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. THE OBJECTIVE OF
THE SUSPENSION SYSTEM

So much for history. Now let’s see just what we want the
wheel suspension system to accomplish. First of all, we must
have four-wheel independence, so that as far as possible, up-
sets will be confined to the wheel and tire which experiences
the upset. We are certain of this much and, within reasonable
limits, any independént system will give it to us. Second,
although we must provide enough vertical wheel movement
s0 that the wheels and tires can absorb road surface bumps
and vertical accelerations of the sprung mass, we want there
to be no change in toe-in—aor at least adjustable change in
toe-in—while the wheels are moving. With altention to
detail, this is not a problem. Third, we want no compliance
within the suspension system or its attachment to the sprung
mass. This is a question of the stiffness (rather than the
strength) of the links and the rigidity of the pivots, axles, hub
carriers, and attachment points as well as the direction in
which the loads are fed into the chassis and the base over
which the loads are spread. The four bar link system lends
itsell admirably to this goal—more so than any other
arrangement., Attention to detail design is required and
many designers are deficient in this respect, but the system
itself is not. All links can be arranged so that they are loaded
in straight tension or compression with no bending moments
imposed and link stiffness is merely a question of calculating
compression loads. Feeding the loads into the chassis
properly requires a bit more thought, but it is not that dif-
licult.

Next we require minimum weight—and again the system
is ideally configured to achieve it. Further, the wide base
over which we can feed the loads into the chassis obviates the
necessity for massive and heavy attach structure.
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sprung mass caused by longitudinal load transfer. We also
want it to remain upright when the wheel itself is displaced
vertically by a bump or a dip—although this is a more tran-
sient condition and less important in the overall scheme of
things. At the same time, and for the same reasons, we want
both the inboard and outboard wheels to remain vertical to0
the track surface as the sprung mass rolls due to centrifugal
acceleration. We also do not want the track dimension at the
contacit patch 1o change under any of these conditions as that
would cause the tire to be scrubbed sideways across the race
track when it is already at or near its limit of adhesion and
would upset things in the traction department. While all of
this is going on it would be nice if the roll centers at each end
of the car were to remain a constant distance away from
their respective centers of mass so that we could retain our
linear rate of roll generation and lateral load transfer,

Sounds simple enough—but it is just not possible to
achieve. While we have infinite permutations available with
combinations of link lengths and inclinations, none of the
combinations will achieve all of the above.

THE NATURE OF WHEEL MOVEMENT

- Let’s look at what actually happens with wheel or chassis
movement. There are two separate types of movement—
vertical movement of either the wheels or the chassis and the

~ movement of the chassis in roll. First we'll look at Figure

This much is easy. Next we want to contro! change of

wheel camber angle and change of track dimension with
wheel and/or sprung- mass movement. There are two
separate problems here. In order to achieve the maximum
(ootprint area and an even pressure pattern so that we can
realize maximum tire tractive effort under braking and ac-
celeration, we wish the wheel to remain upright when the
suspension is subjected to the vertical movement of the
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(19) while I explain what ive will be looking at in the suspen-
sion diagrams from now on., The right side of Figure
{19) shows what the rear suspension qf a typical Formula
5000 or Can Am Car might look like when viewed from the
rear. The left side shows how we are going to represent the
linkages of that system in our discussions. This representa-
tion has the double advantage of making the pertinent points
easier to see and the drawings easier to make.

We'll consider vertical movement first. It doesn't matter,
from the geometric point of view, whether the wheel moves
because of a bump or a dip in the road or whether the chassis
moves in response to a load transfer or to a change in
aerodynamic downforce. If the wheel moves, it takes the out-
board pivot points of the suspension links with it which
forces the links to describe arcs about their inboard pivots,
The wheel must then change its angular position relative to
both the road surface and to the chassis as a function of
those arcs. If the chassis moves, the inboard pivot points
move with it and the same thing happens. The geometric
results will be the same. Since movement of the chassis in
response (o load transfers is of more interest to us than tran-
sient wheel movement in response to bumps, all of the il-
lustrations will show this case. Figure (20) shows the effect of
bump .and droop movement on wheel camber, spring axis
length, drive shaft length and roll center location. There are
no surprises here except for the fact that, due to camber
angle, track change at the center of the footprint is not equal
to the change in length of the half shaft,

