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This paper is a review study in dynamics and rider control of bicycles. The first part gives a brief
overview of the modelling of the dynamics of bicycles and the experimental validation. The second
part focuses on a review of modelling and measuring human rider control, together with the concepts
of handling and manoeuvrability and their experimental validation. The paper concludes with the open
ends and promising directions for future work in the field of handling and control of bicycles.
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1. Introduction

The four main parts of which a bicycle consists are the two wheels that are nominally placed
behind each other, and the rear and front frame, to which the wheels are connected by revolute
joints and that are interconnected by a vertical or inclined hinge. The two wheels contact a
road surface, which is mostly assumed to be flat and level. An integral part of the bicycle
system is the rider, who has the larger part of the total mass. The rider can be modelled to
be rigidly attached to the rear frame or be able to move laterally and longitudinally and exert
control forces on the handlebar. Because of the two contact points between the bicycle and
the supporting road surface, the bicycle is inherently unstable, like an inverted pendulum.
The main way to stabilise the bicycle is by shifting the support point to the side the bicycle is
inclined to fall after a perturbation by steering to the side of the impending fall, like an inverted
pendulum can be stabilised by horizontally moving the support point. To make this way of
balancing possible, the hinged connection between the rear frame and the front fork and a
forward speed are necessary. Indeed, it is very difficult to balance a bicycle that is standing
still or has a locked steer. The corrective steering can be done in basically two ways:

(i) the rider can supply the required steering input, or
(ii) the steering input is automatically supplied by the dynamics of the bicycle.

For the first case, the rider supplies a steering torque. If the torque is used to obtain a desired
steering angle, this can be modelled as a position input, but if the static feedback gain or the
bandwidth is small, this simplification cannot be made and the input is modelled as a torque.
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1060 A.L. Schwab and J.P. Meijaard

In the second case, the upright forward motion can be stable without any steering torque input
or body motion relative to the frame of the rider; this is called self-stability. Furthermore, the
dynamics of the bicycle can reduce the control effort if torque control is used to make the
balancing partly automatic.

Several reviews on the dynamics and control of two-wheeled single-track vehicles, that is
to say, bicycles and motorcycles, have appeared. Sharp [1–4] has given a series of accounts
of the state-of-the-art over time. A clear historical overview is given in [5], whereas Popov
et al. [6] concentrate on rider control for motorcycles. Reviews specifically directed to the
dynamics of bicycles and their control can be found in [7], which concentrates on the linearised
equations for idealised bicycles, and [8], which gives a broader summary of bicycle dynamics
and control. A historical review of thoughts about self-stability is given in [9].

The history of the bicycle, as related by Herlihy [10], started with the invention of the
velocipede by von Drais around 1817. The propulsion of this machine was by stepping with
the feet on the ground, like with a scooter, thus limiting the forward speed. von Drais was
apparently well aware of the way in which balance is maintained, as well as the need for initial
countersteer to initiate a curve, as is shown in the following excerpt from [11] cited in [12].

Then one makes, by means of lightly putting the feet to the ground, big but initially slow steps in the direction
parallel to the wheels, and keeps the heels not inward, in order that one does not come with them under the rear
wheel, and when one has later got some speed, and has lost by accident the balance a bit, one can usually help
oneself with the feet, or by steering if one steers a little towards the direction in which the centre of gravity of
the whole leans, and if one wants to take a turn, one directs the centre of gravity immediately before a little to
the inside and steers right after that to that side.

In 1866, Lallement filed a patent for the innovation of adding propulsion by cranks powered by
the rider’s feet to the front wheel [13]. The same kind of machine was developed by Michaux
in France. The bicycle evolved further by increasing the size of the front wheel and finally
replacing the front-wheel propulsion by a rear-wheel propulsion with a chain drive and two
wheels of equal or nearly equal size in the safety bicycle and the use of pneumatic tyres, as
shown in Figure 1.

One of the earliest papers on the balancing of a bicycle was written by Rankine [15]. He
discusses the balancing by a steering angle control, which leaves the roll angle as the only
dynamic degree of freedom. He noticed the need for countersteering for entering a curve.
Furthermore, he is the first to introduce a handling criterion, called the promptitude, which
measures how fast the support point below the centre of gravity moves laterally for a given
steering angle input. Furthermore, the difficulty of riding a bicycle with rear-wheel steering is
qualitatively discussed.

Later, simple dynamic models with steering angle control were elaborated by Bourlet [16],
who included the influence of the gyroscopic effects of the rotating wheels.A simplified model
which only included the mass of the rear frame with the rider rigidly attached to it, and even a
model with a single point mass, was further discussed by Boussinesq [17,18]. His discussion
about the lateral motion of the rider’s upper body is of little practical interest. Essentially
the same models were discussed by Bouasse [19] and in the textbook by Timoshenko and
Young [20].

Essentially correct linearised equations of motion for a bicycle were derived by
Carvallo [21], with some simplifying assumptions on the mass distribution of the front fork,
and Whipple [22] at the end of the nineteenth century. Whipple explicitly studied the range
of speeds for which the bicycle was self-stable and the possibility to increase this range by
applying a steering torque control or a lateral shift of the centre of mass of the rider. Carvallo’s
model was used by Klein and Sommerfeld [23] (in a part actually written by F. Noether) to
discuss the influence of the gyroscopic moments of the wheels; however, they overestimated
the contribution of these moments to the self-stability due to some sign errors and erroneously
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Figure 1. The evolutionary development of the bicycle from the velocipede to the safety bicycle; from The Aeronautical Annual 1896 [14].
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1062 A.L. Schwab and J.P. Meijaard

concluded that these were indispensable for typical bicycles, as was pointed out in [9]. Indeed,
a self-stable bicycle with the gyroscopic effects of the wheels cancelled was recently demon-
strated [24]. Döhring [25,26] extended Klein and Sommerfeld’s model to include a fully
general mass distribution of the front fork and used it for a motorcycle. Apparently inde-
pendently, Herfkens derived similar equations for a bicycle [27]. Also, Sharp [28] discusses
the model with two degrees of freedom in his seminal article, though its main contribution
is showing the influence of realistic tyre force models on the dynamics of motorcycles and
identifying the main modes as capsize, weave and wobble, after which the modern era of
modelling motorcycle dynamics has begun.

In the next section, the Carvallo–Whipple model and its relevance for the modelling of
dynamics of bicycles will be further discussed. Also, refinements that lift some of the limi-
tations of the model will be introduced. The interaction with the rider and ways to model a
realistic active and passive rider control is the subject of Section 3. This review ends with
some conclusions and an outlook to further developments and needs.

2. Bicycle dynamics

This section starts with a description of the Carvallo–Whipple bicycle model (Figure 2). Next,
extensions to this model with toroidal wheels and forward acceleration are discussed. Then,
the curving and non-linear models are reviewed. The following parts discuss bicycle tyre
force models and wobble motions, and the section ends with an overview of the experimental
validations of the various bicycle models.

2.1. Carvallo–Whipple model

For small deviations from the nominal upright position, the dynamics of the longitudinal and
the lateral motion can be treated sequentially, as the lateral motion has no appreciable influence
on the forward motion. The longitudinal motion concerns the propulsion, acceleration and
braking of the bicycle with the rolling resistance and the aerodynamic drag forces acting on
the bicycle. If ideal contact between rigid wheels with knife-edge rims and the road surface is

Figure 2. Carvallo–Whipple bicycle model with the four main parts: the rear wheel, the rear frame which can
include a rigid rider, the front frame and the front wheel. The lateral degrees of freedom for this model are the rear
frame roll angle φ and the front frame steering angle δ. Figure adapted from [7].
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Vehicle System Dynamics 1063

assumed, with no indentation or longitudinal tyre slip, a single degree of freedom is sufficient
to describe the forward motion. If the lateral tyre slip is also assumed to be zero, the lateral
motion can be described by two degrees of freedom, the roll angle of the rear frame, denoted
by φ, and the steering angle, denoted by δ. For a full specification of the configuration of
the bicycle, also the rotation angles of the wheels for the longitudinal motion and the lateral
displacement and the yaw angle are needed, which depend on the configuration coordinates
by first-order differential equations.

The linearised equations for the lateral motion if the bicycle is moving at a constant forward
velocity v constitute the Carvallo–Whipple model [21,22], which have the structure

Mq̈ + vC1q̇ + (v2K2 + gK0)q = f , (1)

where q = [φ, δ]T is the vector of degrees of freedom, f = [Tφ , Tδ]T is the vector of applied
generalised forces, vC1 is the non-symmetric velocity sensitivity matrix that is linear in the
velocity and v2K2 + gK0 is the non-symmetric stiffness matrix that consists of a part that
is quadratic in the velocity and a symmetric part that linearly depends on the acceleration of
gravity g. Expressions for the entries of the matrices in terms of geometric and mass parameters
of the bicycle can be found in [7], and for the benchmark bicycle presented therein the rounded
values of the matrices in standard SI units are

M =
[

80.817 2.319
2.319 0.298

]
, C1 =

[
0 33.866

−0.850 1.685

]
,

K2 =
[

0 76.597
0 2.654

]
, K0 =

[−80.95 −2.600
−2.600 −0.803

]
. (2)

From this, it is seen that the mass and stiffness associated with the steering angle are
much lower than the corresponding terms for the roll angle, but that there is a fairly strong
coupling between the two equations. The coupling from the roll angle to the steering equation
comes from the trail of the front wheel, the gyroscopic terms from the rotating wheels, the
steering head inclination and the mass distribution of the front fork assembly. The coupling
from the steering angle to the roll equation depends on the same parameters, though the main
contribution comes from the lateral shift of the front-wheel support point due to steering and
forward motion if the forward speed is not too small.

