TECHNOLOGY – SLIP ANGLE

Load transfer

Understanding the ‘necessary evil’ and how and
why it is detrimental to performance
BY CLAUDE ROUELLE
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efore we go any further, let us first
discuss why load transfer is ‘bad’. In
Figure 1 we can see the evolution
of the left front and right front tyre
vertical loads, slip angles and induced lateral
forces as we enter a corner.
To keep things simple, we only look at the
front tyres, and imagine that the speed, and
therefore the front downforce, is constant so
the sum of the two front tyre vertical loads
that is 3776N x 2 = 7552N will stay constant.
In this simplified presentation we also ignore
the effect of camber and initial slip angle
due to static toe. That is why all lateral force
vs slip angle curves have no lateral or vertical
offset at their origin.
The initial vertical load (load + downforce)
on each front wheel is 3776N. With lateral
load transfer, this evolves to 7208N on the
right (outside) wheel (bottom right legend
on Figure 1) and to 343N on the left (inside)
wheel (top left legend). The inside wheel
has barely any vertical remaining load as we
are probably close to the maximum lateral

acceleration that will keep it on the ground.
Meanwhile, the slip angle goes from zero
to 5.8 degrees on the inside wheel, and zero
to 6.9 degrees (showing an anti-Ackermann
steering kinematics, just as a side note as this
is not the main point of this explanation) on
the outside wheel.
With each front tyre not far away from their
peak slip angle, we get about 800N of side
force (bottom left, red horizontal line, again
on Figure 1) on the inside wheel and about
11,800N on the outside wheel (top right,
green horizontal line), so a total of 12,600N.
In the theoretical case of no lateral load
transfer (for that we need a c of g on the
ground, good luck!) and, providing that we
would be able to get each tyre operating at its
peak slip angle, we would get about 7200N of
lateral force on each tyre (dash red and green
horizontal lines), so a total of 14,400N on the
front axle. Compared to the total lateral force
of 12,600N with load transfer, that’s a gain
of 1,800N, or 14.3 per cent, which is really
consequential on the car’s performance.

We gained 11,800 – 7200 = 4600N on
the outside wheel and we lost 7200 – 800 =
6400N on the inside wheel.
The lateral load transfer made us lose 40
per cent more grip on the inside tyre than we
gained on the outside tyre. In other words,
load transfer is ‘bad’ because we are a bigger
loser on the inside than we are a winner on
the outside. All because of the non-linearity of
the tyre lateral force with its vertical load.
In correct vehicle dynamics language, we
should not speak about weight transfer, or
mass transfer, but about load transfer. Major
misconceptions come from the incorrect
understanding of the word ‘transfer’, which is
often assimilated to ‘mass movement’.

Common misconception
Some students and amateur racers often
mistakenly think the variation of inside and
outside wheel vertical loads under lateral
acceleration in a corner is due to the lateral
movement of the suspended mass c of g
induced by the roll angle.

Figure 1: Load transfer description

Load transfer is ‘bad’ because we are a bigger loser on
the inside than we are a winner on the outside
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Figure 2: Simplified 2D (front view of one axle) load transfer equation

many years of meeting with racers I too often
hear that misconception, even from so-called
professional vehicle dynamics engineers.

Transient load transfer
Of course, with detailed calculations, the
effect of the lateral movement of the
suspended mass c of g on dynamic wheel
load could be considered.
Some other considerations could be made,
especially in transient load transfer:

The basic equation of load transfer in
a simple 2D front (one axle), as shown in
Figure 2, is:
Mass * V2/R * c of g height / track
Where mass (M) is in kg, speed (V) in
m/sec, radius (R) and track in metres and load
transfer in Newtons.
The roll angle is not part of that equation.
In steady state, the roll angle (in degrees) is
the roll moment,
Mass * V2/R * c of g height (Nm)
divided by the roll stiffness (Nm/deg) due
to the springs and anti roll-bars that are in
parallel, themselves is series with the tyre
vertical stiffness.
For simplification of the demonstration,
we will neglect others kinds of spring that
we call compliance here, although in reality
compliance could have a dramatic effect on
the car’s behaviour.
Now let us get real. On a racecar, the roll
angle rarely exceeds three degrees. Most
racecar suspended mass c of g heights are
around 250-350mm. With a suspended mass
c of g height of 300mm and three degrees
of roll, the suspended mass (g) will move
laterally by 16mm.
Let us consider a simple example of a
1000kg car with an equal front-to-rear mass
distribution, so 250kg of mass per wheel.
If each non-suspended mass is 50kg, the
suspended mass is 800kg. With three degrees
of roll and 16mm of suspended mass c of g
lateral movement, the static weight on each
wheel would only change by 4kg (or 40N if
we more correctly speak of load). That is 1.6
per cent. In racing, 1.6 per cent of tyre vertical
load variation is not negligible. But we also
know that the lateral load transfer under two,

