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On the importance of haptic feedback in the balance task of bicycling
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Abstract
Since the birth of the safety bicycle in the 1890s, their dynamics and self-stability have been subjects
of numerous discussions and bodies of research. These issues can nowadays considered to be partly
resolved [1] for a wide range of applications. Still, the question remains on how the rider stabilizes the
lateral motions of the bicycle when it’s driven at low (unstable) forward speeds or how the rider follows
a desired path; e.g. the required control inputs and the rider learning process. These probably comprise
of haptic, vestibular and visual cues; here we will focus on the haptic cues and the task of stabilization.
Haptic systems in vehicle control are usually connected with two types of realities. One current applica-
tion of kinesthetic devices is focused on enabling the driver to feel feedback from the vehicle state when
steer-by-wire systems come into play. Steer-by-wire vehicles often need a resistance torque to prevent
excessive rotation of the steering wheel. This feedback torque is often defined by a simple relation, e.g.
a function of wheel angle, wheel torque, or vehicle state, and aims to assist the driver in achieving the
desired trajectory in real performance [2]. Similarly, haptics can also be used as a tool to improve first
stages of task learning through fading guidance towards a goal [3]. On the other hand, computer simu-
lations with virtual environments can be helpful in evaluating different strategies for steering control [4],
as a previous stage to its implementation, and in development of control systems aimed to improve riding
safety [5].

Figure 1: Experimental bicycle simulator setup with steering input device with haptic feedback and a
computer screen for visual feedback

In this work we address the need for haptic feedback in the balancing task of bicycling. For that we use
an experimental bicycle simulator setup which has been described in [6]. The system, which is shown
in Fig 1, consists of a stationary bicycle on which one can pedal and steer. The lateral dynamics of the
bicycle are governed by the linearized equations of motion for lean and steer [7] which are implemented
in the computer model. The steering assembly has torque feedback driven by the model; it is computed
using the measured handlebar state, steer angle and rate, and the estimated lean angle and rate. The steer
dynamics are governed by the real handlebar system. Visual feedback is given by means of a real time
animation on a computer screen, with either a first or third person view.
Stability of the haptic system for any kind of human contribution, e.g. tight grasp or sudden release, must
be guaranteed. In so doing, one can resort to place a “virtual coupling” between the haptic device and



the virtual environment that acts as a mechanical filter [8]. The bicycle haptic interface, as developed,
shows a impedance casuality, i.e., forces are transmitted to the rider, whereas the input of the virtual
environment is the handlebar state. Uncertainties in the measurement and sampling rate of steering angle
and its rate, as well as actuation rates of the haptic feedback motor and update rate of the visual display are
key factors in the haptic system. Low sampling and actuation rates may lead, depending on the physical
model utilized, to unrealistic feedback torque or excessive phase lag [9] resulting in poor simulation and
reproduction of a rider’s behavior in a real environment.
Previous work [10] has shown the states necessary for control of a bicycle, but not how a rider obtains
state information. While it has been determined that visual feedback is insufficient and handlebar feed-
back torque is necessary for stabilization of the bicycle [6], this work investigates the extent feedback
torque is used by the rider to maintain balance and how it is that a rider performs this task. We utilize
system identification techniques to isolate the proprioceptive feedback loop used to maintain balance and
determine how it varies with the bicycle steer dynamics in the unstable speed range. By minimizing the
usage of the vestibular and visual cues, and removing the maneuvering task, largely the system dynamics
are only available to the rider through the handlebar feedback torque.
The rider is instructed to maintain balance of the bicycle at a constant forward speed in the uncontrolled
unstable speed range. The lean angle and rate are presented to the rider via the computer display and
handlebar torque is generated by the computer model. A torque perturbation is applied to the handlebars
in addition to the computed handlebar torque from system dynamics. To obtain an accurate estimate of
the rider’s proprioceptive controller at a given speed, several periods of the rider response are recorded
and the experiment is repeated at various unstable speeds and with multiple subjects.

Acknowledgments
We gratefully acknowledge the European Commission for their support of the Marie Curie Initial Train-
ing Network (ITN) project Nr. 608092 “MOTORIST” (Motorcycle Rider Integrated Safety). Website
www.motorist-ptw.eu.

References
[1] J. D. G. Kooijman, J. P. Meijaard, Jim P. Papadopoulos, Andy Ruina, and A. L. Schwab. A bicycle can be

self-stable without gyroscopic or caster effects. Science, 332:339–342, April 15, 2011.

[2] R. Hayama, S. Kawahara, S. Nakano, and H. Kumamoto. Resistance torque control for steer-by-wire system
to improve human–machine interface. Vehicle System Dynamics, 48(9):1065–1075, 2010.

[3] L.M. Crespo and D.J. Reinkensmeyer. Haptic guidance can enhance motor learning of a steering task. Journal
of motor behavior, 40(6):545–557, 2008.

[4] Y. Marumo and M. Nagai. Steering control of motorcycles using steer-by-wire system. Vehicle System
Dynamics, 45(5):445–458, 2007.

[5] Y. Marumo and N. Katagiri. Control effects of steer-by-wire system for motorcycles on lane-keeping perfor-
mance. Vehicle System Dynamics, 49(8):1283–1298, 2011.

[6] A.L. Schwab and Antonio M. Recuero. Design and experimental validation of a haptic steering interface for
the control input of a bicycle simulator. In ECCOMAS Multibody Dynamics 2013, 1-4 July 2013, Zegreb,
Croatia., pages 103–110, 2013.

[7] J. P. Meijaard, Jim M. Papadopoulos, Andy Ruina, and A. L. Schwab. Linearized dynamics equations for the
balance and steer of a bicycle: a benchmark and review. Proceedings of the Royal Society A, 463:1955–1982,
2007.

[8] R.J. Adams and B. Hannaford. Stable haptic interaction with virtual environments. Robotics and Automation,
IEEE Transactions on, 15(3):465–474, 1999.

[9] D. Katzourakis, M. Gerard, E. Holweg, and R. Happee. Design issues for haptic steering force feedback
on an automotive simulator. In Haptic Audio visual Environments and Games, 2009. HAVE 2009. IEEE
International Workshop on, pages 1–6. IEEE, 2009.

[10] A. L. Schwab, P. D. L. de Lange, R. Happee, and Jason K. Moore. Rider control identification in bicycling,
parameter estimation of a linear model using lateral force perturbation tests,. In Proceedings of the IMSD2012
– The 2nd Joint International Conference on Multibody System Dynamics, May 29 – June 1, 2012 Stuttgart,
Germany., pages 1–16, 2012.


