This unit is used prim-
arily for specially built cars such as racing
cars, dune buggies, and street rods.
(Photo courtesy Neal Products)

171



CHASSIS MODIFICATIONS

Here are three different calipers that were tried on Balboa Datsun’s 510 Sedan racer.
The one in the center is the lightest, because it is aluminum. Best results were obtained
with the iron caliper on the left. An iron caliper sometimes gives better braking than an
aluminum one because iron is stiffer than aluminum. You should test calipers to be
absolutely sure which is best.

This drawing shows the Edco triple-piston caliper. The three pistons are stiffer struc-
turally than one big piston, plus it allows a more compact caliper design. Racing calipers
such as this one have pistons on both sides of the disk. Cheaper calipers used on produc-
tion sedans have pistons on only one side and the caliper moves sideways when the
brakes are applied. (Drawing courtesy of Edco Specialty Products)
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where perfect braking is essential. Methods
of adjusting and testing brake balance are
discussed in Chapter 3.

If you have disk brakes, a modification
that reduces unsprung weight is the instal-
lation of light-alloy calipers. This is expen-
sive for street use, but for racing every
bit of unsprung weight savings is essential.
Light-alloy calipers are made of aluminum
or magnesium. They save about half the
weight of the original iron caliper. Light-
alloy calipers are used on all racing cars
and some street sports cars such as Porsche,

Light-alloy calipers are manufactured
by Airheart and Edco among others, They
offer catalogues with engineering informa-
tion including dimensions and specifica-
tions of the calipers. The manufacturers
can also help in adapting one of their
calipers to an existing car. In addition to
the dimensions and mounting problems,
the new calipers should have approxi-
mately the same hydraulic-cylinder area
as the original calipers. If the cylinder
area is less, pedal force will be increased.
Changing the cylinder size at the caliper
works exactly opposite to changing the
master-cylinder size. For reduced pedal
force, calipers with multiple pistons are
used.

AERODYNAMIC DEVICES

There is so much talk about automo-
tive aerodynamics these days that the
high-performance enthusiast has got to be
interested in what he can do for his own
car. Due to the relatively slow speeds on
the street, little can be done to street
handling with aerodynamics. There are
some small changes that will help, usually
in high-speed stability. You will not be
able to make any noticeable change in cor-
nering power at legal road speeds. On a
racer a great deal can be done.

For street use, the aerodynamic devices
that are on the market consist of spoilers
for the nose and tail and also wings. The
difference between the two is that a wing
has smooth airflow on both its upper and
lower surfaces, while a spoiler has one of
its edges attached to the body of the car
so it gets smooth airflow only on the for-
ward surface. As the names imply, spoil-
ers kill lift by spoiling the airflow. Wings
generate lift, or downforce in race-car
applications. Some of these devices are
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offered by car manufacturers as options,
particularly on American sedans. They
will probably be of no value in ordinary
driving.

Of all the street-type aerodynamic
devices, the nose spoiler is most useful. It
always gets undisturbed air hitting it, so
you know it is actually applying some
torce to the body of the car, It will tend
to keep the nose of the car from lifting at
high speeds by blocking some of the air-
flow normally passing under the car. Also
on a front-engine car it can help engine
cooling by causing a low pressure under
the nose of the car, which aids airflow
through the radiator. It will also reduce
aerodynamic drag as lift is reduced.

The effect of a front spoiler on hand-
ling is to gain a small amount of traction

on the front wheels at high speeds. Usually

this will result in less understeer, but the
effect on handling is different on different
cars. The reason is, various cars lift dif-
ferent amounts at high speeds. Most tend
1o oversteer at high speeds, but some
understeer and some are neutral. The addi-
tion of a nose spoiler may help the hand-
ling or may hurt it, depending on the car’s
gerodynamics. Also the amount of air
flow actually hitting the spoiler will vary
from one car to another. All you can do
is ask someone who has already tried the
spoiler on the same make of car. or else
make your own experiment.

A rear spoiler is designed to reduce
lift on the rear end of the car by deflect-
ing air upward. It is a desirable addition
because reducing rear-end lift is an aid
to stability at high speeds. On some cars,
particularly very powerful cars, an effi-
cient rear spoiler can actually cause
downforce on the rear of the car thus
improving rear tire adhesion with increas-
ing speed. The thrust from the rear tires
is large at high speed just to overcome
drag on the body. This reduces the
amount of additional rear tire adhesion
available for cornering. Lift on the
rear of the body makes this worse, and
extreme oversteer can result,

Unfortunately it is next to impossible
for a rear spoiler to help at normal high-
way speeds on a typical sedan or sports
car. The spoiler is usually mounted low
on the body behind the rear window or

This tail spoiler was offered as optional
factory equipment. It blends in nicely with
the bodywork, but its effect is mostly to
impress the neighbors and attract attention
from the police.

the windshield of an open car. The air
at this point is totally separated tfrom the
body surface and is extremely turbulent.
A spoiler requires reasonably smooth air
flow to work effectively. Many spoilers
on production cars are for looks only. 1f
you want a rear spoiler to work on the
road it must be quite large, and even then
it won't do much for you at legal speeds.
Some road cars have been built with
a small wing as an option. This device is
about the same size as the typical rear
spoiler, and it is equally useless at legal
highway speeds. Tests have shown that

A wing this size on a heavy car will have no
noticeable effect at normal highway speeds.
These are sold mostly for looks as accessory
items on road cars. For racing it has some
small benefit at very high speeds.

There are a number of bolt-on accessory spoilers on the market, but this owner chose to
build his own from aluminum. This is not only a neat functional spoiler, but also it is
adjustable from underneath. The adjustment will have little effect on this heavy car.

some of these sireet wings actually
increase the rear-end lift at high speeds.
Like the tail spoiler, a rear wing is usually
in very turbulent air. Even if properly
designed it won’t work in that turbulent
air flow, Street wings are mostly for
looks.

There are certain other aerodynamic
modifications you can make for street
use. If you lower the front ride height, the
car will have less tendency to lift the nose
at high speed. 1f ride height is adjustable,
you might try this as an experiment. Don’t
raise the rear end in an effort to help
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and ruin the flow that hits the spoiler.

This fiberglass rear spoiler is an accessory. It is just for looks at legal highway speeds,
as it is too small for the weight of the car. Also the air tends to separate off the roof
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Figure 48/This graph shows how wing
downforce A’ and drag “B"’ vary with
angle of attack. Notice there is also a
curve “C” showing how downforce-
to-drag ratio varies. This curve is a mea-
sure of wing efficiency. Most racing cars
operate their wings somewhere between
maximum wing efficiency “D" and
maximum downforce “E”. Do not ever
go outside this range—it will hurt over-
all performance and handling.
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Here are some of the terms used to de-
scribe size of a wing. The larger the
aspect ratio the greater the wing effi-
ciency. The larger the wing area the
greater the downforce and drag. Wing
efficiency is the ratio of downforce to
drag.

the aerodynamics. The increased CG
height will cancel out any gain in traction
you get from aerodynamics at legal road
speeds.

Aerodynamics really are important in
racing, due to the much higher speeds.
The forces due to air flow are zero with
the car at rest, and increase with the
square of the car’s speed. Thus if you
double the speed you get four times the
aerodynamic force, Aerodynamic forces
on a racing stock car at 180 MPH are
9 times as great as the forces on the stock
sedan traveling at 60 MPH on the road.
This is why a small spoiler on a stock car
is useful, whereas the same device on the
street would have no noticeable effect.

For racing, the most useful aerodyna-
mic device is a wing. It is the most effi-
cient means of producing downforce, if
it is allowed by the racing rules. The effi-
ciency of a wing is the ratio of its down-
force to drag. A wing has various amounts
of downforce depending on the angle of
attack—tilt of the wing—as shown in
Figure 48. Methods for adjusting down-
force are discussed in Chapter 3. Drag
also increases with angle of attack,
and each wing has a certain angle of
attack where the downforce-to-drag
ratio is a maximum. This is the most
efficient angle of attack for that wing. A
wing has some drag even at zero down-
force, just because it is an object in the
airstream. Also if the angle of attack is
too large, the wing stalls and the down-
force goes virtually to zero. There is a
huge amount of drag on a stalled wing,
so don’t get carried away with the angle
of attack.

The size of the wing determines the
amount of downforce it produces. The
width is called the span, and the length
is chord. 1f you divide span by chord
you get the aspect ratio, a measure of
the wing’s efficiency. A high aspect
ratio gives the most efficient wing, as
you can see by observing the design of
a glider. Span multiplied by chord is the
area of the wing, and this area determines
the total downforce. The larger the arca
the larger the downtorce. Thus the wing
should always have the maximum possible
span, as limited by the racing rules, and
the appropriate chord to give the wing



CHASSIS MODIFICATIONS

area required.

To compute the amount of downforce
on the wing you should have some data
from wind tunnel or full-scale testing. The
area of the wing, aspect ratio, cross sec-
tional airfoil shape, car speed, and wing
angle of attack are all important in deter-
mining the actual downforce and drag.

The manufacturer of a wing should
be able to give you the figures. If you
are designing your own wing, start with
a book on aircraft wing design for shapes
and force information. Wing design is a
subject in itself, and another book could
be written on it.

Once the wings are decided on for the
front and rear of the car, the forces on
the tires can be computed. Wings should

be balanced so as not to overload either If you were a ten-year-old racing car you would need an add-on wing too. Charlie
"“fl of the car at high speeds. The final Kulmann updated the aerodynamics of his trusty Lotus 23 by adding this nose wing
adjustment of “‘.Fing angles can be done and a huge tail wing. The cornering is much improved, but he gives up some speed
at the track to fine-tune the chassis, as on the straights. This car is at an advantage on a tighter course.

described in Chapter 3. For design pur-
poses keep the ratio of the wing areas
such that the front and rear downforces
on the tires are roughly in proportion
to the static weight on the tires.