A side movement
of the c of g will
influence the tyre
load just as much
as grandma would
when she moves from
one side to the other
of the rear seat
or three, or more g of lateral acceleration will
contribute to a much bigger extent to each
tyre’s vertical load variation.
A side movement of the c of g will
influence the tyre load just as much as
grandma would when she moves from one
side to the other of the rear seat. A change of
static load distribution is not a load transfer.
Imagine a car perfectly rigid, tyre and
suspension infinitely stiff, no compliance. You
could have enough lateral acceleration to get
the inside wheels off the ground, but only
by a fraction of a millimetre. The roll angle
would be negligible. So would the c of g side
movement. But the whole car load would be
on the outside wheels. That is the proof that
load transfer is not roll angle dependent.
In a serious magazine like Racecar
Engineering, we should not really even be
discussing this, but I chose to because in my

• Change of front and / or rear track width
due to the camber and track variation in
heave, roll and steering.
• Change of front and / or rear track width
due to the tyre side deflection. Most of
the time the side load defection will be
bigger on the outside tyre than the inside
one. That will result in a reduction of the
track change, and therefore more load
transfer. Usually, the increase of load
transfer due to a tyre’s deflection is bigger
than the one due to the suspended mass
lateral movement.
• An additional load transfer that considers
the lateral acceleration of the suspended
mass can be considered.
• Similarly, wheelbase change due to
suspension anti-dive and anti-squat
kinematics, tyre longitudinal deflection,
and possible longitudinal acceleration
of the suspended mass c of g could be
considered for longitudinal weigh transfer.
If, on the other hand, we want to decrease
load transfer, we have several solutions:
1. Lower the c of g.
In some racing series, regulations impose
a specific height under which the c of g for
the whole car and / or some components,
such as the engine, cannot be found. And yet
car designers, while respecting these rules,
will play with ballast placement to modify
the weight distribution (which, within some
windows, is sometimes regulated, too) as well
as the roll, pitch and yaw inertias.
In absence of such c of g height regulations,
professional racecar manufacturers often
design cars under the weight limit and then
add ballast at the lowest point of the car to
bring it up to weight. At this level, everything
is considered – engine and data acquisition
looms, ECU, even the driver’s water bottle –
for the suspended mass.
In recent racecars, uprights have even
been designed to have the brake calipers
attached at the bottom, whereas 15 years
ago they were to be found at the height of
the wheel centre, ahead or behind the brake
disc. Such innovation was mostly dictated
by aerodynamic constraints: the higher the
lower wishbone, the cleaner the airflow for
the under wing.
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In any case, such design leaves room
for a lower mounted brake caliper with an
appreciable advantage of a lower, nonsuspended mass c of g.
In Formula Student, the minimum allowed
wheelbase is 1525mm, and the driver could
represent as much as one third of the total
mass. A few teams successfully found good
compromises between the ergonomics of
the driver in his cockpit, low c of g and low
yaw and pitch inertia. Here are a few ways it
could be achieved:
2. Increase the track.
Larger is better. Usually, teams use the
largest possible front and rear track widths
allowed by the rules. We need to remember,
though, that the larger the track, the more
yaw inertia. Inertia (kgm2) of an object has
two components: a) the mass (kg) multiplied
by the square of its own radius of gyration
(m2) and b) the distance of the c of g of that
object multiped by the square of the distance
between its own c of g and the centre of
rotation of the object (parallel axis theorem).
In Formula Student competitions, circuits
are mainly made of tight, low-speed corners
where control is more important than
stability. Some teams have found that the
lower yaw inertia achieved with small tracks
and wheelbase improved the response and
gave more lap time gain than bigger lateral
and longitudinal load transfers. At least one
successful team uses track as small as 900mm.
Also remember, the bigger the track, the
bigger the frontal area, which is generally
good for downforce but bad for drag.
3. Mass.
Formula Student is not motorsport. It is a
design and project management exercise
based in the design and running of a racecar
that helps students experience the human
and engineering challenges they will face in
their future job, that will not necessarily be
in motorsport. That said, Formula Student
is probably the only ‘racing’ category where
there is any minimum weigh limit. Less mass
means less load transfer and less loss of grip
due to load transfer.
4. Decrease lateral acceleration.
Asking the driver to go slower in order to
have less load transfer is not going to win
a race. But in fact, to a certain extent, this is
what drivers do, as shown in Figure 3. If the
driver follows the outside line (red) with a
larger radius, they minimise load transfer but
make the circuit longer.
I remember engineering an Indy Light car
on the Michigan Speedway. Handling was not
an issue, but minimum drag was, and we won
because of a huge rear wing reverse Gurney
flap. But we gained 0.3 second a lap just by
asking the driver to take the inside (green) line.
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Figure 3: Optimal line for minimising load transfer and trajectory length

Figure 4: Load transfer: the necessary evil

The shorter radius meant a shorter circuit and
more load transfer but, in this case, that had
no effect on the handling.
By following the blue line, the driver has
the best compromise between minimising
load transfer and trajectory.

Conclusion
All the considerations lead us to the
conclusion shown in Figure 4. You can
achieve lateral acceleration unless you lose
grip. Use bad tyres, or drive the car on a wet
surface, and you will not get as much lateral
acceleration. And vice versa (a).
But, unless you achieve the impossible
of a c of g on the ground, if you have lateral
acceleration, you will have load transfer (b).
It’s inevitable.
Now people are a bit more surprised by (c).
You cannot have lateral grip unless you have
load transfer. In other words, load transfer is a
bad thing, but it is a bad thing that needs to
happen. It is, as we said at the beginning of
this article, a necessary evil.
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