The eigenvalues of these linearised equations for g = 9.81 N/kg and variable forward speed
v are shown in Figure 3. For very small speeds, there are two negative eigenvalues, which
represent stable motions, and two positive real eigenvalues, which represent unstable motions.
The positive real eigenvalues decrease with increasing speed, coalescing at about 0.7 m/s, after
which they represent an oscillating motion with increasing amplitude, which involves roll as
well as steer and is called weave. At a speed of about 4.3 m/s, this weave motion becomes
stable and the bicycle is self-stable. At about 6.0 m/s, the bicycle becomes unstable as a real
eigenvalue becomes positive. The corresponding capsize motion is dominated by the roll angle
and consists of a veering-off of the bicycle in a spiral with decreasing radius of curvature until
it stabilises in a circular motion due to non-linear terms in the full non-linear equations of
motion or it falls down. For a further increase in speed, the bicycle remains mildly unstable
with the positive real eigenvalue approaching zero. The large, real and negative eigenvalue
corresponds to the very stable castering mode, which is dominated by steer in which the front
ground contact follows a tractrix-like pursuit trajectory, like the straightening of a swivel wheel
under the front of a grocery cart.
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1064 A.L. Schwab and J.P. Meijaard

Figure 3. Eigenvalues λ from the linearised stability analysis for the benchmark bicycle [7], where the solid lines
correspond to the real parts of the eigenvalues and the dashed line corresponds to the imaginary part of the complex
eigenvalues, in the forward speed range of 0 ≤ v ≤ 10 m/s. The speed range for the asymptotic stability of the
benchmark bicycle is vw < v < vc. The zero crossings of the real parts of the eigenvalues are for the weave motion
at the weave speed vw ≈ 4.3 m/s and for the capsize motion at the capsize speed vc ≈ 6.0 m/s, and there is a double
real root at vd ≈ 0.7 m/s.

2.2. Extension with toroidal wheels and forward acceleration

Some extensions can be made to the Carvallo–Whipple model without increasing the number
of degrees of freedom. A first extension is to assume that the wheels do not have knife-edge
rims, but have rims with a toroidal shape, which is a local approximation for a general rim shape
valid for a linear analysis. This assumption makes the analysis only a little more complicated.
An analysis of this kind was done for the linearised equations in our paper [29]. The effect of
the toroidal shape is mainly reducing the arm of the gravity force, thereby slowing down the
dynamics and easing the balance task. This was used in adapted bicycles for teaching children
to ride a bicycle [30]. Frosali and Ricci [31] analysed the non-linear kinematics for a bicycle
with toroidal wheels and compared their results for the pitch angle with the exact quadratic
approximation, a new approximation they proposed and an approximation used by Cossalter
[32]. For large roll and steering angles, large differences from the quadratic approximation
were found.

Toroidal wheel rims were also used by Åström et al. [30] and Peterson and Hubbard [33].
More references on wheel rims with toroidal shape can be found for motorcycles, where they
are usually combined with tyre force models as discussed below.

The influence of a constant acceleration or deceleration of a motorcycle was first investigated
by adding inertia forces to the system [34], as if the motorcycle rode on an incline. Later,
more complete models were developed [35,36], which were based on computer algorithms
for multi-body system dynamics. A model that can be seen as an extension of the Carvallo–
Whipple model was developed by the authors [29], which also included toroidal wheel rims
and some tyre contact force effects, which are of no further consequence. The acceleration
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Vehicle System Dynamics 1065

adds stiffness terms to the linearised equations of motion that are linear in the accelerations.
The exact linearised equations depend on the way in which the accelerating forces are applied:
driving or braking torque at the wheels and aerodynamic drag have different contributions to
the equations of motion. In particular, a front-wheel braking torque with a compensating rear-
wheel driving torque, which results in a zero acceleration, gives rise to an additional stiffness
term due to the steering torque of the longitudinal tyre forces for non-zero steering angles.
Aerodynamic drag forces can influence the damping of the lateral motion. This work on the
accelerated bicycle was continued by Sharma [38], Limebeer and Sharma [37,39], who also
considered curving behaviour.

As acceleration and deceleration take place over a finite time, the usual concepts of stability
cannot be applied directly, as we deal with a linear system with time-varying coefficients.
If the magnitude of the acceleration is small, the ‘frozen’ eigenvalues can be used with the
coefficients taken as their current values and the usual stability criterion can be used. The
influence of a moderate acceleration on the range of speeds with self-stability in this sense can
be quite high. For higher values of the acceleration, the concept of practical stability was further
developed by Meijaard and Popov [36], which considers expected values of perturbations and
allowable motions.

2.3. Curving and non-linear models

Steady-state curving for a curve with a large radius of curvature can be described with the
linearised equations in Equation (1), with a steering torque in the right-hand side. In the speed
range with self-stability, the required steering torque is opposed to the direction of the turn. If
the radius of curvature becomes smaller, non-linear equations have to be used, as was shown by
Franke et al. [40].A hands-free case was studied byÅström et al. [30], Lennartsson [41], Basu-
Mandal et al. [42] and Basu-Mandal [43]. Around the capsize speed, a steady-state turning
without steering torque input can be possible, in which case we have a limit cycle, which might
be stable or unstable. Other disconnected families of steady-state turning solutions are present.
Peterson and Hubbard [33] studied steady-state turning with an applied steering torque.

An experimental study was performed by Cain and Perkins [44,45], who compared their
results with those of the linearised equations and found a good agreement.

2.4. Tyre force models

The Carvallo–Whipple model was experimentally validated by Kooijman et al. [46] for the
autonomous dynamics of a riderless bicycle at low speed up to about 5 m/s. From Sharp’s
[28] study, it became clear that tyre slip and tyre force models need to be included to describe
the behaviour at high speeds realistically and to be able to describe wobble oscillations. For a
general overview of tyre models, we refer to Pacejka [47]. It should be noted that for bicycles,
the tyre forces depend not only on the slip values and the tyre properties, but also on the
stiffness of the wheel on which the tyre is mounted.

There is a dearth of experimental data on tyre force properties. Still the most important
source is the report by Roland and Lynch [48]. They found dimensionless side-slip tyre force
coefficients in the range 0.8–1.5 and dimensionless camber force coefficients in the range 0.15–
0.60. The coefficients increased with decreasing tyre load and increasing inflation pressure.
An ingenious and simple machine to measure lateral bicycle tyre forces was described by
Cole and Khoo [49]. Only forces due to side-slip could be measured. The results for one
tyre type of 20′′ diameter and 2.125′′ width and an inflation pressure of 2.4 bar showed that
the side-slip force coefficient depended strongly on the load and was in the range 0.9–1.5, in
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1066 A.L. Schwab and J.P. Meijaard

agreement with Roland and Lynch.Another simple measuring apparatus for bicycle tyre forces
was recently described by Dressel and Rahman [50]. They found side-slip force coefficients
in the same range and camber force coefficients in the range 0.7–1.0. Doria et al. [51] used a
turn-table type tyre tester to measure tyre force properties, which adds an additional normal
spin input motion that was absent from the other studies. For their three ordinary tyres, they
found side-slip coefficients in the range 1.0–1.4 and camber force coefficients in the range
1.3–1.5. An increased tyre load and a decreased inflation pressure gave rise to a decrease of
the coefficients. They also tested a tyre with markedly lower coefficients.

It appears that all reported measurement data give side slip coefficients in the same range.
However, they disagree on the camber force coefficients. Roland and Lynch have remarkably
low camber force coefficients, whereas Doria et al. report remarkably high values. Dressel
and Rahman have values that are between those of the others. A further investigation of the
camber force is called for. Only Dressel and Rahman discussed relaxation lengths, which were
of the order of 0.1 m.

2.5. Wobble

As many other things, wobble in bicycles was first envisaged by H. G. Wells in his bicycling
idyll ‘The Wheels of Chance’ in 1896. At present, wobble in single-track vehicles is a fast
oscillation of mainly the front wheel around the steer axis, like shimmy in swivel wheels and
aircraft landing gears. This mode was identified by Sharp [28] and is influenced by the tyre
force properties for non-ideal tyres and frame flexibility [47,52] and can be suppressed by
a steering damper. Roe et al. [53] elaborated more on the idea of the front wheel assembly
as a caster or swivel wheel. Wobble in bicycles can easily be observed in riding with hands
off the handlebar at moderate speeds and has usually a small amplitude and is harmless.
There is anecdotal evidence that wobble can also occur at high speed. Very few studies in
wobble for bicycles are available. Most recently, Plöchl et al. [54] performed some theoretical
investigations and experimental validations. They found that the frame flexibility, the rider
lean and the relaxation length of the tyres play a role.

2.6. Experimental validation

Of all the various bicycle models proposed only a few have been experimentally validated.
The first was Döhring [25,26,55], who did some eigenvalue stability analysis and experiments
on a motor-scooter and two different motorcycles to validate his results. Döhring uses the
Carvallo–Whipple model and derives the linearised equations of motion, which are the first
fully correct presented in the open literature. He finds good agreement between measured
time responses of the lateral motions of the motorcycle after perturbations by the rider and
simulated results on the model.

The first real experimental validation of the Carvallo–Whipple model was done by
Kooij-man et al. [46], who used a riderless bicycle to validate the model. They found very
good agreement in the frequency and damping of the weave motion in a forward speed range
of 3 to 6 m/s. After that Stevens [56] used a variable geometry riderless bicycle to validate
the Carvallo–Whipple model for a wide variety of bicycle geometries. He also found good
agreement in the frequency and damping of the weave motion in a forward speed range of
3 to 6 m/s for all the various geometries. Tak et al. [57] investigated both theoretically and
experimentally the effect of various parameters on the stability of a bicycle, and again found
agreement between the Carvallo–Whipple model prediction and the experiments. In order to
carry out rider control experiments on a treadmill, Kooijman and Schwab [58] experimentally

D
ow

nl
oa

de
d 

by
 [

B
ib

lio
th

ee
k 

T
U

 D
el

ft
] 

at
 1

3:
26

 2
9 

Ju
ne

 2
01

3 



Vehicle System Dynamics 1067

investigated the dynamics of the bicycle on the same treadmill to confirm that no significant
slip takes place at the wheel–treadmill contact. Recently, Kooijman et al. [24] built a bicycle
without gyro and trail to experimentally validate what the Carvallo–Whipple model already
predicted: that bicycles can be self-stable without the gyroscopic effect of the front wheel and
without positive trail on the front wheel.

