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The Lateral Dynamics of Motorcycles and Bicycles

R.S.SHARP*

SUMMARY

The paper is a review of the state of knowledge and understanding of the steering behaviour of
single-track vehicles, with the main accent on vehicle design, and vehicle design analysis and
behaviour prediction.

The body of the paper consists of a chronological account of the steps which have been taken in
establishing the current position. Scientific study of the motions of two-wheelers has been in
progress for more than 100 years, but progress was slow and many conflicting conclusions were
drawn until increasing understanding of tyre mechanics, systematic application of the laws of
motion for systems of rigid bodies, digital computation and modern numerical methods, and
improved mobile measurement, recording, and data processing capabilities allowed the pace to
accelerate,

The current position, which is that a good understanding of the relationship between design and
performance has been achieved, but that by no means have all the problems of significance been
solved, is described at the end of the paper.

1 INTRODUCTION

In this review, the events which, in the author’s view, have led to the current
understanding of the steering behaviour of single track vehicles are recounted
chronologically. General observations, scientific measurements and data proces-
sing, mathematical modelling of tyres, vehicles, and riders, and the collection and
use of vehicle data are referred to, and emphasis is placed on the extent to which
predicted and measured behaviours agree with each other.
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Those aspects of the behaviour which are of greatest significance are described,
and the relationship between machine design and behavioural properties is discus-
sed. Certain aspects of the design turn out to play a central role in determining
behaviour, and these are highlighted.

There are several outstanding issues in the subject area, deserving of further
research, some of which is under way. These issues are mentioned, and methods
for resolving them are discussed.

2 HISTORICAL SURVEY

A theory of the stability of single track vehicles was probably first produced by
Rankine [1]. He regarded the rider as a rigid extension of the rear frame of a
bicycle, causing the front frame to steer in response to the bicycle beginning to
capsize. The tyres at that stage were not viewed as producers of forces and
moments, but were seen as constraining the bicycle to move in the direction in
which the wheels pointed, so that the motion of the contact points were determi-
ned by the steering, and it was argued that “centrifugal forces™ resulted sufficient
to balance the gravitational overturning moment consequent on the original
rolling motion.

Whipple [2] analysed mathematically the problem substantially as seen by
Rankine except that the rider was considered not to touch the bicycle handlebars.
The steering system was free to steer itself under the influence of gyroscopic
moments associated with the spinning front wheel. Whipple’s analysis was Lagran-
gian, and it treated the tyre/road contact as giving rise to non-holonomic con-
straints on the vehicle motion. Only roll and steer degrees of freedom existed and,
with only small perturbations from straight running allowed, a fourth order
characteristic equation resulted. The stability was tested by application of the
Routh-Hurwitz criteria, and it was concluded that the (then) modern bicycle and
rider was self stabilising (without rider control) in a small speed range extending
from 16 to 20 km/hr. The implication was that successful operation of a bicycle
outside this speed range would depend on rider control of the steering system, or,
as could be observed in practice, by body lean control.

The view of the tyre behaviour contained in Whipple’s analysis promotes the
idea that the self steering of the front wheel is governed entirely by gyroscopic
torques, and Klein and Sommerfeld [3] employed a modified Whipple analysis to
show that, under the assumptions made, the self stability of the bicycle is indeed
dependent on gyroscopic effects. Pearsall [4] took the position that bicycles had
developed in a perfectly satisfactory manner, but that motorcycles were
significantly different from each other, giving rise to an engineering problem
especially in respect of what he called “speedman’s wobble™ Clearly this referred
to an oscillatory instability occurring at high vehicle speed (for the time), but
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quantitative information on speed or frequency was not provided.

No further progress on the problem appears to have been made until Wilson-
Jones [5] considered the matter from the point of view of the experimentalist and
practitioner. By this time (1951), knowledge of tyre behaviour was greatly impro-
ved and it had become commonplace, although still by no means universal, to
regard the rolling whee] as a force producer, rather than as a constraint on the
vehicle motion. It was recognised that the sideslip angle is the principal determi-
nant of the sideforce generated by a steady rolling loaded tyre, that the sideforce
acts behind the geometrical centre of the contact region for small slip angles, and
that a cambered wheel, again in a steady state, will generate a camber thrust.
Wilson-Jones discussed the stability of motorcycles in these terms, and devised
and utilised rudimentary methods for measuring tyre slip angles and steering
torque inputs. He realised that the self steering action of the front wheel of a single
track vehicle is crucial to its stability, and that it is influenced by many factors
apart from gyroscopic effects. He was able to conclude that the tyre sideslip angles
used were normally very small, that the motorcycle corners mainly by virtue of
camber thrust, and that counter-steering is usually employed for turn entry or exit.
This last conclusion provoked much discussion at the time of its drawing. Wilson-
Jones also mentioned the tendency of motorcycles to roll over or capsize at low
vehicle speed, despite the rider’s best efforts, if the friction pad steering damper,
which was then commonly fitted, was tightened down too far.