When the sprung mass rolls, however, as in Figure (21) the
whole picture changes. In this case the inboard link pivots
move with the chassis which must roll about the instan-
taneous roll center of the suspension. This means that, on the
laden side (side away from the center of the turn) of the chas-
sis, both the upper and lower pivot points will move
downward and out from the chassis centerline. The upper
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pivot point, being on a longer radius from the roll center,

B will, however, move further than the lower. Since the suspen-
k- sion links are of fixed length, this difference in pivot point
. movement will force the laden wheel to assume a positive

camber angle (out at the top) relative to the surface of the

race track. The opposite set of conditions exist on the in-

k" board or unladen side so that tire will be pulled to a negative
camber angle. This is not what most of the books tell us for -

the simple reason that most of the books reference wheel
camber to the chassis. Unfortunately, no one tells the tire
about any camber relationship except that which exists
between -the tire and the road surface. We could care less
about the angular relationship between the wheel and the
chassis.

The next shock is what happens to the location of the roll
center when the chassis rolls—it moves—not only
downward but also sideways. Again most books tell us that
the roll center, and therefore the roll axis, remains on the
vehicle centerline. It doesn’t—not when the vehicle rolls.
The roll center of a vehicle in a roll conditon is the intersec-
tion of the line drawn between the instantaneous center of
the laden wheel and the center of its contact patch with the
similar line drawn between the instantaneous center and the
contact patch of the unladen wheel. It is very unlikely that
this intersection will ever be located on the centerline of the
chassis. This is not shown in Figure (21) because I ran out of
room on the paper. It is shown in Figure (22) which il-
lustrates the effects of a combination of chassis roll and
bump travel—conditions which exist at the front of the car
on corner entry and at the rear on corner exit.

PAPER DOLLS

About now, we are faced with two basic choices on how to
attack the rest of the chapter. [ can write and draw until | am
blue in the face—and still not put a dent in the possible com-
binations of link lengths and angles—or we can construct a
two dimensional model of the four bar link suspension
system and you can play games with it. Since the choice is
mine, we will construct the %" scale model shown in Figure
(23). Somewhere in the back of the book—if [ don’t forget
to put it in—you will find a tear-out page on which the pieces
for the modet are printed. Glue them onto an old manila file,
cut them out, get a cheap protractor and lay out the
background shown in Figure (23A). With a box of thumb-
tacks, a couple of straight edges and some string, you are
now equipped to spend hours at a card table driving yourself
nuts—and convincing anyone who happens to wander in that
you have already succeeded. By punching suitably placed
holes in the chassis, suspension upright and link portions of
paper doll and inserting thumbtacks for pivot points you can
construct a scale model of any independent suspension
system that you like. Hold the tire centerpoints against a
straight edge on the ground line and move the chassis up and
down to observe the effects of bump and droop movement—
wheel camber and track change read directly on the
background. Find the roll center by extending the link pivot
axes with either a straight edge or string, stick a thumbtack
through the roll center, roll the chassis one degree and watch
the wheels. Find the new roll center and repeal The éxercise.
Then combine rolt and vertical chassis movement. The com-
parison will not be exact because we are ignoring a few fac-

tors, but it is plenty close enough to be educational—and it is
going to save me writing several thousand hard to follow
words. You will learn more playing with the model.

| Basic LaYOUTS |

Although there are endless possible combinations of link
lengths and inclinations, we can break them down into three
basic layouts, equal length and parallel links, unequal length
and parallel links and unequal length, non parallel links. We
will briefly examine the characteristics of each in turn.