In a large experimental study on bicycle rider control at the University of California at Davis,
Moore [59] built an instrumented bicycle and performed a large number of experiments with
various riders, riding in a large sports hall and riding on a narrow treadmill. The results of
the rider control identification process are discussed in the next section. In a separate set of
experiments he tried to identify the Carvallo–Whipple bicycle model. The coefficient in the
linearised equation for the roll motion agreed well with the model, but for the coefficients
in the steer equation he could not find a good agreement. The author attributes this to poor
understanding of the interaction of the tyre and the ground and the rider’s complicated coupling
to the bicycle frames in which the rider is free to use more than one actuation for control. As
mentioned above, Plöchl et al. [54] performed some theoretical investigations and experimental
validations on the wobble motions. They extended the Carvallo–Whipple model with lateral-
slipping tyres and frame compliance, and also a simple pendulum-like passive rider model
was added. They found that with the model they were able to identify design parameters and
effects that promote an unstable wobble mode.

3. Rider control

Most of the research in rider control for single-track vehicles is devoted to motorcycles, see, for
instance, the review by Popov et al. [6]. From a safety point of view, this makes sense because
of the higher forward speeds and the larger mass of motorcycles compared with bicycles.
However, recent studies [60] have shown that, although, in general, the death toll in traffic has
decreased over the last decade, among cyclists this remains constant. Moreover, the number
of seriously injured cyclists increases. This clearly indicates a need for rider control research
in cycling.

Initially, rider control investigations were driven by curiosity: how does a rider stabilise the
lateral unstable motions? After that, two major tasks were identified in rider control, namely
stabilising and tracking, and researchers started to develop rider control models to understand
the manual control tasks at hand. The understanding of this manual control in cycling is still
in its infancy and aspects such as handling qualities and manoeuvrability of a bicycle are still
under investigation. Recently, several initiatives have been started to develop rider robots for
autonomous bicycles. Interesting projects in themselves, they shed little light on how humans
control a bicycle.

This section starts with a review on rider control observations. Next the modelling of human
rider control is discussed. Then, the experimental validation of these controller concepts are
reviewed. The next part discusses the concepts of handling qualities in bicycling, and the
section ends with a discussion.

3.1. Rider control observations

The inventor of the velocipede, von Drais [11], in 1820 was already well aware that to balance
a bicycle (in this case, the Draisine or velocipede) one has to steer into the undesired fall.1

Prior to the invention of the safety bicycle around 1890, balance by rider steering control
had also been described by many others [9]. In 1869, Rankine [15] already described how a
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1068 A.L. Schwab and J.P. Meijaard

leaned forward-moving bicycle is primarily righted by the lateral acceleration of the support
line due to steering. Rankine also compared bicycle balance to that of the motion of an ice
skater who, similar to a bicycle, cannot exert a lateral force without rolling over due to the
single line of contact. To manoeuvre, riders manipulate this falling: to turn right they first
countersteer left, inducing a lean to the right, and then later steer right in the direction of the
induced fall.

Quantitative rider control observations started in the early 1970s by van Lunteren et al.
[61], who were interested in modelling the human control actions, and chose to do this using a
bicycle simulator. They had modelled the rider under normal circumstances and validated the
model by system identification techniques as discussed in the following section. Even though
the correctness of their simulator dynamics was questionable, they used it to determine the
effect that four different drugs have on human control behaviour for stabilising the bicycle
simulator. Two drugs, secobarbitali natricum (Seconal Sodium) and ethyl alcohol (vodka),
showed a marked effect, increasing the time delays between the input and output of riders
and strongly acting on the remnants, increasing the upper-body motion and decreasing the
handle bar action. The two other drugs tested, chlordiazepoxydi hydrochloridum (Librium)
and perphenazinum (Trilafon), did not have a marked effect on the riders’ control actions.
Interestingly, they noticed that the time delay of the handlebar action was always about one
and a half times that of the upper-body action (handlebar control was found to have a time
delay of 150 ms and upper-body control 100 ms), suggesting that the upper-body control is
governed by hierarchically lower centres of the central nervous system than those which are
involved in the control of the handlebar action. Stassen and van Lunteren [62] also performed
experiments where they restrained the upper body of the rider and experiments where the
upper body was free to move. By comparing the two they concluded that rider body motions
are important in normal bicycle riding, however ‘perhaps they are not consciously intended as
a contribution in the stabilization of the bicycle’, but rather are intended to control the rider’s
head position and orientation in space.

At the same time, a significant multi-year, multi-researcher scientific programme focused
on single-track vehicle stability and control was carried out in the early 1970s by the Cornell
Aeronautical Laboratory (later renamed Calspan). Much of the work on bicycles was carried
out for the Schwinn Bicycle Company and has only just become publicly available. The
work consisted of both modelling and experimentally measuring bicycles and motorcycles
(with tyre force models) [63,64] and their control [48,65] and the comparison of experimental
manoeuvres with time-series computer simulations. This was quite a feat considering the
(analogue) computer system technology available at the time. Elaborate (complete system)
state measurements on bicycle–rider systems have been carried by Roland and Lynch [48],
Roland and Massing [63] and Roland [66], who measured rider lean, steer torque, steer angle,
roll angle, yaw rate and lateral acceleration, and compared this with results from their computer
simulations. The modelling of the rider will be discussed in the next section.

Almost two decades later, in 1988, Doyle [67] investigated bicycle rider control to under-
stand to what extent motor skills necessarily involve higher functions of the cerebral cortex.
Doyle investigated balance control during normal cycling for two situations: first, on a normal
bicycle and second, on a bicycle where presumed self-stability factors such as gyro, trail and
head-angle had been removed, which was called a destabilised bicycle. The roll angle and
steering angle were recorded on both bicycles.

To get such a bicycle with no self-stability factors, he followed Jones’s [68] reasoning for an
‘unrideable bicycle’ and constructed a machine that had the presumed front frame stabilising
factors removed – a vertical head angle and no trail, no gyroscopic effect accomplished with
a counter-rotating wheel and no mass offset from the steer axis by adding a counterweight.
Doyle reasoned that ‘without these, all movements of the front wheel come exclusively from
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Vehicle System Dynamics 1069

the human control system’. More specifically, he reasoned that it eliminates the lean to steer
coupling, so on the destabilised bicycle body movements have no effect on the overall motion
and the system becomes a single (steer) input system.

By comparing the steer and roll angles, their rates and accelerations for entering and exiting
a circular path at about 13 km/h for the normal bicycle, Doyle found that there was a 120 ms
lag between the roll and the steer action, indicating that steering follows rolling. Doyle was
not sure if the control is achieved through control of the rider’s arms or through the bicycle’s
self-stability and coupled upper-body motion. Therefore, he continued with experiments on
the destabilised bicycle.

The experiments with the destabilised bicycle were carried out at about 7 km/h. The riders
were told simply to stabilise the bicycle and not to track a path. To assist in this, the riders were
blindfolded, yet all riders tended to remove any turns automatically so that the general direction
at the start was maintained. The recorded data showed a 0.2 Hz signal and a 1.0 Hz signal in
the roll angle. Again, the steering signals followed the roll signals with a mean 120 ms delay.
Particularly, the steering acceleration signal follows the roll acceleration signal. Thus, Doyle
concluded that the basic rider control mechanism feeds back the roll acceleration, multiplied
by some constant, the gain, as an angle-independent force at the handlebar. Interestingly, the
recorded data indicated that the rider ‘pumps’ energy into the system regardless of the control
requirements, which Doyle suggests is in order to increase the system output values such that
they go above a threshold below which the rider cannot detect the value. He concluded that:

Because the system delay in the roll rate is so short it is evident that the output from the vestibular system must
go almost directly to the controlling muscles making little or no demand on higher cortical processes for this
part of the system.

Two decades after the research by Doyle, understanding what rider control actions are
performed, in particular for stabilising without a significant tracking task but also during
normal cycling, was explored by Kooijman et al. [69]. They used an instrumented bicycle and
carried out initial experiments on the open road among traffic. Extracting good data from these
trials proved rather difficult owing to all the external factors influencing the control such as
wind, sleeping policemen, bumps, traffic, chasing dogs, etc. Therefore, they continued their
experiments indoors under controlled conditions on a large treadmill (3 × 5 m2). The bicycle
was ridden by two riders of average skill at various speeds. Each rider was given enough time
to adjust to riding on the treadmill before the measurements started. Three riding cases were
considered: normal bicycling, towing and normal bicycling with lateral perturbations. These
last-mentioned experiments were carried out to identify the effect of the pedalling motion
and the effect of upper-body motion on the control. The bicycle was equipped with a camera
system facing the rider and connected to the rear frame, making it possible to make a qualitative
investigation of the rider’s motion on the bicycle. It was concluded that very little upper-body
lean occurs and that stabilisation is done by steering control actions only. However, they also
observed a second control action at very low forward speed: knee movement. Moreover, they
noted that all control actions, except those at very low forward speeds, are performed at the
pedalling frequency, and that the amplitude of the steering motion is inversely proportional to
the forward speed. Moore et al. [70] then repeated the treadmill experiments with a motion
capture system and quantitatively confirmed the qualitative conclusions from [69].

3.2. Rider control modelling

In order to understand and predict the stability and handling of a bicycle–rider system, a model
for the complete cycling system is required. In other words, a model of both the bicycle and
rider is required. The lateral dynamics of a bicycle is well described by the Carvallo–Whipple
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1070 A.L. Schwab and J.P. Meijaard

model as benchmarked and reviewed by Meijaard et al. [7] and this section, therefore, focuses
on the proposed rider models. The rider’s influence on the system can be split into two aspects:
the control action and the added system dynamics. The added system dynamics, for example
caused by the rider moving relative to the bicycle, could require the vehicle model to be
expanded to include these extra dynamics, such as adding a (controlled) pivoted point mass
pendulum to the vehicle to simulate upper-body lean.