Don’t forget that the location of the
wing on the body is important in deter-
mining the force applied to the tires. A
wing ahead of the front wheels has a
leverage on the front tires and actually
reduces the force on the rear tires. Thus
this must be balanced by a suitable rear
wing. Mount the rear wing as high as pos-
sible to pick up clean flowing air,

The air hitting the rear wing is usually
turbulent due to all the objects in front
of it. Thus for maximum rear-wing effi-
ciency, all items such as the driver’s head
and engine air intakes should be stream-
lined with care. A long tapering fairing
behind the objects will avoid much of the
turbulence that spoils the downforce of
a rear wing.

This wing is mounted as high as the rules permit and behind the rear tires so as to catch
as much clean-flowing air as possible. Notice the fences on the ends of the wing.
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Because there is high pressure on top
of a wing and a low pressure under it, air
tends to spill over the tips of the wing.
This tip loss reduces wing efficiency and
should be minimized. End fences are used
for this purpose and can be combined
into wing mounts or front tire fairings.
Fences should be used on race-car wings
because of their limited span. They are
not often used on airplanes because air-
plane wings are not limited by race-car
rules.

The wing adjustments should be
designed so the angle of attack can be
varied for chassis tuning. The designer of
the wing should know the minimum drag
position, the position of highest wing
efficiency, and the maximum downforce
position. Make sure your adjustment
device covers this entire range of angles.
Do not allow positions outside of
this range, because they will be very
bad for performance. If the angle of
attack is too low the wing could have
lift rather than downforce. If the angle
is too high the wing is stalled, with very

-
Formula 5000 racer with streamlined fairing behind the driver’s head to give clean air

flow to the wing. It also streamlines fuel-injection units behind the driver, and provides
a ram-air scoop. Air dams on the sides of the body channel air straight toward the wing.

The rear wing on this McLaren is mounted on supports which also serve as end fences. In this way the wing supporting the
structure adds little or no extra drag to the design. Only the siender angle-of-attack adjusting links are in the air stream under

the wing.
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The rear wing on this Porsche racing car is mounted on steel tubes bolted to the back of the gearbox. This looks rather frail, but it
works on this car. Usually it is best to go extra stiff on wing mounting brackets to avoid destructive vibration,

high drag and a large reduction in
downforce.

The forces on a wing can be quite
large, particularly if the wing has a large
area and the speeds are high. On the fast-
est racing cars the wing forces exceed 1000
pounds. Mount the wing so the forces are
carried directly into the frame structure
of the car. Try to avoid mounting the
wing on the body, as bodies have a ten-
dency to fail under aerodynamic loads. To
avoid cutting holes in the body, the wing
can be mounted on flat plates on the
upper surface of the body. These plates
then bolt or pin through the body to
rigid plates under the body, which are
braced down into the frame structure.
The bolts or pins are removed to open the

body, and the wing remains attached to
the top of the body.

in building wing mounts don’t ignore
the drag loads—they can be large too.
Also vibration can cause wing mounts to
fail. A wing mounted on flexible brackets
can have a vibration caused by the aero-
dynamic forces. This is known as flutter,
and it can quickly tear a wing structure to
pieces. A stiff mount is the prevention.

Adding a nose spoiler for racing is a
common modification. This is often done
in conjunction with a rear wing or tail
spoiler. In addition, most cars are set with
the front ride height lower than the rear
ride height. All these items contribute to
reducing lift or increasing downforce.

A nose spoiler can be easily made of

sheet metal. It should come as close to
the road surface as possible. Usually the
shape is less important than the distance
between the spoiler and the road. On
some cars, the addition of a nose spoiler
will increase the top speed by reducing
the drag caused by the air passing under
the car. On some cars the nose spoiler
increases drag. In almost every case,

the nose spoiler helps high-speed stability
and handling, so they are almost universal
in racing.

As an alternate to front wings on
open-wheel racers the full-width nose has
been tried. These are often added to an
existing car when a rear wing is added.

A full-width nose has a similar effect to a
nose spoiler on a sedan or sports car, plus
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The full-width nose has been used on some open-wheel cars to streamline the front
suspension and to eliminate interference drag. Dimensions are often restricted by the
rules, so the designer must study the various possibilities for streamlining. A well-
designed front fairing will provide a significant amount of downforce to balance a
rear wing.

A front-tire fairing reduces interference drag between tire and body. In addition this fair-
ing acts as an end fence for the wing, improving its efficiency. This is a good method of
drag reduction on open-wheel cars.
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it has a streamlining effect on the front
tires and suspension. The drag caused by
exposed front tires is a major part of the
drag of an open-wheel car, so this approach
has a double benefit.

Another add-on device on open-wheel
racers is fairings in front of the front tires.
These have a drag-reducing effect, and
can also serve as end fences for nose wings.
The fairings deflect the air up and out-
wards o prevent it from entering the
space between the front tire and the body.
Without the fairing the air tends to jam
up in the opening causing a large amount
of interference drag. Widening the front
track reduces this interference drag, but
not as efficiently as a proper fairing.
MAKING THINGS ADJUSTABLE

Chassis adjustments can make your car
handle better, but if they are not easily
adjustable you cannot take advantage of
chassis tuning. Making non-adjustable
parts into easily adjustable ones are modi-
fications that can be useful for both
street and racing.

Adjustable bump steer really helps.

As previously mentioned bump steer on
the front suspension of most cars is
adjusted by changing the height of one
end of the steering tie rods. This applies
to cars with conventional double A-arm
independent front suspension or Mac-
Pherson strut front suspension. The tie
rod can be raised or lowered at the out-
ward end by replacing the tie rod ball
joint with a large spherical rod end. This
requires a bolt through the steering-arm
hole rather than the ball joint tapered
stud. The steering-arm hole is opened

up slightly to accept a bolt shank and the
spherical rod end is bolted to the steering
arm with shim washers between the arm
and the ball. These shims are changed in
thickness to adjust bump steer.

This modification is not well suited to
street use unless you are prepared to go
to some trouble. The rod end is not built
to hold as much lubricant as the tie rod
ball joint, so grease jobs should be more
frequent. Also the rod end may have
limited angular movement, so bump and
droop travel of the wheel may have to be
limited to avoid binding the rod end and
subsequent breakage.
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An easier method of making adjust-
able bump steer can be used on cars with
rack-and-pinion steering. If the rack
brackets are horizontal, shims can be
used under the rack to adjust bump
steer, If the rack has to be lowered,
special thinner rack-support blocks can
be built to allow the rack to be lowered.
Shims can be used for fine adjustment.

Many cars require a method for easily
adjusting camber. There are a number of
methods for doing this depending on the
exact design ol the car. Some devices
that have been used are shown in the
accompanying photos. Some method of
adjusting camber is essential for proper
chassis tuning on any car,

Most cars do not have an easy method
of adjusting ride height. A number of
rather difficult methods have been used,
such as shimming the springs or changing
the arch of leaf springs. All of these are
very time consuming, so some quick
method of adjustment is highly desirable.
For leaf-spring cars, Air Lift helper
springs or air-adjustable shocks are a
good method of quickly adjusting ride
height. Another method is rear shackles
with several holes in them for quick but
large adjustments,

For coil springs, ride-height adjustment
can be made with a threaded mount for
the spring. Stock cars use this type of
device on the front springs to aid in setting
up quickly for oval tracks. This consists
of a large bolt threaded through a nut
welded on the frame directly above the
spring. The bolt is attached to a spring
support plate which presses against the
top of the coil spring. Turning the bolt
down raises the ride height. These devices
can be purchased from stock-car chassis
suppliers and adapted to your car.

On cars with coil springs mounted
directly on the shocks, such as on many
MacPherson strut suspensions, the
answer is a threaded spring mount on the
shock. An example is shown in the
accompanying photo of a racing Datsun.
This could come in handy if you are 4
weekend racer. The ride height can be
lowered tor competition and breught
back to practical street clearance after
the race.

Here’s what happens when spherical rod ends on steering tie rods bottom out before the
suspension hits the stops. The broken rod end can be very dangerous because you lose
steering. When using rod ends to make things adjustable, be sure to check for binding at
both extremes of suspension travel, including all positions of steering movement.

This rod end shows signs of bottoming
out against the bolt through the ball.
Notice the dents in the edge of the
bearing race. This was taken off the
steering linkage of an old racing car.
The problem was cured by reducing
the suspension travel with rubber
bumpers placed over the shock
absorber shaft.

The lower front A-arm bolt is replaced with this special eccentric bolt to enable camber
to be adjusted easily. Loosening and rotating the bolt changes camber, but it also changes
the vertical location of the A-arm pivot slightly. This vertical change is usually not impor-
tant compared to the change due to camber adjustment.
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STEERING MODIFICATIONS

On most passenger cars the standard
steering is too slow and vague for good
control. Making the steering faster is an
aid to good handling, as is stiffening the
steering linkage.

There are several ways to make the
steering faster, Fast steering implies that
there will be fewer turns of the wheel
from lock to lock. Faster steering will
also create higher steering effort for the
driver, On some cars this will be a prob-
lem in parking. Therefore manual steer-
ing systems on heavy cars are usually
quite slow and cannot be made much
faster without requiring a lot of muscle
to turn. Power steering is required equip-
ment on these cars if fast steering is
needed.

On many American cars different
steering gears can be installed ir the
same steering box. A friendly parts person
can show you what is available. Putting
in lower numerical ratio steering gears is
the best way to make the steering faster.
All aspects of steering geometry are
unchanged by this modification.

If different steering gears are desired
for rack-and-pinion steering systems you
must change the entire rack. One exam-
ple of this modification is the special
rack assemblies manufactured by Mitchell
Engineering for racing cars and street use,
Their rack for a Datsun provides stiffer
mounts as well as a faster steering ratio,
It is an excellent way to improve the
reaction of the car to steering.