EQUAL LENGTH AND PARALLEL LINKS

Figure (24) shows an equal length and parallel link system
with short link lengths. Because the links form a
parallelogram, there will be no camber change with vertical
movement. There is, however, considerable change in track
width—which is not good. When the chasis rolls, the wheels
and tires change camber by the exact amount of chassis
roll—with the outside wheel cambering in the positive direc-
tion. This is not good under any condition and, the wider the
tire involved, -the less good it is. Since the links remain
parallel under all conditions, the location of the instan-
taneous _center—the intersection of the cxtendtmnagc
axes—is located at an infinite distance from the chassis
centerline. We assume the roll center to be at ground level
and to pretty much stay there. '

We can reduce the amount of track change for a given
amount of vertical motion by the simple expedient of
lengthening the suspension links, as in Figure (25). With this
change, a given amount of vertical wheel or chassis move-
ment results in less angular displacement of the wheel and
therefore in less change in the track dimension. Alas, the
linkage remains a parallelogram and the roll camber situa-
tion remains basically as before, although the amount of
camber change is slightly reduced because the inboard pivots
are closer to the vehicle centerline and so are displaced less
for a given amount of roll. Also, while we can reduce the
track change by lengthening the links, we cannot eliminate
it, or even get it down to reasonable dimensions—and we
will not have room for infinitely long links.

- UNEQUAL AND PARALLEL LINKS
e,

If we make the upper link relatively shorter than the
lower, as in Figure (26), we achieve some significant changes
in the wheel paths, Now, in vertical travel, the upper link has
a shorter radius than the lower which results in the wheel as-
suming a negative camber angle in both bump and either
negative or positive camber dreop. The amount of camber
change is dependent upon the relative lengths of the upper
and lower links—the shorter the upper link becomes, the
steeper the camber change curve. The assumption of
negative camber reduces the change in track dimension con-
siderably and, with care, it can become insignificant.

When the sprung mass rolls, the wheels are still forced into
camber angles in the same direction as the chassis roll, but
the positive camber assumed by the all important laden
wheel is considerably reduced. Unfortunately, the negative
camber of the unladen wheel is increased.

Although the links are parallel to each other at ride height,
the fact that they are unequal in length means that they will
not remain parallel with vertical wheel movement (they
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varies quite a bit. This means that, if the wheels are allowe

to travel very much, the camber curves will become very

steep indeed. Il great gobs of wheel travel are required—as
% B in off-road racing—it is necessary to make the links closer to
each other in length—try it on the model. At any rate, the
roll center with unequal but parallel links stays pretty cons-
tant in relationship to the center of mass. Therefore the roll
moment remains more or less constant, which is a good
thing. .

parallel links must be parallel to the ground at ride height—
but a little experimentation with the model will explain why
they normally are. About now I should mention that static
ride height may well be different from the operating ride
height if wings or effective spoilers are employed to generate
downforce in meaningful quantities. Further, the operating
ride height will then vary with road speed. Just one more lit-
tle complication that we really don’t need.

UNEQUAL AND NON PARALLEL LINKS

While the unequal and parallel link set up reduces the
positive camber of the laden wheel in roll, it does not reduce
it enough for some tires to get really happy-—and it produces
really low roll centers. By inclining the link pivot axes with
respect to each other we can place the roll centers wherever
we please—al least in the. static position—and we can
further reduce the positive camber of the laden wheel in roll.
Figure (27) illustrates. Admittedly things are a bit extreme in
this diagram, but | wanted to illustrate what can happen
when we go too far in any given direction. In this case, inclin-
ing the upper link downward toward the centerline of the
vehicle has indeed notably reduced the positive camber of the
laden wheel when the chassis rolls. But it has also rooted
everything else. What has happened is that the inclination of
the upper link is too steep, resulting in a very short instan-
taneous swing arm with the attendant very steep camber
‘curves. By raising the inboard points of both the upper and
the lower links we would achieve far better camber curves
while maintaining the roll center in the same static
location—of course then the roll center would move around
more . . . As | said, | could go on forever but this is what the

model is for.
[l;ASlC TRUTHS—]

After you have played with the mode! tong enough, some

general truths will begin to become evident:

w2 (1) While it is possible to control wheel camber either dur-
ing vertical movement or during chassis rofl, it is not possible
to achieve very good camber control under the combined
conditions—we have an “‘either—or"" situation.