For the modelling of the human controller, authors have followed three roads for the design
and development thereof. First, there is the classical control approach which has been exten-
sively applied to pilot aircraft modelling. This approach is based on observations and the
control is determined by system identification techniques and includes rider time delays. At
the cross-over frequency (the frequency at which the magnitude of the transfer function is
unity), the gain roughly has a 20 dB drop-off per decade. Continuous feedback control sys-
tems with human neuromuscular properties (dynamics) are usually included in these models.
The second road that authors have travelled down is optimal control, where the rider is assumed
to be an optimal controller. The method uses optimal control criteria by weighing control effort
against the error in the control task. The third road is a rest class of other control strategies
including fuzzy logic, neural network and very simple intuitive controllers. Authors for both
the optimal control and the other control strategies have not limited their research to mimicking
a human rider, but have also taken advantage of these control strategies to develop autopilots.

All three routes have been reviewed by other authors. These include [71–73], who reviewed
the driver models for general road going vehicles (mostly automobiles). Popov et al. [6]
reviewed the modelling of the control of motorcycles, while Sharp [8] reviewed the work on
the control of bicycles. Here, an updated broad overview of all three routes is given for rider
control in bicycling.

3.2.1. Classical control system design

In classical control, feedback of the outputs is used to create a closed-loop controlled system.
The systems are usually multiple input–multiple output (MIMO) and linear or linearised
about a given state. Sometimes, time delays are introduced. McRuer was the first to develop
the classical control system approach for modelling human control. He applied it successfully
to pilot control of aircrafts [74–77].

Such a classical feedback control system is shown in Figure 4. According to McRuer,
experimental data for a wide variety of single and multi-loop situations show that the operator
(i.e. pilot, driver or rider) adjusts his/her transfer function, Y c

e , in each feedback loop such that
the open-loop transfer function, Y c

e Y m
c , comprising the effective vehicle dynamics, Y m

c , has, in
the vicinity of the gain cross-over frequency, ωc, the approximate form

Y c
e Y m

c = ωc

iω
e−iωτ , (3)

where τ is an effective pure time delay that includes rider neuromuscular dynamics as well
as any net high-frequency vehicle dynamic lags and i is the imaginary unit. The cross-over

Figure 4. Single-loop control. Here, i is the reference control value; m is the actual control value; e is the control
value error; Yc

e is the rider transfer function; c is the rider output control variable; Ym
c is the machine transfer function.
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Vehicle System Dynamics 1071

frequency ωc depends on the product of the rider and vehicle gains. The form of Equation (3)
emphasises that the rider’s characteristics are optimised to the specifics of the control situation
and the vehicle. However, McRuer also found that the human controller is limited in its physical
control capabilities among others by the muscle dynamics and neural transport resulting in a
delay. He found that a human controller can be described by the transfer function

Y c
e = Kp

(TLiω + 1)

(Tliω + 1)
e−iωτ , (4)

where TL is a lead time constant, Tl is a lag time constant, Kp is a static gain and τ is an
effective time delay. This in essence makes the human controller a lag–lead system with time
delay and limits the systems that a human operator can control.

Although the classical control method is very promising with respect to determining the
performed rider control in individual control loops, it is mathematically less suited for per-
forming or determining multi-loop control. As bicycles and motorcycles require multi-loop
control (stabilisation and path following), only a few authors have delved into this method.

Classical control methods where applied by van Lunteren et al. [61], Stassen and van
Lunteren [62,78] and van Lunteren and Stassen [79–81], in the early 1970s in a study on
the differences in rider control under specific circumstances (effect of drugs, alcohol, etc.
on rider control). For the rider model, they assumed position control and carried out system
identification experiments on a bicycle simulator that had been developed by themselves. The
simulator was a device that could roll, steer and pedal, and initially it had no visual feedback.
With the simulator, they experimentally determined the rider control parameters that fitted their
position (angle) control rider model. Unfortunately, they only simulated and measured at one
fixed forward speed, namely 4.2 m/s. They measured the simulator’s roll angle, steer angle and
the rider’s lean angle. Stassen and van Lunteren concluded that the human stabilising control
can be described by a proportional and derivative (PD) controller with a time delay for which
the input is the frame roll angle and the outputs are the steer angle and upper-body lean angle.

The simulator was later extended with visual feedback with which they showed the rider’s
deviation from a pre-specified path. Further experiments then led Stassen and van Lunteren
to conclude that the tracking task does not significantly alter the controller parameter values
found for the stabilising task only.

Also, in the early 1970s, Roland and Lynch [48], Roland and Massing [63] and Roland [66]
developed a bicycle (including a tyre force model) and rider model to study the effect of design
parameters on bicycle stability and control where the end goal was to be able to perform simu-
lations of bicycle manoeuvres. They developed a rider model that incorporated a steer and lean
torque, delayed proportional and integral and derivative (PID) controller. It was implemented
as a simplification for a human lead–lag controller model based on the literature [82]. The
developed controller was not well documented, but it had both tracking and stabilising control
loops [48]. The rider lean torque and steer torque were the outputs for both the stabilising
and tracking controller. The stabilising controller inputs were the roll angle, roll rate and roll
acceleration. For tracking control, the vehicle path and heading error information were also
required. The tracking controller predicted the path based on the current state and comparing
this with the desired path and then generated an additional roll angle that was added to the
desired roll angle. Roland tuned the coefficients of the stabilising controller by investigating
the system’s response to driving straight ahead and applying a 20◦ command roll angle, thus
simulating driving straight ahead and going into a curve of constant radius. However, even for
the best controller he had an offset between the desired and obtained roll angle.

To our knowledge, Roland never used the rider model that he developed for comparing
real manoeuvres with simulations, but Rice [83] later used the controller for the simulation
of the same manoeuvre with a motorcycle and riders of different levels of experience. The
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1072 A.L. Schwab and J.P. Meijaard

Figure 5. Proposed bicycle rider model by Hess et al. [84] for a single-axis tracking task. Here, M and Ṁ are
the bicycle output and output rate response for the variable being controlled, and C is the desired value of M. Gnm
represents the rider neuromuscular dynamics (highly simplified). The gains Kp and Kr are chosen such that a specific
bandwidth (Kp) and a specific level of damping at an oscillatory mode (Kr) are achieved.

model, however, did not compare well with experiments, except in the transient stage of the
manoeuvre.

Finally, in a recent theoretical study to introduce a task-independent handling-quality metric
(HQM) to bicycle control, Hess et al. [84] directly applied a HQM from aircraft handling
studies using the classical control method to bicycling, see the model in Figure 5. They
propose that handling qualities of bicycles can be reflected in the maximum magnitude of the
transfer function between the inner-loop rate feedback of a variable (UM) and the command
input (C). To remove the effects of control sensitivity, they normalise the equation with the
magnitude of state feedback gain Kp.

HQM =
∣∣∣∣UM

C
(iω)

∣∣∣∣ 1

|Kp|
[

1

s

]
. (5)

Hess et al. directly import highly skilled and trained pilot properties from aircraft handling
research into the cycling situation including pilot gains and time delays. In this study, different
bicycle models were evaluated on handling for a double-lane change manoeuvre but no signif-
icant differences were found among them. It is unclear if such a direct implementation of the
pilot is possible in the cycling situation as there are definitely differences between the tasks
of a bicycle rider and those of an aircraft pilot. Certainly, turning the handlebar is different
from controlling the (joy)stick. However, the methodology is encouraging and hopefully will
be validated experimentally in the near future.

3.2.2. Optimal control

Optimal control deals with finding a control law for the system such that it optimally fulfils
certain criteria. The control law minimises a cost function, which is a function of the state and
the control inputs. The optimal control concept is capable of treating multi-variable systems
within a single conceptual framework using state-space techniques [85]. A drawback of these
optimal control methods is the weighting aspects for the desired input and output signals in
the formulation of the cost function, and therefore the objective optimal control method can
have a subjective nature if the cost function cannot be defined on the basis of objective criteria.

Kleinman et al. [86] and Baron et al. [87] were the first to fully develop the idea of optimal
control for describing human (manual) control back in 1970. They hypothesise that the human
operator works in an optimal manner when carrying out a compensatory control task, but that
the actions of the human are bound by human limitations such as time delay and neuromuscular
lag. They derived linear feedback for MIMO human operator models based on the gains
calculated from minimising the cost function and comparing these with actual measured tasks
performed by aircraft pilots.

Interestingly, the skateboard model by Hubbard [88] shows dynamics that is similar to that
of the bicycle, with a coupling between the lean and the steer and a dynamically unstable
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Vehicle System Dynamics 1073

speed range. Hubbard [89] applied full state feedback linear quadratic regulator (LQR) to
the stabilising and tracking control of the skateboard. The human control of the skateboard
is modelled by body lean relative to the skateboard. No human limitations are set and the
dynamics of the skateboard itself are neglected. The roll angle of the skateboard is taken as the
control input. The analytically derived results were compared with some experiments, which
shows qualitative agreement in the time series. Future plans are to apply system identification
techniques in order to determine the feedback gains.

Only a few optimal control investigations for bicycles have been performed. Schwab et al.
[90] used a similar LQR controller as Hubbard [89] with full state feedback, which was imple-
mented in two different models to investigate the effect of a leaned upper body on the control
required to stabilise a bicycle. In the first model, they investigated a rider rigidly attached to
the frame of the bicycle and they showed that the system can be easily stabilised through steer
torque control, but that at low speeds, the roll feedback gains become unrealistically large. In
the second model, the rider was modelled with a leaning upper-body as an inverted pendu-
lum. They found that adding a pivoted upper body does not greatly affect the eigenvalues or
eigenmodes for the uncontrolled system. However, at low speeds, the upper-body lean requires
large upper-body lean feedback gains and, similar to the rigid rider case, large roll feedback
gains are required for the steer torque. Unlike the rigid rider case, they found that at high
speeds significant steer and rider lean feedback gains are required for both the upper-body
lean control and the steer torque control. Furthermore, they found for the situation where the
stabilisation only takes place by the upper body (hands-off situation) that huge unrealistic
feedback gains on all states are required at low speeds, suggesting that lean is unlikely to be
used when steering is possible (hands-on situation).