Déhring [6] applied the kind of theory which Whipple had developed to
various motorcycles, and calculated characteristic roots of the equations of
motion. He found that the uncontrolled motion was oscillatorily unstable at low
speed, that, as Whipple found for the bicycle, there was a small speed range in
which the motion was stable, and that, for higher speeds, the motions was slowly
divergent.

Déhring also [7] examined what he called steering wobble in motorcycles. He
associated it with shimmying in automobile steering and aircraft tail wheels, and
high machine speed, going so far as to describe lateral oscillations as often
limiting racing machine speeds before engine performance, DShring carried out a
simple and somewhat flawed analysis of the motion of the steering system about
an axis assumed to travel in a precise straight line, treating the tyre as giving
sideforce and aligning moment proportional to slip angle. He pointed out the need
for data on motorcycle tyres, and discussed the introduction of phase lag between
tyre tread motion and wheel motion on account of tyre carcass elasticity under
time varying conditions. He associated this with the possibility of energy transfer
from forward motion to lateral oscillations, and recorded steering displacements
on a running 500 cc motoreycle at 17, 25 and 33 m/s with strong contributions at
1.5, 2 and 3 Hz respectively. Although Dohring used the term wobble and
attempted to analyse the problem as a steering oscillation problem, it is likely that
he was actually measuring weave motions which we now understand to involve the
whole motorcycle.
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In 1963, Kondo, Nagaoka, and Yoshimura [8] published an analysis of the
motions of a complete cycle and rider, treating the vehicle as two rigid frames
joined at an inclined steering axis, the rider being part of the rear frame. Free
steering was assumed, and the motion was restricted to small perturbations from
straight running. The tyres were described as giving side forces linearly dependent
on slip angle and camber angle and correct expressions for these angles were
derived. The inertial contributions to the equations of motion, however, appear to
have been derived by rather piecemeal methods and it is likely that the final
equations contain significant errors. Motion time histories showing rapid diver-
gence at 20 km/hr forward speed (too rapid for manual control to be feasible), and
oscillatory motion at 5 Hz frequency becoming unstable just above 28 m/s were
generated from parameters which represented a motor scooter. Fu [9] studied the
steady turn “equilibrium” of a single track vehicle, accounting for the finite cross
section of the tyre, the point of contact between tyre and ground moving round the
tyre cross sectional perimeter as the wheel cambers. Only aerodynamic drag and
pitching moment of all the aerodynamic effects were considered worth including
in the analysis. The calculations agreed with Wilson-Jones’ finding that tyre
sideslip angles are normally very small.

Jones [10] examined by trial many variants of a normal bicycle, concentrating
on variations affecting thé self-steering action, and showed just how difficult it is to
make a bicycle unrideable by non-extreme changes.

The author’s first contribution to the subject was published in 1971 [11]. It
consisted of a theoretical analysis of the straight line stability properties of a large
motorcycle, and a discussion of the rider control and vehicle design implications.
The model used was similar in concept to that employed by Kondo et al [8], but
systematic procedures (Lagrangian) were used to complete the equations and
subsequent work has confirmed their correctness. An important additional fea-
ture was included in the tyre model, the side force being taken to be related to the
steady state side force for particular slip and camber angles by a first order lag
function which took account of the tyre’s distance dependent relaxation property.
Eigenvalues were calculated as functions of vehicle speed, and the consequences of
omitting the tyre relaxation, and also of omitting tyre sideslip, to the eigenvalues
were determined. In this last situation, the model is of the form of Whipple’s
model, and the stability predictions were not unlike those of Whipple [2] and those
of Dohring [6]. The model was also reduced from its full form by omitting the
steering degree of freedom. This converted the analysis from “free control” to
fixed control, and again eigenvalues were found.

It transpired that the most comprehensive model predicted the presence of three
important principal mode motions throughout the speed range. These were
christened “capsize”, “weave”, and “‘wobble”, the last two of which were oscilla-
tory modes except at very low speed when the weave mode becomes overdamped.
The capsize mode was stable at low speed and marginally unstable beyond 10 m/s,