(2) The longer we muake the suspension links, the less
angular and linear wheel displacement will result from a
given amount of chassis or wheel movement.

(3) In vertical movement, the roll cenier moves with the
center of gravity, tending to keep the roll moment constant.

— (4) Increasing the g/f@cliwswir@___ﬁ___‘_amrlg%g_@rdccreases
the amount of camber change due To verlical wheel move-
ment, decreases the amount of vertical roll center movement
relative to the c.g. and increases the amount of lateral roll
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-~ (5) Except in the case of equal length and paraliel links,

Naturally, there is no law that states thal unequal and
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long eflective swing arms don't stay long when the wheel
moves into the bump position or, for the laden wheel, when
the chassis rolls.

(6) Increasing the inclination of the upper link (or
shortening its relative length) results in more negative
camber in bump, less positive camber on the laden wheel in
roll and a decrease in the amount of wheel or chassis move-
ment belore we lose camber control. '

’ COMPROMISEX

Given the fact Ihal we cannot achieve Utopia in the
geometry department, it becomes necessary (o compromise.
Everyone in this business has his own ideas as to which
aspects of wheel path and roll center location control are
more important and so we are very liable to see, in the same
class of racing cars, lots of geometric variation. Despite this
variation, most racing cars work very well. This is due to
three lactors:

(1) The present generation of racing tires is relatively in-
sensitive, within reasonable limits, to camber change.

(2) Load transfer characteristics are more important to
tire performance and vehicle balance than camber curves
are,

(3) Different design philosophies tend to even out in terms
of lap time—the car whose geometry tends to limit its ab-
solute cornering power may well put the power down
better—what you gain on the straights you lose in the cor-
ners and so on. .

A few basic guidelines do exist to aid us in the selection of
our_geomelric compromises:

The front camber curve should keep the laden wheel
more upright in roll than the rear. As-the vehicle is turned (or
pitched) into the corner, the combination of load transfers is
going to compress the outboard front spring a whole bunch
and we will need all of the camber compensation we can
stand to keep from washing out the front end. In addition,
due to its lower section height, the front tire is liable to be
tess tolerant of camber than the rear. For the same reason
the front tire will offer more directional stability than the
rear in order that the vehicle's steering response will be
predictable and precise. A third factor is that, since the ma-
jor portion of total vehicle lateral load transfer will take
plage at the front, the rear will roll less anyway. 1.,

The front roll center will always be Tower than the
rear. If it is too much Jower, we will have a car (hat does not
enter corners well and which exits corner on three wheels.
The big trick herce is to keep the front and rear roll center
movements approximately equal to each other—and in the-
same direction—as the car does its various things while
negotiating a corner.

We can control wheel camber within narrow linits of
chassis father more broad {imits ol vertical move-
ment. At some point in the generation of roll or vertical
movement, the geometry will go to hell and the wheel paths
will start to change very rapidly. The longer that we make
the suspension links, the more movement can take place
before we lose camber control—and the less wheel displace- -
ment we will sulfer per unit of chassis movement.
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My own pet ideas on suspension geometry and camber
control stem from my firm belief that vehicle balance or
driveability is more important in terms of lap time and win-
ning races than ultimate cornering power. If | were a racing
tire, I would resent any tendency on the part of my suspen-
sion links to abruptly change my camber, or to suddenly
scrub me across the race track as I tried to smoothly change
my operating mode from braking to cornering to accelera-
tion in my efforts to lollow the rim of traction circle. 1 would
respond to such attempts by breaking traction momentarily.
I would do the same il the lateral load transfer at one end of
the car suddenly became a lot more than that at the other
end because the roll moment at that end suddenly increased.

I would bite and grip again after things had settled down—if

they did—but [ would momentarily lose traction due to the
upset. It is not very likely that the driver would appreciate
these antics.