For some cars there are bolt-on steering
arms or idler arms to give faster steering.
This changes the geometry of the steering
linkage, so bump steer should always be
checked after installing such a device. Peo-
ple have made shorter steering arms or
longer idler arms by cutting and welding,
but this method has its problems. You
should be sure to use a quality welder,
preferably with heliarc. The welds must
be checked for cracks by Magnatlux.
After welding the parts should be stress-
relieved and heat treated to their original
strength.
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The top mounting for this MacPherson strut has been modified with slotted holes to
allow camber adjustment. The bolts are loosened, the strut moved in the slots, a mea-
surement is taken, and the bolt clamped tight. A similar modification can be used for
any car with MacPherson strut front or rear suspension,

Here is a modification for adjustable rear camber and toe-in on a Datsun 510. The
brackets on the rear crossmember are slotted to allow the A-arm to be moved. One
bracket controls the camber and the other controls the toe. The adjustment is prevented
from slipping by welding a serrated plate to the bracket and using a serrated washer
under the bolt. The serrations close together allow very fine increments of adjustment.
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Another way to improve steering
response is to install a smaller steering
wheel. This requires less motion of your
hands when turning, and gives faster
steering. Many good steering wheels are
on the market for reasonable prices. When
you buy a steering wheel be sure you are
satisfied with the size and feel of the grip.
This makes quite a difference on long trips.

e A -

This MacPherson strut has been modified to include an externally threaded sleeve on
the outside of the strut. The spring mounting pad is welded to the tube which has
internal threads. Rotating the collar with a spanner wrench changes the ride height.
This is a very expensive modification due to all the machined parts required.

This is a custom-built rack and pinion steering assembly built by Mitchell Engineering. The rack is very sturdy with adjust-
able end fittings. The housing is welded and machined from aluminum tubing. These racks are stronger and stiffer than
many stock units and are available in faster steering ratios. This one has a center steering design for a racing car, but the
pinion can be placed to the side for two seaters.
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Oval-track racing is all left turns, usually banked, on a dirt or paved surface. The cars are front-engine designs with solid axles
in the sprint and midget classes. A midget is shown here in the typical oversteering cornering attitude. Other oval-track cars
include stock cars and the rear engine championship cars. (Don Larsen photo)

Cars for use on the highway or for rac-
ing on a paved road course are normally
designed or moditfied for balanced hand-
ling features which allow them to turn
well in both directions, accelerate, stop,
and perhaps use acrodynamic aids to high-
speed handling.

There are drivers and driving activities
which emphasize one aspect of handling
more than others and specialized vehicles
are built to cater to such special interests.
Usually some aspects of handling are
improved by sacrificing performance in
other ways,

I entered in a road race, a drag-racing
car would likely lead the pack into the
first turn but not out of it. Reverse the
situation and the road car drivers will
have the opportunity to inspect the
backside of a lot of smoke while trying
to compete on the drag strip.

The ideas and methods described in
preceding chapters are used by chassis
tuners for all kinds of cars, but in dif-
ferent degrees for different applications.

This chapter describes a few specialized
vehicles and the particular handling char-
acteristics desired for each type.
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OVAL-TRACK RACING

Oval-track racing is done with stock
cars, jalopies, foreign sedans, midgets,
sprint cars, open-wheel race cars with all
size engines, and other specialized racers.
The tracks range in size from 1/4 mile or
less to the giant speed ovals such as Day-
tona or Indianapolis Speedway. All
these types of cars and races have one
thing in common. The corners are all in
one direction, almost always to the left.
If the track has both kinds of turns the
car should be set up similar to a road-
racing car.

To favor left turns requires certain
modifications to suspension which help
when turning left and hurt when turning
right. Obviously having the CG of the
car off-center toward the left will help
in left turns. Another technique used
is weight jacking.

This is setting the diagonal weight dis-
tribution so the right front wheel is heavy,
the left front wheel is light, and the
opposite weight shift occurs on the rear
wheels. In a left turn the rear weight trans-
fer counteracts the weight jacking and the
rear tires end up with nearly equal forces
on them. The front tires, however, end
up with weight transfer adding to the

weight jacking. The result is sometimes a
lifting of the left front wheel.

Wheel lifting does the car no good at
all, and should be avoided by using less
weight jacking or more roll stiffness in
the rear suspension.

The effect of weight jucking is the
same as a lot of roll stiffness in the front
suspension, say with a large front anti-
roll bar, However, the advantage of weight
jacking is that it does not stiffen the sus-
pension when one wheel hits a bump. It
does nothing to change the spring rate
of the suspension. The disadvantage of
weight jacking is that the rear tires have
unequal loads on the straights, and thus
can develop unstable tendencies. 1t is com-
mon to see 4 powerful race car on a dirt
oval track trying to go sideways on the
straight. Traction is greater on the more
heavily loaded left-rear wheel, and with
the commonly used locked rear end, the
major part of the forward thrust is on the
left tire. This tends to steer the car to
the right on the straight, requiring a great
deal of attention from the driver. The
solution is less weight jacking. It is com-
mon for little or no weight jacking to be
used on high-speed ovals, where high-
speed stability is vitally important.
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Because oval tracks are usually lined HEAVY
with solid walls, a car that understeers
in the turns is considered deadly. Weight T
jacking is usually used as an instant I
e ] e T2

adjustment to cure understeer. Some cars
are even set up to allow the driver to
adjust weight jacking from the cockpit.
[t is a quick adjustment on most oval

o &9

tra_c.k cars. le‘ con?numly see ride height U 0o G5 -
adjusters or weight jackers mounted =TTy

externally on the suspension so pit crew i

or driver can quickly make changes. Some PR | R

of these devices are shown in the accom- E

panying drawings.

If the race car understeers in left turns
more weight is added to the right rear /

tire. If the car oversteers the weight on When a dirt-track car is set up properly for left turns it wants to turn right on the straight
the right rear tire is reduced. This weight when under power. The inside rear wheel is heavy and the outside rear wheel light due
jacking procedure only works if the left to weight jacking. The greater thrust on the left tire tends to turn the car to the right. In
front tire stays on the track in the turns. a turn this unstable tendency disappears, giving maximum traction out of the turns. This
ITitlifts, the car is a three-wheeled vehicle,  c5y 4150 has an offset engine, which moves the CG of the car to the left of center.

and weight jacking will merely change (Drawing courtesy CAE)

how high the wheel lifts.
The aerodynamics of an oval-track car
can be unsymmetrical too. The left side
of the car is sometimes given more down-
force to counteract weight transfer in a
turn. This obviously involves a trade-off I e I\
s

This drawing shows the CAE sprint Super Modified chassis. The weight jackers are the two bolts on the front leaf-spring
mounting bracket and the torsion bar adjusting bolts at the extreme rear corners of the frame. This car has the traditional
solid axle suspension front and rear, suitable for both dirt track and paved ovals. (Drawing courtesy CAE)

183




SPECIALIZED RACING VEHICLES

GEARS ARE 3-1/2" PITCH DIA., 12 PITCH,

42 TEETH, 3/4" FACE

No. 71-M “SNAP-ON" RATCHET WRENCH
RATCHET CONTROL ARM

PUSH-PULL CONTROL WIRE TO COCKPIT

WRENCH CONTROL
ROD TO COCKPIT

Here is CAE’s cockpit-control weight jacker. The driver can operate the ratchet wrench
by moving the control rod and thus tilt the leaf-spring mounting plate under the gears.

The control wire is attached to the direction control on the ratchet wrench so the motion

can be reversed. This method is simple and effective. (Drawing courtesy CAE)

Another way to adjust the torsion bars
from the driver’s seat. The anchor for the
torsion bar is a bolt attached to a ratchet
handle. The handle can be operated by a
linkage from the cockpit. The other con-
trol allows the driver to reverse the di-
rection of the ratchet motion. This
device is used to change the weight dis-
tribution of a sprint car during a race, as
track conditions change.

The rubber washer on the shaft on this
shock is a suspension-travel indicator. The
washer is pushed down against the shock
body in the pits and its final position
shows the amount of suspension travel
after a run. These shocks are on a
NASCAR stock car which runs on some
steeply banked tracks.

Grand National, NASCAR and other circle-track cars steer left only, therefore addi-
tional caster is adjusted into the right-front suspension to assist the driver in turning left.
This helps reduce fatigue during long-distance races. For example, the left-front caster
may be 0° and the right front adjusted to 3°+ caster.
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with high-speed stability, so care must be
used with such modifications. Generally,
the unsymmetrical settings that help in
the turns result in less stability on the
straights. These tricks are more effective
on shorter tracks.

Many oval tracks have steeply banked
corners, A banked corner tends to com-
press the suspension, similar to the effect
of downforce on the car, Oval-track cars
are set up with rather high static ride
height to get the correct ride height
while in the banked turns. The springs
on an oval-track car are also quite stiff to
allow less total movement of the suspen-
sion in banked corners.

One trick which has been tried on oval-
track cars is to use the jacking effect due
to roll-center height to raise the ride height
in a corner. This tends to compensate for
the reduced ride height caused by the
track banking. This only works on cars
with independent suspension und has to
be designed into the suspension geometry
rom the beginning. Cars with solid axles
do not experience any change in ride
height due to roll-center height—but they
also don’t change camber with ride height.

The amount of suspension travel is
very critical when running on a banked
track. A simple device is used to tell how
much suspension travel is left on the bank-
ing. This consists of a small rubber bushing
titted on the shaft ol the shock absorbers.
The pit crew pushes the bushing down
against the body of the shock with the car
at rest and their final position is noted
after the car is run on the track. The rub-
ber bushing is pushed up the shaft by the
shock movement, but friction prevents it
from falling back down against the shock
body. Thus it indicates the maximum
shock travel.