Connors and Hubbard [91] investigated the effect of pedalling on the steering control torque
for a recumbent bicycle and modelled the rider’s control to balance the bicycle as LQR steer
torque optimal control. They found that for a recumbent bicycle, the oscillating legs can
drastically increase the roll angle sensitivity and the steer torque required to balance the
bicycle. Basing on their findings, they devise a gear-shifting strategy to lower the pedal cadence
frequency at higher speeds to reduce the control effort at high speeds (>15 m/s).

Sharp theoretically investigated LQR optimal control tracking, with preview, for bicy-
cles [8,92]. This study was based on his motorcycle research [93,94], but now implemented
on the benchmark bicycle [7]. For the path following simulations, he looked at two dif-
ferent tests: a random road and a straight section into a circular path (90◦) followed by
another straight section. Different weighting factors for tracking errors against control power
were investigated. The feedback gains are clearly speed dependent but again become unre-
alistically high with reduced speed. Sharp concludes that the necessary preview time, as
opposed to the motorcycle case, depends very little on speed. Therefore, for bicycles the
preview distance is roughly proportional to the speed. Furthermore, he concludes that
tight (precise) control requires about 2.5 seconds of preview independent of the forward
speed.

Finally, we mention the mixed H2/H∞ controller design for the stabilisation of a bicycle
robot using gyroscopic precession by Thanh and Parnichkun [95]. They chose to apply the
control method to a flywheel to ensure that the bicycle can balance at all speeds including zero
speed. The decision to apply an H2/H∞ controller was motivated by the good robustness of
the optimal controller for systems with uncertainties and not intended to mimic a rider in any
way. However, optimisation of such a controller ends up as a complex non-convex problem
and for this reason, they apply a particle swarm optimisation algorithm as it enables fast and
structured optimisation routes. The control was implemented on a real bicycle and the system
was shown to be stable when the bicycle was both stationary and moving slowly in forward
and backward directions.
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1074 A.L. Schwab and J.P. Meijaard

3.2.3. Other control

A variety of different control methods have been proposed by authors to model riders. These
are discussed below.

Intermittent control: Doyle [67] used bicycle stabilisation observations to develop a sta-
bilising bicycle rider model with intermittent control (as discussed here in Section 3.1). He
developed classical controllers for the dynamic model of the bicycle and applied numerical
integration to get solutions in time. He found that a stabilisation of the bicycle that worked in
a similar manner to that observed with real riders can be achieved by steer torque control with
continuous feedback of the roll rate and roll acceleration, in combination with intermittent
roll angle feedback. The intermittent feedback takes place in the form of a pulse torque that
is triggered when the roll angle exceeds a certain threshold value, which he finds to be 1.6◦ in
his observations.

Intuitive control: An intuitive bicycle controller was developed by Schwab et al. [90] for
balancing a bicycle using the principle of ‘steer into the undesired fall’. They investigated
two situations: in the first, the rider is rigidly attached to the rear frame and in the second,
the rider has a movable upper body modelled as an inverted pendulum connected to the frame
with a passive torsional spring. In both cases, they applied a simple steer torque control law:
at low speed, they applied proportional feedback of the roll rate with the gain increasing with
decreasing speed and above the stable speed range proportional feedback of the roll angle with
the gain increasing with the speed. For both situations, they showed by an eigenvalue analysis
that the system can have marginal stability for almost the complete forward velocity range.
Furthermore, they found that the controllers in both situations require far more realistic steer
torque feedback gains than the values found with an LQR optimal control technique for the
same models.

Fuzzy logic: Chen and Dao [96–98] developed a number of steer torque controllers based
on fuzzy logic of increasing complexity for a bicycle. First, they developed a PID steer torque
controller for stabilising the bicycle where the PID gains are set but the control values are
determined via the fuzzy logic controller placed in series. Then, they investigated roll angle
tracking by introducing a second fuzzy logic controller placed in parallel to the stabilising
fuzzy logic controller. Finally, in [98], they optimised the fuzzy logic controllers using a
genetic algorithm. They proposed a strategy to optimise the fuzzy logic controllers by keeping
the rule table fixed but tuning their membership functions and by introducing scaling factors
and deforming coefficients. In this way, the number of parameters to be trained can be reduced
to speed up the learning process. They verified their control schemes with simulations and
found good correspondence.

Neural network: Cook [99] devised a neural network controller with only two neurons as
an example of a simple human bicycle tracking controller. The first neuron is a proportional
controller on the heading with a threshold function. It outputs a desired roll angle, which is
an input for the second neuron which in turn outputs a steer torque based on PD control. The
desired heading is set using way points enabling the bicycle to perform complex tracking
tasks. He finds that the controller is relatively robust as gain values weakly depend on speed
and do not have to be perfectly adjusted to the specific bicycle. The controller works at a range
of velocities but it fails at low speed.

Inverse dynamics: Controllers with a state observer can be used to predict the future motion
of the vehicle based on the current state and inputs. Inverse dynamics is used to determine the
forces required to pursue a desired course based on the current state. Getz [100] developed
an inverse dynamics method he calls dynamic inversion which he applies to bicycle control
[101,102]. The controller determines, on the basis of the desired path or roll angle of the
bicycle as a function of time, the forces that have to be applied to the steering system as a
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Vehicle System Dynamics 1075

function of time. Getz illustrated the potential of his controller on an oversimplified bicycle
model in a number of exemplary paths such as a straight path at constant speed, a sinusoidal
path, a circular path at constant speed and a figure-eight trajectory. Each example starts with
an offset from the track and all show countersteering effects. Such an inverse dynamic method
is certainly of interest for determining the performed control by a rider based on a traversed
path, but it is probably less suited for determining the control a rider will perform based on a
current state and some roughly described desired path.

Forward dynamics: In forward dynamics, the motion of the system is determined from the
applied forces and the equations of motion, which then include the controller. Von Wissel
and Nikoukhah [103] applied forward dynamics to investigate the control of a bicycle with a
multiple-stage obstacle-avoiding optimisation method. They find trajectories for a bicycle in
a complex environment consisting of a grid with ordinary cells, forbidden cells and end cells.
The bicycle has a constant forward speed and a number of discrete steer torque manoeuvres
can be applied. The selection of the manoeuvres uses multiple stages. Therefore, a large tree
of path possibilities evolves. The manoeuvres that make the bicycle unstable are discarded
first; after this, manoeuvres that cause the bicycle to come into forbidden cells are discarded.
Finally, all but the trajectories that penetrate in the end cells with the lowest value of the cost
function are discarded. The method uses a moving window method for the path tracking to
reduce the computational power required by moving the end cell(s) through the complex space.
This speeds up the computing as branches can be deleted along the way and then the simulation
can be restarted. They give interesting examples implementing the method and showing how
an optimal path changes with the movement of the end cells. In the given example the method
is applied at a high (stable) forward speed of 8 m/s removing the need for a lateral feedback
controller. While it is not clear if the method is directly applicable to a human rider as a rider
most likely does not compute all possible paths when determining which route to take, it does
give interesting insight into possible route choices and is certainly interesting for automatic
vehicles.

A similar approach was used by Cook [99] for determining the stabilising path of a bicycle.
He did this for an unstable forward speed, beneath the weave speed. At each time step, the
effect on the trajectory of a handlebar push to the left, right or no push is calculated. The
process is repeated at each time step for each path. Each path is evaluated until the bicycle
has fallen over and that path ends. This leads too to a large tree of possible paths. The control
applied in the example that Cook gives, however, was unable to stabilise the bicycle over a
long distance.

3.3. Experimental validation

Very little experimental validation of rider models has been done in bicycling: most of the
rider model identification in single-track vehicles has been devoted to motorcycles [6]. While
many have developed rider models for bicycling, only a few authors have gone to the expense
of actually validating them. Stassen and van Lunteren [62,78] were the first to carry out
many experiments with riders (on a bicycle simulator), but they never explicitly validated
their models. However, as they used the experiments to identify the model parameters, they
thereby implicitly validated them. Nevertheless, a number of authors including Eaton [104],
Roland and Lynch [48] and Koenen et al. [105] were critical of the work. In particular, the
used simulator and the steer angle control as opposed to steer torque control were doubted. In
[104], Eaton writes

While the research represents a pioneering effort in obtaining transfer functions experimentally (with a bicycle
simulator), it should be pointed out that van Lunteren’s major interest was the performance of the human operator
under various conditions (drugs etc.) and not the dynamics of the bicycle. Thus, the accuracy of the simulator
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1076 A.L. Schwab and J.P. Meijaard

dynamics with respect to real bicycles and the validity of the assumption of steering angle control (rather than
steering torque) are questionable.

Stassen and van Lunteren deemed the simulator sufficient for the intended purpose but the
fact that riders had to learn to ride the bicycle simulator is an indication that the control of the
simulator was probably not the same as on a real bicycle. Furthermore, recently de Lange [106]
discovered some sign errors in the models of Stassen and van Lunteren, and he discovered
that the complete model of the bicycle with the identified rider model is unstable, even after
having corrected sign errors in the equations.

Doyle [67] too developed bicycle rider models based on experiments. However, his experi-
ments did take place on real bicycles. He compared the state time-series results of a number of
control models with measured data and found that it is insufficient to use an average or filtered
roll velocity as a feedback signal: the actual roll velocity has to be fed back. Furthermore, he
found that continuous feedback of the roll angle gives very different simulations from what
is seen in real life; instead, intermittent torque pulses are required to stabilise the bicycle. He
observed that impulsive control is applied when the roll angle exceeds the threshold of 1.6◦.
Doyle also found that

if an attempt is made to control the system by responding to absolute angle without any velocity feed-back then
after one or two reversals the velocity reaches such a high value that excessive lean angles are generated before
control takes effect.