So, | feel that we should design the geometry of our
suspensions to minimize rapid changes of camber and
relative front to rear roll center movement as the car goes
through its transitions from braking to cornering accelera-
tion.

The geometric possibilities are limited here and we are go-
ing to find it necessary to restrict the amount of chassis
movement that takes place in response to centrifugal and to
longitudinal acceleration. On most race tracks, .we can
strongly restrict chassis roll with only minor adverse side ef-
fects. We cannot, however, usually restrict vertical wheel
movement without running into reduced tire compliance
which will inevitably produce severe side effects—like slow
lap times. _

We have four methods available to us to restrict chassis

19]l—or reduce its effects:

(1} We can use high rolt centers which result in low roll
moments. We do not want to flollow this approach because
we will then have poor camber curves and high jacking
(orces. el

(2) We can use anti-roll bars at each end of the car stiff
enough to restrict roll to our desired maximum.

(3) We can use the suspension springs to restrict roll—
either by making them stiffer, which is a bad idea, or by op-
timizing their placement so that we get maximum linear
spring travel per degree of roll generated.

(4) We can use longer suspension links to reduce the
amount of camber change generated per degree of roll.

We will go into these options in more depth in Chapter
Six. '

[ TRACK AND WHEELBASE DIMENSIONS )

The last geometrical considerations which we will consider
are the length of the wheelbase and the widths of the track
dimensions. . .

The advantages of a relatively long wheelbase are increased
straight line stability, reduced longitudinal load transfer and
pitching moments, somewhat easier reduction of the polar
moment ol inertia and more.room to put things in.

The.advantages of a relatively short wheelbase are reduced
overall weight and increased maneuverability.

The advantages of wide track widths are reduced lateral
load transfer for a given amount of centrifugal acceleration

QO “rheory

and room for longer suspension links. The major disadvan-
tage is increased frontal area. When we get into
aerodynamics,we will see that, at least on open wheeled cars,
the importance of frontal area is overrated.

Very basically, the racing car with a long wheelbase and
relatively narrow track widths will be very stable in a
straight line at the expense of cornering power and
maneuverability. The vehicle with a shorter wheelbase and
wide tracks will be less stable, more maneuverable and will
develop more cornering power. It will also be more dilficuit
to drive to its limits. In general I favor moderately long
wheelbases and wide tracks. I will point out, however, that if
all of the corners are very last, the disadvantages of narrow
tracks can be overcome with aerodynamic downforce and,
for USAC type racing the idea ol a narrow tracked car with
long suspension links and reduced frontal area is very attrac-

tive,
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. The situation becomes more complex when we consider
the relative width of the front and rear track dimensions. |
believe that the front track should be considerably wider
than the rear track. More heresy! My reasons have to do
with turning the car into corners and jumping on the power
coming out. The wider the front track, the more resistance
there is going to be to diagonal load transfer and the lesser
will be the tendency for the car to *““trip over itsel”’ on corner
entry and/or to push into the wall from the effect of the drive .
on the inside rear wheel when the power is applied. I believe
that most of our present road racing cars, with roughly equal
front and rear tracks, would benefit from an increase in ront
track width. The slower the corners to be negotiated, the I

more important this relative track width becomes. ‘
Qoo ¢
DIFFERENT STROKES
FOR DIFFERENT FOLKS .

The compromises in suspension geometry will vary with
the type of vehicle and the nature of the race track upon
@E‘h the car will do its thing, Factors to be considered in-
clude: o

(1) Power to weight ratio

(2) Aerodynamic downforce to be generated and range of
vehicle speeds

(3) Tire width and characteristics :

(4) Track characteristics—smoothness, corner speed,
degree of banking present and the amount of braking that
will take place. '

Let's now briefly consider the specific case of some dif-
ferent types of race cars and see how the operational condi-
tions and factors affect the design of the geometry.