Stiffer springs are used on steeply-
banked tracks to limit the suspension
travel. Soft springs are used wherever pos-
sible on flatter tracks for better handling
on bumps. If the car has independent sus-
pension, anti-roll bars are then adjusted
to limit body roll. Body roll can also be
determined from the suspension-travel
indicators by noting the difference
between the left and right-side indicators.
Note that this technique only works if
the turns are all in the same direction.
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Oval-track cars, particularly those used
on dirt tracks, are among the last users
of solid-axle suspension on both ends
of the car. Although the suspension seems
outdated it does have some unique advan-
tages. It is simple and rugged, a very impor-
tant characteristic on a car in frequent
contact with other cars or the unyielding
crash wall. Another, perhaps more impor-
tant advantage, is that as long as the four
tires are on the track the camber remains
zero under all conditions of ride height.
Thus oval-track cars subjected to high
aerodynamic loads or in steeply banked
turns or with greatly varying fuel weights
always have the ideal tire geometry. This
may outweigh some of the disadvantages
of solid axles.

Also, the high roll centers inherent
with solid axles make the car quite resis-
tant to body roll. Anti-roll bars are usually
not used to limit roll on cars with solid-
axle suspension and weight jacking is used
to proportion the weight transfer effec-
tively between the front and rear suspen-
sions. Also with solid front-axle suspension,
there is little worry about bump steer.
With the steering systems used there are
no problems in obtaining perfect bump-
steer characteristics.

The main disadvantage of a solid axle
suspension is the effect on one tire when
the other hits a bump. This can upset the
balance of the car in a bumpy corner, and
many oval track cars suffer from this. Also
the rear axle with its unsprung ring and
pinion suffers from high unsprung weight,
Josing traction on bumps. A solid axle
gives outstanding performance compared
to any independent suspension if the
track is smooth, but on rough tracks it is
questionable, It is safe 1o say that the
solid-axle suspensions used on current
oval-track cars are very highly developed,
and it would take a really outstanding
piece of engineering to replace them with
another suspension type.

DRAG RACING

Drag-racing cars are designed for one
purpose—to accelerate as rapidly as pos-
sible over a quarter mile. To achieve this,
the suspensions are among the most
specialized of any racing-car class. Most
drag-racing cars have suspensions that bear
little relationship to a street driven
automobile.

This Midget shows the typical solid front-axle suspension used on oval track racers.
These cars run on both dirt and pavement, and merely change tire and suspension
settings for the different surfaces. The solid front axle may seem obsolete, but it is
highly developed and works quite well on these specialized racing cars. This car uses
cross torsion bar springs plus coil springs on the shocks. Notice adjusting knob on
lower portion of shock.

The tires on a typical drag-racing car are narrow and light on the front and huge on the
rear. The rear tires are light too, but put a very large contact patch on the ground. This
car uses special magnesium wheels on the front, suitable for drag racing only.
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There are two types of drag-racing
cars—those with rear suspension and those
without. Racing rules are written so those
cars without rear suspension compelte in
the same classes. The tracks are so smooth
in drag racing that the need for suspen-
sion is minimal, and there are advaniages
to be gained by mounting the driving
wheels solidly to the frame. What suspen-
sion the car needs is provided by the huge
soft tires,

The most important part of the drag
race is the initial jump off the line. Tires
play a vital part of this, and have been
developed through the years just for this
purpose. The front tires of drag racing
cars are as narrow and light as possible
for minimum resistance to acceleration.
Large-diameter front tires are common
in spite of the weight penalty to get
an advantage at the timing lights which
measure the start of a race. A larger-
diameter front tire can be moving
with a slight head start compared to a
smaller tire without breaking the start-
ing lights prematurely. This slight advan-
tage is vital in a drag race, where success
and failure are measured in thousandths
of a second.

The rear tires on a drag-racing car are
huge slicks, giving the largest possible con-
tact patch on the ground. They are run at
low pressures so the contact patch is long
as well as wide. These soft tires grow in
diameter as the speed increases, thus
changing the overall gear ratio. The effect
is like an automatic transmission which
gradually upshifts as speed increases.

The rear tires have maximum grip when
heated to operating temperature. The
burnout is used to warm the tires before
the run. Bleach or other special liquid trac-
tion compound is poured on the pavement
in front of the rear tires. The car is accel-
erated hard through the liquid, causing
intense wheelspin. The tires spinning on
the dry pavement heat quickly and soften
the rubber. In addition the rubber melted
off the tires adheres to the pavement giv-
ing an ideal rubber-to-rubber contact
with the track surface. At the starting line
of a drag strip your shoes literally stick
to the pavement after a race.

The rear tires are operated at such a
low pressure that the sidewalls wrinkle
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This front suspension assembly is manufactured

Funny Cars. It is similar to a road-racing independent suspension except for the brakes.
These brakes are very small and light for a car of this speed, since most of the stopping
is done with the chute. Notice the aluminum double-adjustable Koni racing shock.

Pit crew member pours liquid on the pave-
ment in front of the rear tires prior to a
burnout. Wheelspin in the burnout heats
the tires so they get maximum traction
during the race. The tires must remain hot

to be effective.

-

This sedan is typical of a drag-race car that
is also driven on the street. It is raised up
for improved weight transfer, and drag
slicks are installed for the race. Notice the
large contact patch of this low-pressure
tire. The car is accelerating without wheel-
spin, and the torque wrinkles the sidewalls
of the tire.
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during hard acceleration. There isn’t
enough pressure inside the tire to
stabilize the thin sidewalls. The tires do
a good job of transmitting torque from
the wheel to the tread if the tire beads
are mechanically fastened to the wheel
rim. Sheet-metal screws through wheel
and tire bead are the traditional way
of keeping the tires from slipping on the
rim. These are simple but not very strong
for the loads involved. Stronger fasteners
for tire retention should be developed.
For maximum acceleration, rear tires
must not break traction during the run.
Traction increases can be obtained with
wider tires, but the increased weight and
rolling drag tends to cancel out much
of the gain. There are definite limits to
how wide you can make the rear tires.
Maximum acceleration with a given
set of tires is obtained with 100% of the
car’s weight on the rear driving wheels.
Because the rules in each class control
weight distribution of the car, additional
weight on the driving wheels must be
obtained by weight transfer during
acceleration. All sorts of tricks are used
to increase weight transfer on cars where

the CG is near the center of the wheelbase.

As an aid to weight transfer some cars
are equipped with special shocks. They
are very soft on extension and stiff on
compression, say a 90/10 damping ratio.
The effect is to allow the nose of the
car to rise up on acceleration, but
resist its coming down rapidly. The
effect on the rear prevents squatting,

The result is a higher CG and more weight
transfer. Some foolish drivers use no front
shocks at all to try to get the same effect.
It not only doesn’t work as well, but also

it is very dangerous at high speed.

Some classes allow moving the engine
in the frame, and this is done to the
extremes allowed. Some cars have the
engine raised as well as moved back, often
combined with a short wheelbase. The
result is great weight transfer, but also a
lack of stability at high speeds. This is
particularly obvious in the AA/Altered
class, where a wild ride seems to be nor-
mal. Wings are sometimes used as an aid
to high-speed stability.

This modified Anglia is equipped with big drag slicks and is raised for better weight trans-
fer. It also has a very heavy rear push bar to move its CG back slightly. This trick is not
legal in the stock class.

of nostalgia here, but only e’
moved as far back and as high as the rules allow. Front-engine cars have to resort to

these tricks to get weight transfer on the rear tires for maximum traction.
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s from the good ole days. The engine is

F

This drag racer has a set of bolt-on lift
bars to locate the rear axle. These pre-
vent wheel hop and tend to raise the
CG slightly during acceleration. Some
lift bars with forward pivots are bad
for cornering as they tend to twist the
rear axle housing when the car leans.
The result is the same as a super-stiff
rear anti-roll bar. The lift bar shown
here uses a rubber bumper {arrow) to
contact the frame, making it suitable
for street driving if there are few bumps
in the road.
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In classes where sufficient weight is
allowed on the rear tires by the rules,
some sense of stability returns. Pro stock
cars and Funny Cars use aerodynamics
with spoilers and body rake to get some
downforce. Aerodynamic lift is a problem
in the Funny Car classes because of the
combination of light weight, very high
speed, and a large body area to cause high
total forces. Early experiments with
these cars resulted in some flights the
Wright brothers would have been proud
of. After the problem was realized,
builders went to extreme rake angles
and spoilers to give a net downforce at
high speeds.

Virtually all drag-racing cars with
rear suspension use a solid axle from a
production sedan. Axle location is very
critical, so various devices are used to
aid traction. Wheel hop, rear-suspension
squat, and lateral weight transfer due to
driveshaft torque are all to be avoided,

Favorite devices for rear-axle location
are [ift bars. These are similar Lo traction
bars but attached rigidly to the rear axle
housing. A traction bar is pivoted al both
front and rear. The difference is shown
in Figure 49. Lift bars not only prevent
wheel hop, but they also provide an
upward force on the body to combat
rear-suspension squat. They also push
down on the tires, increasing traction. Lift
bars are great for drag racing, but some
are very poor for cornering. The ones
using pivots at the forward end try to
twist the rear-axle housing when the car
leans, creating a huge amount of roll stiff-
ness. A car with these lift bars is virtually
locked in roll, and transmits almost 100%
of the lateral weight transfer through the
rear suspension. This results in rear-wheel
lifting and oversteer.

To allow lift bars to be used on the
street, some are designed with rubber pads
on the front end to replace the torward
pivots, The pads rise and hit the under-
side of the frame when the axle tries to
twist, thus pushing up on the frame and
down on the rear axle. These lift bars do
not twist the axle during cornering
because the rubber pad on the inside wheel
is not touching the frame in a turn. How-
ever, these lift bars do restrict suspension
movement over bumps, so they stiffen
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Figure 49/Traction bars and lift bars look similar but they apply totally different forces
to the frame during acceleration. With the traction bar the force acts down the center
of the bar and pushes forward on the frame. Lift bars create an upward force on the
frame, its direction determined by the size and angle of the bar. The lift bar force acts
at the pivot in a direction perpendicular to a line between the pivot and the center of
the axle. The shorter the lift bar the greater the lifting force.

FORCE ON FRAME

REINFORCED PAD

PINION ON FRAME

SNUBBER AXLE
HETEL. HOUSING
ADJUSTER

AXLE TORQUE

the ride. Some are adjustable so the sus-
pension travel can be increased for street
driving.