This was also found by de Lange [106], who made a simple desktop computer-game-style
bicycle simulator. The game player had a gamepad to apply steer torque and pedalling force.
He based the dynamics of the bicycle on the benchmarked linearised equations of motion from
[7] and for the visual feedback showed a first or third person’s view of the bicycle moving
on a flat surface. He found that it was impossible to stabilise the bicycle except by applying
impulsive steer torque inputs triggered by an extra roll rate indicator on the screen.

Roland and Lynch [48], Roland and Massing [63] and Roland [66] developed a rider control
model that actively controls the upper body in a closed-loop manner in which the rider model
feeds steering torque and lean torque inputs to the vehicle dynamics model in response to
vehicle roll motion information (for stability) and to vehicle path and heading error information
(for guidance). Roland, however, did not use the algorithm, but instead he used a very simple
guidance control algorithm for a slalom manoeuvre: the sign of the command roll angle (set
at 20◦) is opposite to the sign of the current steer angle. This gave very similar qualitative
results between model and experiment. However, it is unclear if this was a ‘lucky shot’ that
the actual slalom manoeuvre looks similar, or if this really is a good model for the control
carried out by a rider.

Recently, Moore [59] and colleagues at the University of California at Davis performed
an extensive experimental validation of the rider control model as described by Hess et al.
[84]. They built an instrumented bicycle and they identified the rider control model in a large
number of experiments with various riders riding on a narrow treadmill and riding in a large
sports hall. The tasks were either balancing or balancing and tracking. They found that the
fundamental, remnant-free, control response of the rider under lateral perturbations can be
described reasonably well by the simple five gain sequential loop closure and an eighth-order
closed-loop system. No time delays are needed and the continuous formulation is adequate
for good prediction. Moreover, the identified gains seem to exhibit linear trends with respect
to speed as predicted by theory and the identified neuromuscular frequency seems to be
constant with a median around the theoretical prediction of 30 rad/s. The identified parameters
show resemblance to the patterns in the theoretical loop closure techniques, especially in
that the riders select their gains such that the closed roll rate loop exhibits a 10 dB peak
around 10–11 rad/s and that the riders cross over the outer three loops in the predicted order.
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Vehicle System Dynamics 1077

Unfortunately, they combined all measured data in the identification process, which makes it
impossible to discriminate between riders and between tasks. In a separate set of experiments,
they tried to identify the Carvallo–Whipple bicycle model. The coefficient in the linearised
equation for the roll motion agreed well with the model but for the coefficients in the steer
equation they could not find a good agreement. The authors attribute this to poor understanding
of the interaction of the tyre and the ground and the rider’s complicated coupling to the bicycle
frames in which the rider is free to use more than one actuation for control.

3.3.1. Rider robots

A substantial amount of work has been devoted to building and testing autonomous bicycles,
i.e. bicycles controlled by rider robots. In general, four main methods have been used to
stabilise and control the bicycle: steer control; a moving mass; a gyroscope; and a combination
of these first three methods.

Steer control: Stable control of single-track vehicles has been achieved using either steer
torque or steer angle control for both bicycles and motorcycles. However, the vehicle states
that were used in the feedback loop and the speed-dependent feedback gains were different for
the different approaches. The first to develop a robotic motorcycle using only steer actuation
were Ruijs and Pacejka [107], who used steer torque control based on Sharp’s [28] motorcycle
model with a tyre force model and leaning rider, but they did not include a leaning rider in
their hardware. Others that have used steer torque control for robotic single-track machines
include Saguchi et al. [108,109], who based their bicycle rider robot on a Getz style bicycle
model [100] with added tyre slip force model. Bicycle robots of Michini and Torrez [110]
and Andreo et al. [111,112] were based on the benchmark bicycle model [7]. Out of these
robots, only Saguchi et al. investigated tracking control for straight-ahead running and constant
curve motion, while the other three only investigated stabilisation control. Ruijs and Pacejka,
however, were able to set the roll angle by a remote link and thereby to make the motorcycle
follow a path.

While at least three of the four used velocity-dependent feedback gains (it is unclear if
Michini and Torrez calculated feedback gains for multiple speeds or used the same feedback
gains for the two speeds that they tested at), each used a different combination of a set of
feedback signals and control strategy. Ruijs and Pacejka used pole placement for proportional
control on the roll angle, roll rate and steer rate. Similarly, Michini and Torrez used proportional
control, but they only used the roll angle and roll rate and it is unclear if they used pole
placement in determining the gains or some other method. Andreo et al. used linear parameter
varying (LPV) state feedback control for which they measured the forward speed, roll rate
and steer angle and calculated the roll angle through integration. Saguchi et al. implemented
roll angle tracking by optimal control on the difference between the desired and the actual roll
angle, and implemented stabilising control, using proportional feedback of the roll angle and
rate, steer angle and rate, yaw angle (ω) and slip angle (β), where ω and β are estimated by a
Kalman filter.

Despite these major differences, all four projects achieved very encouraging results. Ruijs
and Pacejka’s motorcycle robot was shown theoretically to be stable between 5 and 60 m/s and
experimental tests proved that motorcycle was in fact stable from 2.8 m/s up to at least 30.6 m/s.
The robotic bicycle by Michini and Torrez was shown to stabilise the uncontrolled motion
at both an unstable speed (Re(λweave) > 0) and a neutrally stable speed ((Re(λweave) = 0)
despite the fact that they calculated their feedback gains using bicycle parameter values from
Kooijman et al. [46], a totally different bicycle with a much lower mass. With their LPV
controller Andreo et al. showed that their bicycle was able to stabilise at low speeds (from
1.7 down to 1.0 m/s) and to balance despite an external impulsive roll torque disturbance
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1078 A.L. Schwab and J.P. Meijaard

(for speeds from 2.1 to 1.7 m/s). Saguchi et al. demonstrated stable behaviour for a vertical
roll angle target and for a 10◦ roll angle target (steady cornering) at around 2.5 m/s. They
also compared experimental results with simulations for straight-ahead running with a lateral
impulse on the rear frame and found very good agreement.

Two projects have successfully implemented steer angle (position) control for a bicycle:
Tanaka and Murakami [113,114] and Yamaguchi [115]. Tanaka and Murakami [113,114]
based the control of their robotic bicycle on the dynamics of a theoretical point mass model
of a bicycle (Getz-like [100]) with no steering dynamics. They too implemented separate
controllers for stabilising and tracking in series. The stabilising controller consisted of a PD
controller (again roll angle and rate). Two path tracking controllers were implemented. First,
a lateral velocity controller was tried, based on proportional control with respect to the (set)
lateral velocity, which they found to destabilise the posture control as a result of unmodelled
dynamics in the system. Second, they implemented a more robust proportional controller using
the desired rate of change of path curvature per path length as the control variable. This tracking
controller in combination with the stabilising controller was found to be stable. Yamaguchi
[115] recently applied ‘steer into the lean’ control to stabilise a scaled-down bicycle by a
biped robot that can pedal and steer. The biped robot uses PID control of the roll rate signal
from a gyroscope in the robot and uses servos to actuate the joints in the legs and arms. The
bicycle is stabilised by the robot, but the general heading is remotely controlled by a human.
No information is available in the open literature about this bicycling biped robot as yet and
thus it is unclear if it really uses steer angle control.

Moving mass Control: Theoretical results indicate that stabilisation and tracking using only
lean torque, by an inverted pendulum or laterally moving mass, is far more difficult than
through steer control as far larger gains in the feedback are required. Only two projects have
attempted to stabilise a bicycle using lean torque control. The first was van Zytveld [116] in
the mid 1970s, who applied lean torque control to an inverted pendulum placed on a bicycle
powered by a petrol engine. The project failed to stabilise the bicycle owing to the neglected
geared inertia of the used electric motor.

The second, larger project which is still ongoing, by Yamakita and Utano [117], Yamakita
et al. [118], Murayama and Yamakita [119], Yamakita and Lychek [120] and Lychek et al.
[121], has taken advantage of the modern, better controllable, electric bicycle as the platform on
which they have applied their pendulum control. They are particularly interested in stabilisation
at extremely low speed and the possibility of a stable adjustment of the vehicle’s vertical
orientation, which is not possible with a gyroscope, and to track a desired vehicle orientation
path in time, called posture tracking. Therefore, they model the bicycle as a double inverted
pendulum, with a roll and a lean angle and no steering, to carry out stabilisation control at
stationary and very low speed (<2 m/s). While the balancing of a bicycle by an inverted
pendulum model is interesting, it only works at low speed. The faster the vehicle moves the
less it looks like a double pendulum due to its ability to steer.

Yamakita et al. independently implemented two separate controllers: a non-linear controller
for the stabilisation and a linearised input–output controller for posture tracking. They noted
that as the two controllers were developed independently and used the same dynamical system
they will cause some oscillations and offset to the balance control. Therefore, a shift on the
lean angle and rate set point for the balance algorithm should be applied. Interestingly though,
they do not need to perform this offset in either their simulations or experiments as the bicycle
performs well enough without it. They carried out simulations to show that the bicycle is
indeed stable and can track an orientation. The experimental machine confirmed this, but they
had to use a modified control algorithm by adding an H∞ controller in the feedback loop for
robustness as the theoretical controller did not perform well on the experimental machine.
The robustness of the controller was demonstrated by using the same controller in stationary
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Vehicle System Dynamics 1079

and low-speed trials [118,119]. But as yet no successful stabilisation and tracking control
has been implemented at a wide range of speeds by moving mass control. In later studies,
Yamakita et al. theoretically implemented trajectory tracking [120] using steer torque control
and recently they adapted the moving mass controller and apparatus such that it can also be
configured to act as a gyroscope [121].