The ubiquitous Formula Ford [eatures low engine power,
low gross weight, narrow Tires, virtually no down force
generation, and crazy drivers. They do not ac_cclcralc very
hard because they don't have much torque. Since they are
not allowed to run wings, the operating ride height does not
change much with road speed. The narrow tires will tolerate -
a fair amount of camber. What Formula Fords need from
the suspension geometry is maximum braking power and
maximum cornering power. They need the braking power,
because one of the few places for a Formula Ford to gel'by
another one is in the braking area. They need the cornering
power, because they cannot afford to slow down any more
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than is absolutely necessary—with their low available tor-
que, it takes forever to regain the lost speed. We get the
braking power by keeping the front wheels as upright as pos-
sible in bump and not allowing the rear wheels to go into
positive camber in droop. This means long links with not
much inclination at the front—take a look at an ADF or an
Eaglet. At the rear, we don't need to worry a lot about the ef-
fects of squat since we won't have enough torque to cause
much of it. We do, however, have to worry about the camber
of the laden wheel. As no limited slip diffs are allowed, we
also have to avoid inside rear wheelspin which means lots of
droop travel, avoidance of extreme negative camber genera-
tion on the inside wheel and minimum lateral load transfer at
the rear.

Formula One, Can Am and the late lamented Formula
5000 cars olter a more coniplex set of operating conditions.
Their road speed on a given track can vary from about forty
mph to over one hundred ninety. The wings generate gobs of
downforce which causes large differences in operating ride
height from high speed to low speed. The tires are very wide
and camber sensitive, and there is a lot of torque available to
squat the chassis out of low and medium speed corners. The
key to lap time in these vehicles lies in acceleration out of the
corners. We have to ensure that the camber doesn't vary
much with the changing ride height and that the rear camber
doesn’t get all upset as the chassis squats. To achieve this we
sacrifice keeping the tires upright in roll and accept a
somewhat lesser ultimate cornering power at the rear. This is
compensated for by the simple fact that the rear tires are
enormously larger than the fronts to accept the engine tor-
que and that they will tolerate more camber than the {ronts
will anyway. :

If we can tolerate some camber change at the rear, we can-
not at the front. The low section tires just don't like it at all.
The Chevy-engined brigade doesn't seem to have caught on
to the advantages of very long {ront suspension links, but the
Formula One group surely has. Figure (28) illustrates the ef-
fect of lengthening the links of a front suspension setup while
maintaining the relative link lengths, track width and static
roll center location the same. It gives one pause for thought.

Indy Cars on 2' mile ovals operate in a relatively narrow,
ifmml 80 mplh at corner apex to 220
at the end of the straights. While the torque available to
squat the chassis is, even at those speeds, considerable—it is
the same for each corner exit. Ride height change due to
downfarce is not super critical so long as it is realized that
the operating ride height has little to do with the static ride
height. When laying out the geometry and while aligning the
car, the change in ride height from the shop floor to rolling
into a slightly banked corner at 200 mph must be taken into
account. Nose dive under the brakes is not a factor—except
on the mile tracks or the road.circuits—so negative camber
due to forward load transfer can be pretty much ignored.
Since the tracks are relatively smooth and the road speeds
are very high indeed, relatively stiffl springs and bars can be
employed and chassis roll can be—and is—severely
restricted. The compromise is weighted toward reduction of
bump camber and track change.

Front engined sedans, with their high cg's and forward
weight biases require that the outside front tire be kept as up-
right as possible—even at the cost of heavy bump camber

change which can be reduced by anti-dive suspension.

In the world of Off Road &a’cinq a number of things that
the rest ol Us just barely realize the existence of become
critical—like pitching moments, Roll shrinks to relative un-
importance, and it becomes a matter of vast amounts ol
suspension travel and very effective damping. The big thing
would seem to be to keep the wheels—particularly the driv-
ing wheels—on the ground for traction. Track change is not
likely to be critical on offroad courses, but bump and droop
camber probably are. I doubt that enough centripetal force
can be generated on the surfaces involved to make roll
camber very important, but the release of the energy stored in
the rear springs when the vehicle hits one of those mini-cliffs
that they call bumps can—and does—cause some spec-
tacular endos. Why they still use swing axles is beyond me.
My own opinion, totally unsupported by any experience, is
that there is a lot of performance to be gained in this field in
the geometry, cg height and polar moment areas.