A pinion snubber is similar to lift bars.
This is an extension mounted on the front
of the differential housing where the
pinion bearings are housed. It has a rubber
pad next to the frame, and when the rear
axle twists on its springs during accelera-
tion the rubber hits the frame. The result
is similar to lift bars—an upward force
tending to lift the body and a downward
force pressing the tires harder against the
pavement. A pinion snubber is not an axle-
locating device, so other methods such as
traction bars must be used. A pinion
snubber is not good for street use because

A pinion snubber mounts on the top of
the differential housing and hits the
frame when the axle tries to twist. This
provides the same effect as lift bars, The
height adjuster allows the rubber pad to
be lowered for street driving, but severe
bumps are still likely to cause bottoming.
A pinion snubber will not affect corner-
ing.

it severely limits suspension bump travel,
but some have an adjustment allowing
driving on smooth roads.

As mentioned previously drive-shaft
torque causes a shift of weight from the
right rear tire to the left rear tire during
acceleration. To get equal thrust from
both tires, weight jacking is used to com-
bat driveshaft-torque reaction. For drag
racing the right rear tire is set up with
more weight than the left rear—just the
opposite from weight jacking on an oval-
track car.

Weight jacking can be done with the
springs as described earlier. Another handy
method is to use air shocks or air-filled
helper springs. These can be adjusted from



SPECIALIZED RACING VEHICLES

Here are some products for drag racing manufactured by Lakewood Industries. Lower
left is a lift bar with a pivot at the forward end. The lift bar at the upper right uses a
rubber pad rather than a pivot, so it will be more suitable for cornering. Upper left is
a traction bar, this particular one used on a Corvette. Lower right shows a pinion
snubber to fit a Chrysler Corporation axle housing. (Photos courtesy Lakewood
Industries)

This drag racing rear suspension uses extra
coil springs and air shocks for ride height
adjustment. The air shocks can also be
used to combat drive-shaft torque reaction
by putting more pressure in the right-hand
shock. This pre-loads the right tire, similar
to weight jacking used for oval-track rac-
ing, but in the opposite way.

outside the car, and are easily changed if
required. For converting back to street
driving the air pressure is made equal after
the race. Air shocks or air springs also

can be used to raise the CG height for
additional weight transfer.

In the early days ol drag racing it was
discovered that driveshaft-torque reaction
was eliminated if the car had no rear sus-
pension. Thus the early dragsters had the
rear axle mounted solidly to the frame,
and this idea is still in use today. Besides
no torque reaction, the lack of rear suspen-
sion saves weight and eliminates the need
for axle-locating devices.

Early cars placed the driver behind the
rear axle to get as much rearward weight
as possible. These cars are very long and
low, but still have enough weight transfer
to lift the front tires off the road. Thus
the dragster achieves the ultimate condi-
tion of 100% of the car’s weight on the
driving wheels.

Dragsters have recently changed to
rear-engine designs. These cars have several
advantages over the older [ront-engine
cars. Besides being slightly more stream-
lined, rear-engine cars have safety advan-
tages. The driver of a front-engine drag-
ster sits near the rear axle and close
behind the engine. Any sort of engine or
axle failure can cause serious injury to
the driver from burns or flying parts. Also
the rear-engine design gives the driver
better visibility during his wild ride down
the quarter mile.

Dragsters are the most powerful rac-
ing cars in the world. They easily exceed
accelerations of 1.0 g, once thought to
be the limit to automobile acceleration.
Because the class is basically unlimited,
advances in tires or chassis design will
continue to push speeds higher and higher.

Besides the quarter-mile races on paving,
dragsters are also used on a sand surface.
These sand drags are shorter and the speeds
are considerably reduced, but the cars are
similar, The rear tires are much larger
than asphalt slicks, and are equipped with
paddles to dig into the sand like the paddle
wheels of an old steamship. A great
amount ol forward thrust can be trans-
mitted with these big paddle tires, Sand
dragsters have similar suspension problems
to the pavement racers, but speeds and
stability problems are reduced.
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This supercharged rear engine dragster burns the tires to warm them up before the run.
The rear tires grow considerably in diameter as they spin at high RPM. During the run
the clutch slips rather than the tire, giving maximum grip. Near the end of the run the
rear tires expand. This has the same effect as shifting to a higher gear.
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This sand dragster is making a perfect start with the front tires just off the ground.
The car uses special paddle-tread tires at the rear which dig into the sand and give
excellent traction. (Photo by Shirley Depasse)

OFF-ROAD RACING

The sport of off-road racing is fast
growing in popularity, and preparation
of the suspension is becoming a highly
advanced science. In this type of compe-
tition the suspension must be designed
primarily to accept large bumps. Thus
the ride height must be large, the sus-
pension travel long, and the springs,
shocks and other components must be
extremely rugged. In addition, unsprung
weight is really critical, as this directly
affects the loads in suspension compo-
nents. An excellent book on the details
of preparing a VW-based car for off-road
racing is H. P. Books Baja-Prepping VW
Sedans & Dune Buggies by Bob Waar.
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A great many cars use the VW suspen-
sion because of its rugged simplicity and
large wheel travel. However, some cars
now use specially designed suspensions
offering more advantages. The large cam-
ber change of the VW rear suspension is
not particularly good because the rear
wheel can be tucked under the car when
the car hits the ground after traveling in
the air between bumps. The ideal suspen-
sion for this type of racing is some type
of independent linkage that keeps the
wheels nearly vertical at all times,

Shocks for off-road racing get particu-
lar abuse, and failures are quite common.

Bilstein shocks with their gas-chamber fea-

ture are quite popular for off-road racing.

This off-road racer has two shocks per
wheel. The shocks have fins added to
dissipate the heat generated when
travelling over rough terrain at high
speeds. Even with all this, there is a
spare shock mounted to the frame
rail (arrow). Suspensions on these cars
take a real pounding.

These shocks resist fade by reducing oil
foaming and the gas chamber provides
some extra cushioning at the end of the
stroke. You often see double shocks on
each rear wheel on an off-road racing
car due to the large loads and heat input
to the shocks.

The wheels must be very strong yet
light and able to take the occasional
overstressing without ultimate failure.
Here cast wheels are not the best unless
they are well shielded by the bulging
tire sidewalls. The monocogque aluminum
wheels which I designed, now marketed
by Cragar as the Super Trick, are outstand-
ing in off-road racing due to their ability
to bend into a pretzel without breaking.
They are also as light as magnesium racing
wheels and aduaptable to the popular VW
bolt pattern. On heavier cars steel wheels
are almost the only way to go due to
their ability to absorb impacts at the rim
and still remain in one bent piece,

Aerodynamics and cornering power of
an off-road racer is usually ignored in
favor of rugged simple construction and
performance over bumps. The frames are
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Baja-prepping

Many off-road vehicles are constructed
from VW chassis components. This H. P,
Book helps you sort out some of the
problems and shows how to beef up
marginal components,
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usually tubular steel, with_rare attempts - i :

at other types of construction. The Malcolm Smith blasts through some rugged terrain in an off-road event. His car is equip-
roll cage is usually an integral part of the ped with big tough off-road racing tires mounted on Cragar Super Trick wheels. This
frame structure to save weight and to pro- combination will take impacts with rocks without failure, plus it provides low unsprung
vide maximum protection. Wrecks are weight to minimize loads on the suspension and frame. This car is based on VW suspen-
not at all rare in this rugged competition. sion and is simple and rugged. (Photo by Trackside Photo Enterprises courtesy of Cragar

Off-road tires are specialized in nature, Industries)
usually large diameter and of very tough
construction. Traction is usually not too
important except on soft sand or dirt.
Tire strength with reasonably light weight
is the most important consideration. Off-
road racers are plagued with flats, and they
use inner liners or tubes with tubeless
sealed wheels for double protection.
There are many experimental methods
being tried to improve tire reliability.
SPEED RECORD VEHICLES

Specialized cars designed strictly for
top speed can range in size from tiny to
immense, but they all share the same prob-
lems and design goals. The problem is
to reduce air drag and rolling drag and
also maintain traction and stability at
high speeds.
The suspension on speed record cars is
simple and straightforward, usually with
zero camber for maximum high-speed
stability, Cornering is not important
but obviously bump steer is deadly. There The rugged off-road racing tire is shown next to an inner liner. The liner fits inside the
have been some cars built with no suspen- tire and has its own sealed-off air supply, at a higher pressure than the outer tire. This
sion at all, but the combination of rock- is protection against flats and helps keep the tire on the rim even against side impacts.
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Gary Gabelich shows the speed at the Bonneville Salt Flats that gained him the world’s land speed record at 622 MPH. The
special Goodyear racing tires are mounted on hand-made Cragar wheels. Both tires and wheels are made to an incredible
degree of perfection for such speeds. The technology that goes into this equipment is similar to that required for high-

performance aircraft or space vehicles, (Photo courtesy Cragar Industries)

A speed record car has specialized tires and aerodynamics. Notice the rounded tires with
minimum contact patch for low rolling resistance. These are run at rock-hard pressures

to keep flexing to a minimum. The car is not designed for downforce, but for the lowest
possible aerodynamic drag. Even the wheels are streamlined with flush aluminum covers.
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hard tires and ultra-high speeds on a dirt
or salt course is not a happy one. Most
cars today have working suspensions.

The tires are special, with very high
air pressures and stiff casings to combat
heat. The resulting traction is usually not
very good, so the cars are built to have a
large percentage of weight on the driving
wheels. These cars cannot use large aero-
dynamic downforce, because this adds
too much drag. The weight of the car is
sometimes a bit high to get better traction,
but this must be balanced against the
ability to accelerate to top speed in what-
ever distance is available. Even though the
courses are several miles long, a heavy car
Just doesn’t have enough room to peak
out, Thus the designer is faced with some
critical compromises,

The aerodynamic design of the car is
critical. The effort is made to have mini-
mum drag without any lift or instability.
This means that on really fast cars, wind
tunnel testing is the way to go. A 400
mile per hour car can quite easily fly or
crash if the aerodynamics aren’t just right.