Control with a gyroscope: Single-track vehicles with some form of gyroscope control
applied to them have been successfully implemented by a number of authors including
[95,122,123]. Either the gyroscopic precession or the adjustment of the gyro speed supplies
the required torque to keep the bicycle upright. The use of fast spinning gyros is mainly cred-
ited by the authors to the extreme level of continuous stability that this method can produce
when compared with steer control and moving mass control for stationary and slowly moving
vehicle. The speed range that the authors generally investigate and apply control to is there-
fore also generally stationary and at low speed (<1 m/s). Different types of controllers for
controlling the required gyroscopic precession have been implemented such as the ones based
on root locus [123] and H2/H∞ control [95]. Active stabilisation by the adjustment of the gyro
speed has been implemented by Murata [122], who made a robot riding a miniaturised bicycle
using a gyroscope inside the robot’s torso. The bicycle itself is not controlled, but the robot
measures its orientation and calculates its centre of gravity and accelerates the gyroscope such
that the centre of gravity comes over the wheel contact line. The resulting bicycle motion is
very unnatural as can be expected from such a stabilised system as the rider has to remain in
an upright position at all times to prevent the gyro from reaching its ‘top’ speed and therefore
no longer being able to provide the required stabilising torque. Although both precession and
spin rate actively controlled gyroscopes have been shown to work, neither though seems to be
an ideal candidate for automatic control due to the required power.

Strictly speaking, the passive implementation of a gyroscope to slow down the dynamics of
the vehicle is not control in a strict sense; however, it can be used in combination with other
forms of control such as steer control. This is the core of the Gyrobike [124] product, where a
fast rotating gyroscope inside the bicycle front wheel is used to reduce the level of instability
of children’s bicycles enabling the child to learn to cycle without the bicycle falling over
as quickly as would happen without the gyroscope. By changing the gyroscope’s rotational
speed, the level of stability is adjusted. The added value of such a stability enhancement tool
is questionable though. The gyroscope changes the dynamics of the bicycle significantly, so
the user still has to get used to a normal bicycle without a gyroscopic front wheel.

Multiple control methods: In multiple control methods, both steer and lean are used for
the stabilisation and tracking. Nagai [125] and Iuchi et al. [126] both applied lean torque
(position) control through the use of an inverted pendulum. In the experiments, Nagai placed
the bicycle on a treadmill and Iuchi on rollers, so the extent to which ‘tracking’was taking place
is debatable. However, both did carry out stabilisation experiments, while Iuchi’s tracking task
was simply to keep the bicycle on the rollers, and Nagai performed lane change manoeuvres.
To investigate the required control for stabilising and tracking both Nagai and Iuchi developed
simplified linearised equations of motion for a bicycle with a leaning upper body. Nagai used
a point mass bicycle (massless front frame and wheels) while Iuchi used a very simple double-
pendulum model. For the control, Nagai used the lateral deviation from a preview point (as a
function of steering angle) and the roll angle as control variables and Iuchi used the roll angle
and roll rate of the bicycle as the reference inputs. Nagai found good agreement with his models
except for the situation in which only leaning for tracking control was used. This difference
between the simulation and experiments he contributed to backlash and large time delays in
the experimental system. Basing on his lane change experiments, Nagai concluded the moving
mass reduces the time required to carry out a lane change manoeuvre, but it also increases the
size of the steer and roll angle response. Iuchi had to implement completely different control
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1080 A.L. Schwab and J.P. Meijaard

gains on the experimental bicycle compared with the model, in order to stabilise the bicycle,
and even then he was not able to keep the bicycle on the rollers for long periods of time. This
led him to conclude that the used bicycle model does not consider the physics sufficiently.
From the above, it appears that it is essential to use a model that describes the motion of the
vehicle sufficiently. Even with a relatively simple model (Nagai) good results can be achieved
with a very simple controller for both stabilisation and tracking. On the other hand, when the
model is probably not sufficient (Iuchi) far more advanced control models are required and
still the results can be mediocre.

3.4. Handling qualities

The handling qualities of a vehicle are related to its stability and control characteristics. A
vehicle’s manoeuvrability is related to its ability to perform a specific (set of) manoeuvre(s).

The aircraft industry obviously had most to gain from research on handling qualities. Each
airplane has to be controlled precisely in order to be able to land safely, fighter aircraft have
to be highly manoeuvrable to avoid being shot down, yet still have to be controllable for the
pilot, and many early aircraft suffered from pilot induced oscillations during flight. Thus, it
is not surprising that this is also where most of the insight into handling qualities initially
was developed. Cooper and Harper [127] were the first to precisely define what they mean
by handling qualities of aircraft, namely: ‘Those qualities or characteristics of an aircraft that
govern the ease and precision with which a pilot is able to perform the tasks required in
support of an aircraft role’. Here, they defined ‘task’ as ‘the actual work assigned to a pilot to
be performed in completion of or as representative of a designated flight segment’ and ‘role’
as ‘the function or purpose that defines the primary use of an aircraft’.

Cooper and Harper stated that both physical and mental workload need to be taken into
account when rating a handling quality. They argued that a pilot can perform specific manoeu-
vres just as well in very differently behaving aircraft and that the measurable physical workload
can be identical but that the mental workload can be very different. They, therefore, developed
a 10-scale pilot rating system (shown in Figure 6) for determining aircraft handling qualities
which became the norm for the industry and beyond. This rating system takes the mental
workload into account.

Correlations have been found indicating that handling qualities can be linked directly to
control effort. McRuer and Jex [128] and Hess [129] found that the pilot’s perception of
the task difficulty and therefore of vehicle handling qualities are highly correlated with the
‘power’ of the pilot’s output-rate feedback signal. They, therefore, only looked at the physical
workload and used it to define the handling qualities. This changes handling qualities to a
control feedback problem. They found that the complete closed-loop system tends to act as a
first-order system (20 dB per decade drop-off in a Bode plot) around the cross-over frequency
and where the desired bandwidth is achieved by the pilot’s control effort.

The most significant difference between an aircraft and a bicycle, with regard to designing
for handling qualities and control strategies, is their ratio of pilot/rider to vehicle mass. The
mass of a bicycle rider is usually around 80% of the total mass. On the other hand, for a
fighter aircraft the pilot mass is typically less than 1% of the maximum take-off weight. The
position, orientation and exact mass of a rider on a bicycle or motorcycle have a far greater
influence on the open-loop dynamics of the system than they do in an aircraft. Furthermore,
any motions executed by an aircraft pilot that do not disturb the control stick or rudder pedals
will have little to no effect on the aircraft’s trajectory, while for a bicycle or motorcycle the
body motions that do not directly disturb the handlebar can still cause a trajectory change of
the vehicle as a result of the lean to steer coupling and relatively large mass of the rider.
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Yes
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warrant
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Deficiencies
require
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Is 
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Pilot decisions
Definition of required operation involves designation of flight phase and/or subphases 
with accompanying conditions.

* *

*

Figure 6. The Cooper–Harper handling qualities rating scale, from [127].

Bicycle designers can only develop the machine part of the complete man–machine system.
They design their machines generally for the following roles:

(i) accident avoidance manoeuvres: safety aspects; and
(ii) normal riding: the safe use in and among traffic while obeying the traffic rules.

The first role is more a ‘segment’ of the ‘designated flight plan’ for which the designers would
want to achieve maximum performance in all circumstances and this has (logically) received
most of the attention. The last two roles generally lead to very differently looking vehicles,
largely as a result of ergonomic and aerodynamic aspects. The next sections discuss these
three roles in order.

3.4.1. Handling qualities for accident avoidance: safety

Most safety related handling quality work has been done experimentally where the complete
system, bicycle and rider, was tested as a whole. No standard tests were used, which made
direct quantitative comparisons between experiments impossible. The various tests are shown
in Table 1. The ‘tasks’ that have to be performed for safety are often categorised under the
general terms ‘manoeuvrability’ and ‘stability’. None of the studies actually defined what
they exactly meant by these general terms; however, the general gist can be extracted from the
experiments they carried out. A number of studies were carried out to investigate the effect
of different parameters on the ‘stability’ and ‘manoeuvrability’ of bicycles. Rice, Roland
and Lynch [48,134] first investigated the lateral stability and control of two types of bicycle
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1082 A.L. Schwab and J.P. Meijaard

Table 1. Bicycle manoeuvrability and stability experiments and how the performance is rated.

Term Authors Experiment Performance measure

‘Manoeuvrability’ Mortimer et al. [130] Slalom at 5, 8, 10 and 12 mph
and maximum speed

Crossing boundary and
cones, maximum speed

Arnberg and Tyden [131] Block slalom, block pairs,
1-handed curve, ‘relay’
riding and steady-state
circle

Time + interview

Godthelp and Buist [132] Complex slalom Time
Godthelp and Wouters [133]

‘Performance’ Rice and Roland [134] Slalom Minimum time
‘Control’ Roland and Lynch [48] Slalom Maximum speed

Mortimer et al. [130] Circle, figure-eight, lane
change

Time

10 mph, 90◦ corner Minimum radius
Arnberg and Tyden [131] Stationary balance, ride

between 2 narrow gates:
(a) constant speed,
(b) accelerate from rest

Time + interview

High speed ‘stability & Godthelp and Buist [132]
manoeuvrability’ Godthelp and Wouters [133] Straight + bend with either

left, right or both hands on
handlebar

Time

Medium/High speed
‘stability’

Mortimer et al. [130] Straight between two lines Boundary crossings

Arnberg and Tyden [131] Looking backwards over
shoulder for a number

Boundary crossing,
recalling number

Godthelp and Buist [132] Straight between two lines Relative time between
lines

Godthelp and Wouters [133]
Low speed ‘stability’ Rice and Roland [134] Hands free straight ahead Minimum speed

Roland and Lynch [48] Straight line hands on Minimum speed
Mortimer et al. [130] Straight between two lines Boundary crossings
Arnberg and Tyden [131] Straight between two lines Time + interview
Godthelp and Buist [132] Straight between two lines Relative time between

lines
Godthelp and Wouters [133]

that were popular in the late 1960s and early 1970s and then investigated the effect of nine
parameter changes on the same instrumented bicycle (load on the rear, the rider and the front,
increasing the mass moment of inertia of the front wheel and under-inflating the tyres) for
four experiments (straight line, obstacle avoidance and a narrow and wide slalom). They
concluded that the standard bicycle is the best and that load in the rear placed low is good for
‘manoeuvrability’ while load on the rear placed high is bad for ‘manoeuvrability’.