THE RELATIVE PLACE
OF LINKAGE GEOMETRY
IN THE OVERALL PICTURE

| believe that it is a hell of a ot more important to get the
roll center locations and movements happy with each other
and with the mass centroid axis than it is to get the camber
curves perfect—which we can’t do anyway. When we change
the suspension pivot points —either inboard or outboard—
and register a gain it is almost always because we have
changed the roll center location rather than because we have
modified the camber curve, | must also admit that we usual-
ly improve the balance of the typical English Kit Car by rais- .
ing the front roll center—even at the cost of shortening the
effective swing arm length, Mainly it is a question of getting
the rate of generation of the front and rear lateral load
transfers happy with each other.

MODIFYING THE GEOMETRY

Once we have decided that our particular race car might
benefit from a modification to_its suspension geometry, we
are faced with some decisions about how best to accomplish
the desired end. Here we have to bear several factors in
mind—structural soundness, cost—in both time and
dollars—ease of returning to where we started (in case it
doesn't work) and the feasibility of doing a valid back to
back test to find out whether it works or not.

Changing link length or track dimensions is going to re-
quire the fabrication of new suspension links which,
depending on the skills, time and equipment available, may
or may not be a big deal. If you decide to make the links
longer, take a really good look at the structural factors
involved—they will necessarily have to be stiffer, particular-
ly at the front, due to the brake torque loads being reacted
over a longer distance. .

Raising or lowering pivot points, at the front, is simply a
case of making spacers for the ball joints, or of reducing the
height of the uprights. It is always easier to do it outboard
than inboard—except on production cars. The opposite con-
dition exists at the rear where the outboard pivots are pretty
well fixed in the hub carrier design but the inboards are bolt
on structures or cross members which can be pretty easily
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replaced or modified.

So do what you think that you have to do Ahgn and bump
steer the car with the alternate setups, write down how many
turns you have to move what to achieve alignment and bump
steer after you change setups; go to the race track and {ind
out if it works. If it does, you may pat yourself on the back
and feel good—but try to figure out WHY it worked while
you are congratulating yourself. If it doesn’t work, do not

G

commit suicide—most bright ideas do not work. Make sure
that you have not overlooked a contributing factor— like not
readjusting the wheel alignment or bumpsteer when you
changed the setup—and try to reason out why it didn’t work.
We normally learn at least as much from our mistakes as we
do from our successes. The best development

driver/engineer 1 ever knew once told me that he reckoned
that about 20% of his bright ideas worked.
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Evpn should you not be planmng to go further than

reading the foregoing, it will, perhaps, give a flavour of the -
questions and decisions in this area alone that face a de-

signer up against the need to produce a winner - or find a
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new job. He has also to choose between g multiplicity of
targets: many in total opposition to each other. These may

e summed up in bare outline as:
@ Roll Centre.

Moré than a Lt l“e'disagreement about how vital is its accu-

ratelocation but a personal view with nothing convincing to
alter it over quite a few years is “absolutely vital”. It is
common ground that a car in roll under a cornering G force

i1
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must be rotatmg about some pomt in space The dissent is
usually about where it might be, if it has moved from a
theoretical position and wi\y. These arguments are abso-
lutely no reason not to make strenuous attempts to locate

and pin it down. Ignorance of at least an idea of the location
of the frontand rear roll centres, both statically and dynami-
cally will prevent any attempts at logical thought or modi-

fications when you have problems.

R\ aWY

arymg roll centres at each end of the car must result in
varying loads and weight transfer front, back and diago-
nally under differing circumstances. A moment’s thought
about the possible result for the driver in a fast left-right
flick would suggest he will be in next lap complaining
bitterly and calling for immediate improvement.



Current thinking on roll centre heigi\ts is of the order of 2
ins. above ground level to 1 in. below at the lighter/lower
end of the car, with 4 ins. above down to ground level at the
other end. These figures normally give an inclined roll axis
along the car tending to even out the various forces involved
if nothing else, but are by no means a fixed approach. tisa
{ree world.