CHAPTER 6 — FUTURE TRENDS

For the enthusiast interested in safer,
better handling cars, the future holds a
great deal of promise. Today’s racing cars
tend to become tomorrow’s road cars,
particularly in the chassis and handling
department. We can look for dramatic
improvements in handling on our every-
day transportation cars, as more effort
is put into this area by the automotive
producers. Along with improved handling
will come even better riding qualities, as
suspension designers continue progress.

ROAD CARS

As with progress in the racing field,
improved road car handling is led by
improvements in tires. Today we can see
trends towards much better tires as
radials become standard equipment on
more cars. With radial tires comes
improved traction plus better mileage too.
The ride is as good as ever hecause the
new cars are designed around these
improved tires.

Also we will see lower profile tires
come into all size ranges. with even
lower profiles yet to be introduced. Particu-
larly for sports cars, tires that match racing
tire profiles will one day be available to
further improve cornering ability. Along
with improved tire shapes we expect to
see new materials to improve tire strength
and reduce their total weight. Metals
in increasing amounts plus new plastics will
be used in the tires of the future. Also
improvements in synthetic rubbers can
be expected, as research in this area
continues.

We should also get improvements in
tires for wet and freezing weather, as
better tread patterns and materials are
developed. Someday we can expect that
hydroplaning on wet roads will be virtually
eliminated by better tires, and traction
on icy roads will likewise be improved.

We may see inner liners or safety tubes
become standard equipment so a car can
run safely on a flat tire. This sort of
device is already used on off-road-racing
and stock-car-racing tires, and has seen
limited use on family sedans. The result
will be elimination of the spare tire, reduc-
ing weight and wasted space in the car.

Improved materials will surely be used
in the future to reduce weight on the
chassis. We will most likely see more alumi-

IR

Avon Tires and Rubery Owen of England have developed a safety wheel that prevents
the tire from coming off the wheel when flat. This eliminates much of the danger of a
flat tire, allowing the driver to bring a car with a punctured tire to safe stop. The drop
center of the wheel is filled with a rubber strap after the tire is mounted. This system
allows tire mounting using conventional equipment. This type of system is expected to

go into common use in the next few years.

Pirelli of Italy has developed a unique new tire which may eliminate the requirement for
a spare. This thickwalled tire will not collapse without air, so it can be driven even if
punctured. The concave thick sidewalls allow the rubber to support the car in com-

pression without buckling.

num and plastic components in our cars
to reduce weight. In the future, cars will
be smaller and lighter for better fuel
economy, and the cars will surely handle
better. Lower weight always has benefited
this department,

Someday an all-plastic chassis may be
mass produced on a small car to save
weight. Plastic for springs and wheels is
currently being worked on and someday
may be a practical alternative to metals.
Some plastics have a strength-to-weight
ratio greater than any known metal.

Aerodynamics should be an area of

greal improvement even on road cars, At
legal speeds, air drag is still the major
user of power and fuel. We can expect
streamlining to become more important
and smaller engines used as designers look
for further ways to improve fuel economy.
Stability will be a factor as always, and
race-car technology will surely find its
way to the street with wings, spoilers,
and similar devices. We will see cars
with fully streamiined undersides to
reduce air drag.

As tires tend to get lower and wider,
wheels will have to follow with wider rims.
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An additional improvement in ride
will result from the use of inboard brakes.
These are currently used on some luxury
cars. Lighter and stiffer wheels will be
more popular, and will tend to follow
racing designs. We can expect forged-
aluminum wheels to be used on sports
cars, and an increased use of cast-alumi-
num wheels. A stamped-steel wheel
resembling monocoque racing wheels
will someday be produced for street use.
Plastic wheels are also on the horizon both
for looks and reduced weight.

Because of the future emphasis in fuel
economy, tomorrow’s car will be lighter.
To keep the ride comfortable, reduction
in unsprung weight will be necessary.
There will be increased use of indepen-
dent rear suspension, as well as lighter
wheels, tires, and suspension components.
The use of air springs or air-oil suspension
will come into into use to improve the ride
further. Automatic-leveling systems will
see increased use to control ride height
of light cars with soft springs.

Wi L

ay look like this B

éd‘mvedéy dragsters
MPH, so streamlining will push trap speeds to new records. As more power is produced, downforce will be added to improve

mid-range traction.
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Front disk brakes are now found on
almost all cars. Rear disk brakes will be-
come more common as time passes. Anti-
skid braking systems as currently used on
aircraft are being developed for cars.
They are already available on luxury
models and some trucks and will eliminate
the brake-balance compromise built into
today’s braking systems.

RACING CARS

Racing tires will continue to be
improved with smaller wheel diameters
expected for the future. Along with this
will be increased use of inboard brakes
to allow use of smaller wheels and tires,
We can expect plastics to be used more
in_chassis and suspension components as
aircraft composites become more widely
available and less expensive. Metals such
as titanium and beryllium will find increas-
ing use in racing cars, with less use of the
traditional mild steel. We can expect

e LB
ille Speed Trials machi

materials with higher strength-to-weight
ratios to take over,

Eventually there will be a breakthough
in suspension design to eliminate the com-
promise between camber change and sus-
pension stiffness. [ expect a practical
system to be developed which will vary
the suspension geometry for body roll as
opposed to vertical motion. Also we may
see more use of hydraulic and pneumatic
devices in the suspension system to give
lighter components and to provide more
adjustable features, Interconnections
between front and rear suspensions will
gain favor and these may use a hydraulic
system similar to the BLMH system. We
can expect suspension adjustments to be
available to the driver so he can tune the
suspension during the course of a race.

There will be more progress in aero-
dynamics as designers become more
scientific in testing. Wind-tunnel testing
will become necessary for all racing cars
as designs get more sophisticated. We can
expect aircraft tricks such as boundary
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layer control to be tried and developed
on the more expensive cars. Streamlining
will become more important, particularly
with smaller cars, and we will see some
radical looking bodies come on the scene,
A great deal of work will be done in inter-
nal ducting and air flow, and we can
expect drag reduction in that area in the
future.

THE FUTURE FOR
THE AUTOMOBILE ENTHUSIAST

In the technical area, the past is often
an indicator of the future. Some innova-
tions cast long shadows which presage
popular use and such use can he forecast
with reasonable certainty.

Where the development of automoebiles
is influenced by economic, political and
social factors, any forecasting should
more honestly be called guesswork. [t's a
good guess that fuel may not always be
used casually for recreation or sport due
to high prices, shortages, or both,

A worsening shortage of fuel will

undoubtedly provoke laws and regulations
governing its use and will also affect the
general attitude of the public. The Sunday
drive and other forms of automotive
recreation may become less popular or
even restricted,

1t is probably obvious from this book
that 1 am an automobile enthusiast, Per-
formance cars have been boil hobby and
business for me. Even though I huve no
business connection with the industry
at this time, my interest is unabated and
the fun I get from working with cars is
an important recreation,

My best guess is that people wheo like
to build and drive racing cars, enter sta-
loms and rallies, or whalever branch of
the sport is of interest, can expect to
continue doing it for fun or profit in
the foresecabte future, The dollar costs
of doing it will probably increase. If and
when fuel svailability problems have
a major effect on the genersl public,
automobile enthusiasts will sufter also,

On the other hand, the entire spec-
trum of automobiles is becoming more
interesting to the chassis tuner, Even
low-cost production sedans will become
better cars for reasons already discussed—
lighter overall weight and chassis improve-
ments to maintain good ride and handling.

When engines become smaller for fuel
economy, more people will become
interested in the handiing of personal
vehicles and will learn to savor a well
executed steering maneuver and controlled
braking as much as some now enjoy an
informal drag race.

The future lies ahead and we're all
going to find out what it holds. I think
it holds promise and interest for the per-
son who can visualize the effects of
bump steer, camber change and weight
transfer in a one-g corner—and wanis
Lo do something about it.
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SUPPLIERS LIST

ETIRES

Armstrong Rubber Co.
S00 Sargem Dr.
New Haven, CT 06507

Bridgestune Tire Lo, of America, Inc.
F. 0. Box 250
Gardena, CA 90247

Congotde Rubber Co,
50 Terminal St.
Charlestown, MA 02129

Conper Tire Cao
Lima & Western Aves,
Findluy . OH 45840

Dayton Tire & Rubber Co.
2342 Riverview Ave,
Dayeon. OH 45407

Dunlop Tire & Rubher Corp
Box 1109
Buflalo, NY 14240

Elimanator Tire & Rubber Co ., Inc.
79 Endicld St.
Enfield. CT (6042

Firestome Tire & Rubber Co.
1200 Eirestome Phy.
Akron, OH 44317

Formula One Tires

Div of Javelin Curp
G4 N Lst 51
Misneapolis, MN 5401

B F Gouodrich O
500 5. Muin 5¢.
Akron, OH 443 1%

Goudyear Tire & Rubher
1144 E. Markel 50
Akeon_ OH 44316

Hi-Perfurmance Tiee Cu

P. O Boy 4128

Nourth Hollywood, CA 91607
Hurst Tire Cor.

7561 Mission Gorge Rd.

Sau Diego CA 92120

M & H Tire Co.
309 Mam St
Watertown, MA 02172

Marshs Racing Tires, L.
Highway 68 Easl
Siloam Springs. AR 72761

McCreary Tire & Rubber Co,
1600 Washmgoon Si.
ladiana. PA 15701

Michelin Tire Corp,
2500 Marcus Ave.
Luke Success, NY | 1040

Mohawk Rubber Co.
1235 Second Ave.
Akrun, OH 44305

Pirelli Tire Corp.