The effect of different style handlebars (high rise, standard and racing) on the ‘manoeu-
vrability’ of the bicycle was experimentally investigated by Mortimer et al. [130]. Riders
carried out seven experiments and rated each bicycle and each task on a five point scale. They
concluded that

. . . since the high rise handlebar configuration allowed good maneuvering performance it should be considered
an acceptable design. Standard handlebars offer a good compromise between the characteristics of the racing
and high rise types, and provided stable, low-speed tracking which is important for safe riding on streets in the
mix of other traffic.

Godthelp and Buist [132] and Godthelp and Wouters [133] developed a bicycle in which
they could change geometric parameters such as the wheelbase, trail and moments of inertia
of front frame and wheels, and carried out four experiments in each configuration (Table 1).
They also carried out these experiments with four different styles of bicycles and four different
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Vehicle System Dynamics 1083

styles of mopeds) and concluded that all bicycles had the same high-speed stability. For low-
speed stability and manoeuvrability they concluded that the rider position was dominant and
once again the racing bicycle and the high-rise handlebar bicycle were the worst.

The effect of different riding positions and bicycle styles on a child’s ability to control a
bicycle safely in traffic was investigated by Arnberg and Tyden [131]. They used the time to
complete an experiment as a performance measure in 10 tests to measure the ‘stability’ and
‘manoeuvrability’of six different bicycles when controlled by children for three styles (normal,
collapsible and rodeo) of bicycle with two types of handlebar (normal and high rise). They,
similar to Mortimer et al. [130], concluded that bicycles with extreme handlebars have a poorer
manoeuvrability performance than those with standard handlebars and that the race handlebar
makes the bicycle the least manoeuvrable while high-rise handlebars are all right. Also, sim-
ilarly to Roland and Lynch [48], they concluded that the rodeo style bicycles (centre of mass
high and to the rear) have the worst manoeuvrability performance out of the three tested models.

Similar safety experiments with young children were carried out by Wierda and Roos [135]
and Wierda and Wolf [136] to investigate ‘manoeuvrability’. However, they did not measure
the time the rider used to complete the experiments; instead, they only recorded the errors
made as they view ‘safety’completely from the traffic point of view: to safely ride on the roads,
the rider should be able to carry out the specified manoeuvre in a specific section of the road
as any deviations could result in contact with another road user. They conclude, interestingly
enough, that there are no major differences in ‘manoeuvrability’ between the different bicycle
styles for children.

3.4.2. Handling qualities for normal riding

Normal riding refers to the bulk of a vehicle’s usage on open roads and not under extreme
circumstances or at the performance limits.

Bicycle research on this role is surprisingly scarce. However, many have hypothesised that a
self-stable bicycle is preferred over an unstable one as the unstable bicycle requires active rider
control to be stabilised [9]. Herfkens [27] carried out bicycle model parameter investigations
in the late 1940s. He concluded that to increase the low-speed stability of a typical Dutch
bicycle the head angle should be increased, the trail decreased, the mass of the front frame
decreased and the mass of the front wheel increased.

Jones [68] in a quest to discover what makes a bicycle stable developed a number of what he
called ‘unridable bicycles’. He reasoned that a bicycle moving slowly is unstable and almost
unridable, i.e. the rider cannot keep the bicycle upright, but a bicycle moving at high speed
is stable and also easily ridable, and that the stability is therefore connected to a measure
for how ridable the bicycle is. To discover more about the stability of a moving bicycle he
made examples that should be unstable and therefore unridable. However, he found that the
destabilising effect of a counter-rotating gyroscope had very little effect on the rider’s ability
to stabilise the bicycle, while the inherent stability of the bicycle was affected dramatically. On
the other hand, he reasoned and experimentally found that by adjusting the bicycle’s trail he
could make a bicycle that was both unstable and unridable or uncontrollable for the rider. He
attributed this to the trail which has to remain positive and gravitational forces to be overcome
to return to the upright straight-ahead orientation. Jones’s theories on stability were shown to
be incomplete by Meijaard et al. [9].

An example of unintentional bad handling qualities is the Itera plastic bicycle from the early
1980s [137]. In an attempt to design and produce a conventional bicycle in fibre composite
plastics, the Sweden-based Itera company produced a bicycle which showed a substantially
different ‘feeling’. This was described as ‘Several riders have expressed the opinion that the
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1084 A.L. Schwab and J.P. Meijaard

flexibility of the Itera handlebar, although beneficial for the reason mentioned [shock absorp-
tion], does give them a sense of insecurity’. The design turned out to be a complete failure.

The book ‘Lords of the Chainring’ by Patterson [138] has been used by students in a
bicycle design class to develop out of the ordinary bicycles with good handling. The book
gives design guidelines based on aircraft handling quality analogies. It also discusses that the
steering stiffness is an essential design parameter for bicycles. Design guidelines are given
including equations, e.g. for the roll control authority which links the roll rate to the hand
movement. These equations only depend on geometrical parameters of the bicycle and not on
the masses and moments of inertia, making the validity doubtful. However, good results are
claimed to have been achieved with this method by Patterson and Leone [139].

3.5. Rider control discussion and conclusions

Models have shown that steering is the dominant control method involved in the stabilising task
for bicycles and experiments confirm this.A large number of rider models have been proposed,
but unfortunately only one bicycle rider model with force control has been experimentally
validated. As both position and force control have been shown to model rider control well, it
could be interesting to investigate if controlling for steering impedance is a better approach.

Experiments have shown that riders appear not to use their upper bodies for stabilisation
control when they have their hands on the handlebar. LQR optimal control and intuitive
control models have also shown that it is highly unlikely that upper body lean will be used
for stabilisation at low speed as the gains required are too large. Modelling a rider as rigidly
attached to the bicycle and only able to perform steer actions based on roll angle information
therefore appears to be a good option for a rider model for stabilising control.

Classical control multiple output models (steer and lean) have been developed for per-
forming tracking and stabilising tasks that compare well with actual rider data. The addition
of the tracking task does not significantly alter the roll to steer gains for classical control
models capable of stabilising by steering. Stabilisation and tracking have successfully been
implemented in parallel in machines that use steering and moving mass control. However,
for machines with only steering control (single output), tracking and stabilisation have been
successfully implemented in series. An open question is if tracking and stabilisation can be
implemented in a single controller.

With a rider model it has been shown that the required preview time in bicycling for tracking
capabilities is about 2.5 s, independent of the forward speed. Optimal control models have also
shown that for a bicycle the tracking performance improves with increased preview distance,
but that there is a limit after which the extra preview distance no longer adds to the performance,
as the corresponding optimal gains are almost zero. These theoretical results, however, have
not been experimentally validated. The preview time required to control a vehicle safely can
be of interest to traffic and road planners as it can have an effect on the design of intersections
and tight or blind corners.

Rider upper-body motions in general have been shown only to have a small influence on
the overall motion. Furthermore, it is hypothesised that upper-body motions are most likely
to be performed to control the orientation of the rider’s head for comfort reasons and not the
direct control of the vehicle. However, optimal control models have shown that upper-body
motion can contribute to manoeuvre performance, particularly for manoeuvres such as a lane
change.

Bicycle handling quality research has only been interested in safety, that is, accident
avoidance. However, no standard handling quality tests for bicycles have been developed.
There is, therefore, no way to compare quantitatively the results of different bicycle handling
experiments that have been carried out by the different authors.
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In the bicycle research performed, most authors do not accurately define what they mean
by the terms handling quality, stability or manoeuvrability, but from the experiments it can
be deduced that most mean the same. However, authors interested in normal riding generally
measure stability as the ability to remain upright, while authors working on bicycle safety have
an additional requirement that the bicycle continues in the same direction, which is defined as
directional stability.

For bicycle research, it is also essential to develop a standardised set of tests and handling
indices, in a manner similar to those that exist for motorcycles, such that bicycle handling
can be compared and quantified both experimentally and in simulations. Another advantage
of such a set of handling tests is that a set of handling qualities for normal riding can be
determined, such that the designers, who now apply a time-consuming trial and error method
to developing new bicycle concepts, can determine a priori what the handling qualities will be.

4. Conclusions

The history on the dynamics and control of bicycles reads like ‘Sleeping Beauty’, the classic
fairy tale. After the seminal work of Carvallo and Whipple around 1899, the topic lay more or
less dormant for 80 years. The revival, which started in the 1970s, resulted in extensions to the
original Carvallo–Whipple model and investigations into rider control. The extensions were
deemed necessary to explore beyond the linearised regime and explain unmodelled dynamic
behaviour like wobble and shimmy. It is somewhat surprising that experimental validation of
these bicycle models only started in the last decade. Nevertheless, the correctness of these
riderless or rigid-rider bicycle models seems to be established now, although some work in the
experimental determination of tyre parameters and the high-frequency wobble phenomenon
needs to be done. Less can be said about rider models.

In trying to address questions on handling and manoeuvrability, most authors have been
looking at self-stability of the bicycle, probably due to a lack of valid rider models. However, the
link between these two has never been shown. To address questions like, ‘what is good handling
and good manoeuvrability?’, validated models of the complete bicycle plus rider systems are
needed, together with proper definitions of handling and manoeuvrability. To date, there exists
a plethora of rider models of which unfortunately only one has been experimentally validated.
Therefore, extensive experimental validation of existing rider models is needed. With that in
hand, definitions on handling and manoeuvrability can be made and validated.

With a lot of clever tinkering bicycles evolved to a great design in about 1890. Perhaps,
now with careful experiments, and with the help of validated computer simulations, we
can move past that nineteenth century bicycle evolution to a twenty-first century bicycle
revolution.
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Note

1. This and many other interesting facts about Drais are discussed in Hans-Erhard Lessing’s [12] book.
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