So we will aim at a dynamically steady roll centreso far as
it may be possible, or at the very least similar movement at
each end of the car.

uter wheel vertical in roll.
ith the two outer tyres doing the major part of the work in
accepting cornering forces, this gives the tyre contact
patches their best chance in life. Many cars, from a Mini to
a Formula One, do not do this at all well geometrically and
need the wheels set with a negative camber so that roll

Wheel angle in bump/droop.

n direct opposition to (2), this has become ever more
important in heavy braking and acceleration with wide flat
slicks. In both situations there is a tendency under pitch
forces for wheels to go into bump at one end and droop-at
the other, doing grip no good at all. A number of experi-
ments over the years saw tyre companies (Dunlop for the
Mini, Pirelli for Toleman and Ferrari) producing assymetric

tyres with radiussed inner shoulders to try and alleviate
this.

iushes then out towards vertical.

@}Track variation (scrub).
"This means that individual wheels will, under certain cir-

cumstances, follow a private wavy path rather than a
stralght line. Most lmportant when running straight, but

may be a contribution to momentary under or oversteer
lurch on turn-in to a corner.

For the intrepid souls who are going ahead with the String
(or any other) Computer, a few guidelines.

From scratch, work froﬁ_a-sg-tm parallel to the
ground and as long as practlcable combined witha top link
two-thirds of the bottom running downhill from wheel to
chassis at 15 degrees or so from horizontal. Note every

experiment in detail as you carry it out. Trying to remember

results and then compare them will only lead to a hopeless
muddle.

Operations and effects:

1. Alteration of wishbone lengths - little major effect.

2. Lengthening both at once - often poorer.

3. Vertical movements of chassis mounts - major effects.

4. Scrub - rarely any problem in roll, can be serious in
bump/droop.
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5. “Skewed roll” - this may, for instance, combine 2 degrees -
of roll with 1 in, of bump on a front or rear wheel and can
often give excellent results in terms of outer wheel angle.

All the variations we have considered here will, of course,
be reduced by restricting the actual movement of the ve-
hicle, a basicapproach explored to the full both in Indy Cars
and Forinula One, giving minimal roll (controlled by ex-
tremely strong bars) and alinost fixed ride heights (very
hard suspension and high wheel frequencies). Having said
this, one has to admit that several newest generation For-
mula One cars have only a modest front bar and no rear bar
at all, the inference being that wheel frequencies are rising
substantially and coils are taking back much of the task.

Such a simplistic method transfers much of the
suspension’s task onto the tyre carcase - and if you thought
geometry was a little tricky it pales beside the mysteries of
what a tyre may be doing in ten thousand situations, all
different.
. Here are some general pointers (irrespective of the
method used). :

1. Very short swing axle lengths (20 - 40 inches):

a) Roll centre (RC) generally high.

b) RC location generally good.

c) RC sideways movements at a minimum.

d) Very good wheel angle control in roll.
e) Camber variations in bump/droop very bad (almost
linear with roll in some cases).
f) Bad performance in scrub.

2. Long swing axle lengths (70 - 180 inches):
a) RC low.
b) RC location reasonable, subject to (c).
¢) RC can move considerable distances sideways due to the
shallow angles involved. :
d) Mediocre wieel angle control in roll (worst on inner
wheel).
. e) Camber alterations in bump/droop good.
f) Good performance in scrub.
3. Medium swing axle lengths (40 - 70 inches):
s might be expected, the results lie between short and
long.
4. Ultra-long swing axle lengths (effectively out to infinity,
“with certain near-parallel designs):
a) RCs very low, at or below ground level.
b) RC location very good in vertical terms.
¢) RC sideways movement can be very great, with a reversal
from inside to outside of the corner possible due to the very
narrow, near parallel angles.
d) Wheel angle control poor - may be near direct
equivalency to car’s roll angle.

e) Camber alterations in bump/droop very small.
f) Scrub - good.