GOE 42nd St

New York, NY 10017
Pos. A-Traction Industries
622 N, La Brea
Inglewood, CA 90302
Rodger Ward Enterprises
1115 Chesnut Si.
Camden, NJ 08103
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Stahl & Associates
337-341 West King S1.
York. PA 17404
Uniroyal, Inc.

E. M. ) C. Bidg.
Naugatwck, CT 06770

@ WHEELS

American Racing Equipmeni
540 Hawaii Ave,
Torrance. CA 90509

American Revalution
4641 M. Greenview
Chicage, 1. 60640

Ansen Aukomotve Engincening. Inc.
13720 8. Western Ave.
Gardena, U4 90249

Appliznce industries
231920 5. Vermont Ave,
Hatbor City, CA 90710

Autosport. Ine
573 Thumpson Ave.
Bound Bk, M) DREDS

Bob Burnetr’s Racing Tires & Wheels
133 W 29th Sc.
Hialeah. FL 33012

BBES-Mahie Roadwheels
Brtteemag

2201 Fourth 54,
Berkeley, CA 94710

BWwA

16315 dath Ave,
Flushing, NY 11358
Cal Chrome

916 Mahar Ave.
Wilmington, CA 90744

Center Ling
5534 Bandera Si
Law Angeles, CA 90058

Cragar Indusiries
19007 S. Reves Ave
Compron, €A 90221

Davton Wheel Products
2324 E. River Rd.
Dayten, OH 45439

Difierent Drummer Racing
PO Box 5L A
Warren, M1 45090

El Cajon Machine & Wheel
10341 Prospect
Santee. U4 92071

Eusence Wheek
330 5. San Gahiel Bivd.
San Gabrict, CA #1776

E-T Indusiries, Inc.
10040 Hitt Rd.
Benicia, CA #4510

Fenton Co.
15235 5 San Pedro
Gardeny CA 90247

Foresight Venjures, Inc.
541 3 st 51

Gakland, CA 94608
Halibrand Engineeting Co.
1506 W, 228(h %1
Tosrance. TA 90501

Hallradt™s

244 Millar Ave.

El Cajon, CA 92020
High Perlormance Auta
2119 Rte. 116
Farmingdale, NY 11735

Intercontmental Moior Pruducts
P.O. Bon 1453
Canoga Park, CA 91304

Internataonal Manufacturing Co.
B O Koy 347, Bldg. 165
Industrial Park

Benicia, €4 w3510

Intertech. Inc.
1431 Ocean Ave, Ry 1511
Santa Maonica, CA 90401

Ireco Indusrries, ke
1300 Bethel Dy
Eugene, R 97402

Lackman Wheel-, 1y
10704 Prospect

Sanree. A 92071
Jungbloed Racing Wheels
1400 & 51 Amdrews Pl
Swite F

Santa Ana, CA 92705

Kevstone Audomotive Products, Enc.

1333 So. Bun View Ave,
Ontario, CA 91761

Le Grand Race CArs
M-S S West
Willisw Springs. CA $3560
Minilite Env.

4917 Silubest Ave.
Charlonie, NC 28205
Muonacogue Wheel Co.
1065 I'raspect Ave,
Santew, CA Y2071

Motur Wheel Corp.
Pal) N. Larch S,
Lansing, M1 J&014
Pacilic Tudia

W09 5 E. K
Fariland OR 47202

Permgcast Corp,

178258 Samna o
Compdon, CA 90221
Per-Spec ndusnries

061 Durfer Ave,

South E) Mante, €A 91733

Pyramid Indusines, fnc.
20130 Homiltun Ave.
Torrance, A 90502

Ruockets Wheel Industries, Inc.
3501 Union Pacific Ave.
Lo Augeles. CA 90023

Shelby International, dne
4530 Brazil Sc.

Lus Angeles, CA 90039
Spartan Casting Corp.
Sdudb S Dadds Ave.

Bueny Purk, CA 90620
Speedline America

P. 0. Box 2068

Akron, OH 44309

Specdway Mags
11015 Roswell Ave,
Fumona, A 91766

Superior Industries
14721 Keswick St.
Van Nuys, CA 21400

Tacoma Wheel, Inc.
2361 Vineyard
Escondido, A 92025

U S Mg
2125 Cowles S1.
Long Beach, CA 90513

Weldwheels, Inc.
1700 Truman R,
Kunsas Ty, MO 64 106

Whee! Distriburor, Inc,
1642 So. Bon View Ave.
Ontario. €A 9176
Williasmane Wheel, bnc,
12355, E. Grawd
Portland. OR 97214

Zenith Wire Wheel Co.
I55 Kennedy Ave,
Camphell, CA 9504

B SHOCKS

Adeshon, e,
421 W, Uhettenham Ave,
Melrose Park, PA 19126

Armstrong Hydraulics, ne.
3480 S. Clinton Ave.
S Plainlield, N) 07080

Bilstein Carp, of America
11760 Sorrento Valley Rd.
Saw Dhego. CA 9212)

Carrera Racing Shocks
203 Marray Drive
Atlania. GA 30341

Centanr Ine,
527 E. Liberty Si.
Ann Arhor, MICH 45108

Colmnbns Parts

1801 Spivibusch Ave,
Ferleds, OHH 33604
Conre-Ride Corp.

T4 New Second 51
Phikadelphia, PA 19126
Deleo Pradoe s Division
Bos 1042

Ly con. OH 45401

Gabeiel Shuck Abuchers
v af Maremont Conp.
168 M Michigan Ave
Chicago. IL 60601

Hurst Peefinmanee. Ine.
S0 W, Screed Rd.
Warminsler. PA 18973

Interpart
130 W. Rosecrans
Gardena, CA 90248

Koni

Kensington Prodiicts Cop.
150 Green 51

PO Bow 1551
Hackensach, NI 07601

KYB Corpotation
207 Eisenhower Lane Suuth
Lombard. IL 60148

Monroe Aute Equipment Co.

Intermational Dr.
Muaroe, M1 48161




SUPPLIERS LIST

SCE Accessories
35093 Schoolerat Rd.
Livania, M1 45150
Stahl & Asspciales
337-341 West King S4.
York, PA | 7404

B ANTL.ROLL BARS
Addes tndustries
Watertower Rd.
Lake Park. FL 33403

DM Engineering
A710W. 167th St
Markham, IL 60426

H & H Specialties, Inc..
20 Reid Road
Chelmsford, MASS 05824

Hellwig Products Company. L.
16237 Avenue 296
Visalia, CA 93277

INTERPART

230 W._ Rosecrans

Gardena, CA 90248

Quickor

13900 5%, Tulatin Valley Hwy.
Beaverton, OR 97005

Speatcw Performance Products, Inc,

1054 Broadway
Santa Manica, CA 90404

WINCO
10329 Detroir Ave.
Cleveland, OH 44102

M AERODYNAMIC DEVICES
A & A Fiberglass, Inc.
1534 MNabell Ave,
Atlanta, GA 30344

American Racing Equipment
340 Hawaii Ave.
Torrance, CA 90503

CP Auis Products
3869 E. Medford 51,
Los Angeles. CA 9006 3

MAS Racing Producis
2538 Hennepin Ave.
5. Minneapuolis, MN 55405

MeCoy Tire Service Centers
3333 McHensy
Modesto, CA 95350

Perfect Plastics, Ine
1304 Third Ave.
MNew Kensington, P& 15068

Sbarbare Racing Enterprises
1451 Laurenita Way
Alamo, CA 94507

Spearce Performance Prodweis, I
2054 Broadway
Zanta Munica, €& 90304

Tavlor Industries
F64 2 Clairemont Mesa Blvd.
San Diego. CA 9211

B BRAKES
Contemporary Chassis Design
15506 Yermaona St
Paramount, CA 20723
i D¥isk Brake Conversions)

Earl's Supply Co.

P. 0. Box 265
Lawndale. CA 90260
(Steel Braided Brake Huses)

Edeco Specialty Produces
1525-15 W, MacArthur Blvd
Costa Mesa. CA 92626

Frankland Racing Equipment
P.O. Box 278
Ruskin. FL 33570

G & O Manufacturing Co
77 Mark Drive

San Rafael, CA 94903
(Safery Braker}
Grey-Rock Division
Ravbestos-Manhattan. Inc.
205 Middle St
Bodgepery, CT 06603

Henrv s Engineering Co.
Prnce Frederick, ML} 20678
t5teek-Braid Brake Huoses)

Huese Aieheart Products, Ine
20235 Bahama S4.
Chatsworth, CA 91311

Kebsey Haves Co.. Ine.
38451 Huron River Drive
Romufus, M1 45174

Lakewood Industries
4500 Briar Rd.

Clevelund. OH 44135
(¥elveronch Linings)

Lamb Compunents
150 W, College Won
La Verne, CA 41750

Lee Mannfactoring Ce.
Division of Ruoleen

PO B TIR?

Cleveland, OH 44128

Midwest Race Engineering, Ine.
503 K. 7ih St

Boonvilly, IN 17601

Maumesoly Awiomative, dag
1911 Lee Blvd.
Morth Mankate, M) 56001

Morak Brakes, Inc.
Y902 Ave. 1)
Brooklyn NY 11234

MNeal Praaducts

S22 Cwshman Flace
San Dicge. CA 92110
(Pedals, Balance Barsy

Omega Engineering. lnc.

Box 47, Springdale Station
Stamford. CT 06907

{Brake Temperature Indicitors)
Wildw oud

13420 Hare St.

Resedy CA 91335

Yankev Silicones Inc,

1705 Foster Avenue
Schenectudy, NY 12308
(Hight-temperatare-capabiticy
brake tluid)

W SUSPENSION COMPONENTS

Culbert Automotive Engineering

6580 Federal Bhvd.
Lemon Grove CA 92045

Dick Guldstrand Enterprines
11914 W, Jefferson Bivd.
Culdver City, CA 90230

Eelco Manulacturing & Supply Co.

P. 0. Box 4095
Inglewood, CA 90309

Frankland Racing Equipmeni
P G B 278
Ruskin. FL 33570

Genuwine Suspension
1645 Superior S1.
Costa Mesa. CA 92627

Hellwig Products, Ing.
16237 Avenue 296
Visalia, CA 93277

Huffaker Engineering, lne.
22 Mark Dr.
San Rafael. C4 94903

JR Products Corp.
1222 Delevan De.

San Diego, TA 92102
Lamar Engineering
L14 Center St.

Il Segunddo, CA 90245

Le Baron Racing Equipment
135 Hopper Ave.
Waldwick, MNJ 07463

Le Grand Rave Cars
3491-75th S1. West
Willow Springs. CA 93560

MAS Racing Products
2538 Hennegin Ave.
S Minneapidiv, MI 55405

Mickey Marollo Face Cars & Paris
RE =2

Creek Rd.

Pinecity . MY 1487

Mr. Gasket Co.
4566 Spring Rd,
Cleveland . OH 4d 131

Muetier Fabricaturs
1OH7 2 Scandond Ave.
Lyuwwaood  CA 90262

Northwest Race CAr
TIMA5 S WO 0d A
Tualatin. OR 97002

FS1 Endustries, dnc.
9103 E. Garvey Ave.
Rosemead, CA 91770

SGR Industries
TO41 Dopwond
Mentor. OH 44060

Speed Sport Specialties
403-131h 51

San Diego. CA 92101
Siahl & Associates
337-341 West King St
York, PA 17404

Strange Engineering Co
739 W, Hward 51
Evanston, IL 60202

Summers Brother
530 So. Mountain Ave.
Ontario. CA 91781

Tutal Performance Ing.
328 S1ate 51
MNew Haven. CT 06473

Wing Engineering Development Co.
3038 Scott Bhvd.
Santa Clara, CA 95050

M TRACTION BARS

Ansen Astomaotive Engineering
1372005 Western Ave.
Gardena. CA 20249

Beitting Engineering

10885 Kalama River Ave. Suite €
Fountain ¥alley, CA 92708
Lron Hardy Roce Cars

202 W, Mpsoun 51

Floydada, TX 70235
Lakewood ludusiries

400 Briar Rd.

Clevelund. OH 44135

W SPECIAL TOOLS

Consumer Electronics
PO Box 43055
Cucinuati, OH 45243
1 Tire Pyrometer)

Performance Marketing
3199 A Airport Loop Dr,
Costa Mesn, CA 92626

LRE

Ri. 44

Millerton, NY 12546

1 Dunlep Alignment Gagesh
Mitchell Fagineering
11404 Surrente Valley Re.
San Dicpe, CA 92121
(Camber Gauge)

Omepa Eogineering, To.

Box 4047, Spriugdate Station
Stamford, (T 06907

{Pyrometer, Temperature Measuring
Pevices)

TRW Replacement Livision

KO0 East Pleasant Yalley Rd.
Cleveland. OH 44131

(C0il Spring Compressa i

Wacho Froducts Co.

271 Cleveland Ave.

Columbns, OH 43211

18pring Checker, Toe-in Gauge, Tire
Heatee, Weight Checker)

NMW Manufacturing Co.
ISSE. 541h St
Elmwuod Park, NJ 07407

Traction Master Co,
2917 W Olympic Blvd.
Los Angeles, CA 90006
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INDEX

A-arm, 29, 155
Aerodynamics, 49
testing, 100
devices, 172
Air dams, J03
Air springs, 67, 143
Airfoil, 175
Angle of attack, 101, 174
Anti-roll bar, 41, 70,97, 148
Anti-sway bar, 41
Aspect ratio, 120, 174

Balance bar, 110, 171
Ball joints, 53
Bars,

anti-roll. 41, 70,97, 148

anti-sway, 41

balance, 110, 171

lift, 188

roll stabilizer, 41

torsion, 60, 142

traction, 153

trammel, 77

Z-bar, 144
Bias belted tives, 117
Bias ply tires, 116
Body roll, 39, 96

effect of, 45
Bottoming, 27, 60
Brake balance, 109
Brake effective radius, 167
Brake fade, 111, 167
Brake fluid boiling, 165
Brake linings, 110, 167
Brake modifications, 164
Brake testing, 109
Bunmp steer, 23, 88, 178
Bump steer gage, 89
Bump stops, 27, 60
Burnout, 186

Camber, 20, 84,96, 105, 179
Camber change, 85
Camber compensator 143
Camber gage, 84

Camber thrust, 20, 87
Caster, 72

Center of gravity, 15
Centrifugal force, 15, 38
CG, 13

CG height, 6

CG location, 158
Chapinan strut, 29

Chassis modifications, 113
Chord, 174
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Coefficient of friction, 13
Coil shock unit, 64

Coil springs, 64, 14!
Contact patch, 10

Cord angle, 116
Cornering force, 10
Cornering power, 15
Cornering power, 15
Couple, 42

Criteria, 5

Damping, 145

DeDion, 28

Design, 5

Doublers, 158
Downforce, 49

Drag, 49

Drag racing, 185

Drift, 12

Droop stops, 28

Bual braking systemn, 171

End fences, 176

Fairings, 178
Floating, 100

Fluid boiling, 111
Flutter, 177
Foaming, 145
Frame, 46

Frame alignment, 83
Frame stiffness, 156
Friction, 13

Front roll couple, 44
Full bump, 27

Full droop, 28

G’s, 24
Grip, 13, 22
Ground clearance, 57

Handling, 3, 10

Helper springs, 143
High-speed instability, 75
High-speed stability, 75
Hotchkiss drive, 33
Hydroplaning, 122

Independent suspension, 29
Inertia, 15

Inertia force, 24
Instantaneous center, 35
Interference drag, 178

Jacking effect, 30,87, 143

Lateral acceleration, 15, 105
Lateral CG location, 159
Lateral weight transfer, 39
Leaf springs, 65, 141

Lift, 49, 104

Lift bars, 188

Limit of adhesion, 12
Loading, 5

Locating devices, 151
Longitudinal CG location, 159
Low piofile tires, 120
Lowering blocks, 65

Lug nuts, 130

MacPherson sirut, 29

Mag wheels, 132

Manometer, 104

Mechanical advantage, 138
Moment, 162

Monocoque frame, 48
Monocoque wheels, 133, 190

Natural frequency, 136, 137, 139
Natural period, 141

Negative acceleration, 26

Neutral steer, I8

Off-road racing, 190
Offset, 124

Ogpposite lock cornering, 17
Oval track racing, 182
Overload shocks, 147
Oversleer, 16, 108

Panhard rod, 151

Pedat ratio, 169

Pedal stroke, 166

Pinion snubber, 183

Pitching, 141

Palar moment of inertia, 23, 163
Pressure limiting valve, 111, 170
Pyrometer, 106

Racing,

drag, 185

drag, sand, 189

off-road, 190

oval track, 182

speed record, 191
Racing shocks, 146
Racing tires, 6
Racing wheels, 131
Radial tires, 116
Rail frame, 46
Rake, 63
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Re-arching, 65

Rear caster, 75

Rear roll couple, 41
Rear spacing, 124, 129
Resultant force, 14
Reversing spring eyes, 66
Ride height, 57, 70, 179
Rim width, 21,118, 124
Rising rate suspension, 143
Road tires, 116

Roll, 31

Roil angle, 150

Roll axis, 32

Roll center, 32,62, 155
Roll couple, 41

Rolil oversteer, 942

Roll stabilizer bar, 41
Roll steer, 23,92

Roll stiffness, 40

Roll understeer, 92
Rubber bushings, 155
Rubber springs, 66

Sand drags, 189
Scrubbing off speed, 12
Section width, 18
Self-centering force, 72
SEMA. 133
Semi-trailing arm, 30
Separation, 103
Serve action, 169
Shackies, 65
Shocks, 33,144, 187
Shock fade, 145
Shock settings, 97
Shock stiffness, 145
Skid, 11
Skid pad, 15, 105
Sliding pillar, 29
Slip angle, 10, 45
Solid axle, 28, 185
Space frame, 47
Spacets, 130
Span, 174
Speed record vehicles, 191
Spoiler, 49, 172
Spring compressor, 86, 142
Spring constant, 137
Spring rate, 137
Spring stiffness, 137
Springs, 52, 135

coil, 64, 141

helper, 143

leaf, 65, 141
Sprung weight, 27, 137

Stability, 23

Stable, 23

Stall, 101, 174

Static position, 28
Steady-state cornering, 16
Steer characteristics, 149
Steering modifications, 180
Suppliers, 196-197
Suspension pivots, 29, 55, 62
Suspension travel, 27, 184
Swing axle, 30

Test plan, 95
Testing, 93
Tip loss, 176
Tires, 10, 113

bias belted, 117

bias ply, 116

low profile, 120

racing, 6

radial, 116

road, 116
Tire pressure, 19, 57,96, 108
Tire temperature, 21, 106
Toe, 23, 75,97
Toe angle, 79
Toe-in, 23
Toe-vut, 23
Torque, 42
Torsion bars, 66, 142
Torsional stifiness, 46
Total roll couple, 41
Traction bars, 133
Trailing arm, 29
Trammel bar, 77
Transient handling, 23, 109
Transitional cornering, 22
Tread grooves, 122
Tread width, 118
Triangulated, 47
Tuif testing, 102
Twin [-beam, 3G

Understeer, 17, 108
Unit construction, 49
Unsprung weight, 27
Unstable, 23

Vector addition, 14
Vertical CG tocation, 159
Vertical stiffpess, 138
Virtual swing arm, 35

Wandering, 75
Watts linkage, 151

Weight distribution, 16, 67
Weight jacking, 67, 182, 188
Weight transfer, 25
Wheel bearings, 128
Wheet lifting, 44
Wheel rate, 138
Wheels, 124
mag, 132
monocoque, 133, 190
racing, 131
Wheelstand, 25
Wind tunnel, 105,192
Wing, 49, 172
Wing area, 174
Wing efficiency, 1 74
Wishbone, 29

Z.bar, 144
Zero toe, 23
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