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Abstract

Bicycle simulators (BS) are being used for a wide variety of applications. Their use
can be found in the fields of rehabilitation, sports, traffic safety research, and in the
study of bicycle dynamics. Each of these fields has different design requirements for
the simulators and their associated virtual environments. This paper provides an
overview of the different designs of BS and the use of these systems in their respective
fields. Additional attention is given to the use of BS in the field of traffic safety
research, where BS are being used to examine how people experience different
infrastructure layouts or how people react to specific traffic situations. Several
literature gaps are discussed, as well as some limitations of current designs. This paper
argues that more attention should be given to the behavioural validity of BS, since
behavioural responses are the primary outcome measure in most studies, and reports
on this subject are scarce. Furthermore, an improvement to current designs is proposed
by including a balance component to the control of the BS, as it is necessary for the
control of a regular bicycle but lacking in current BS systems.

Introduction

Despite a growing interest in cyclist’s safety and improvements in bicycle
infrastructure, the number of bicycle crashes has increased over the last 10 years in
the Netherlands and several other countries in Europe (Adminaité-Fodor et al., 2020).
This in contrast with motorized vehicle safety, where the number of fatalities
continues to decline. A significant factor to consider in relation to this contrarian
trends is that the current data on bicycle accidents predominantly relies on information
sourced from police- and hospital records (de Guerre et al., 2020). This is an important
limitation, as these describe the statistics on frequency and severity of bicycle crashes
and give insight in the demographics of the parties involved, but they rarely describe
the behaviour of road users in the situations leading up to the incident.

In contrast to this, in surveys and self-reports, cyclists often acknowledge the role of
their behaviour, or the behaviour of others, in the crash. Most bicycle accidents are
single sided crashes, i.e. crashes that are not with another road user (Krul et al., 2022).
In these accidents people fall due to a loss of balance, slipping or losing control of the
bicycle (Boele-Vos et al., 2017). Adverse environmental conditions (e.g. strong
winds, bad road conditions, or obstacles on the road) are not the sole reason for these
problems, since the behaviour of cyclists plays a major role in crashes (Utriainen et
al., 2023). Knowledge on which behaviours precede loss of bicycle control and
balance is necessary to create safer cycling infrastructure and can be helpful for
designing programmes for fall prevention of vulnerable cyclists.
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On-road studies, where participants interact with traffic, give the most realistic
description of a cyclist’s behaviour. There are however serious ethical concerns for
testing behaviour in field experiments, especially since testing critical situations
brings an obvious risk of injury to the participants. Furthermore, finding generalizable
results in this type of study is more difficult because of the lack of control over
situations on the road. A method where participants can cycle in a safe and controlled
environment would accommodate these concerns.

One approach would be the use of a bicycle simulator. A bicycle simulator uses a
virtual environment, where the user can navigate through in a similar way as if they
were riding a real bicycle. This means that they can change velocity by pedalling and
braking, and change direction by steering with a handlebar configuration. A simulator
that is sufficiently realistic should lead to similar cycling behaviour as in real-world
cycling. This use of virtual environments has been a valuable tool for behavioural
studies with motorized vehicles (Bruck et a., 2021) and is becoming increasingly
popular in bicycle research as well. Yet, despite this popularity, little is known about
what is necessary for a bicycle simulator to provide sufficiently realistic behavioural
responses. The aim of this paper is therefore to give an overview of bicycle simulators
that are currently in use, and to discuss how bicycle simulators have been used in
traffic safety research. Based on this information, directions for future research into
(development of) bicycle simulators are provided.

Bicycle simulator types

Four categories of bicycle simulators can be identified in the literature: sport-specific
simulators, simulators for traffic safety research, simulators for rehabilitation, and
simulators with advanced bicycle dynamics. Regardless of category, bicycle
simulators consist of three components: a virtual reality environment (VRE), a bicycle
control unit, and peripherals for immersion in the virtual reality. The VRE generates
the virtual world that the user moves through. Inputs for this model are generated by
the user on the bicycle control unit, which is usually a bicycle-like device with pedals
and a handlebar. The peripherals display the simulated environment and provide other
forms of feedback for immersion in the VRE. For example, the visual part of the
peripherals usually consist either of tv or computer screens, projectors or a VR
headset.

Sport

The first bicycle simulators were designed for sport training and entertainment
(Carraro et al., 1998). The goal of this simulator type is to stimulate engagement in
training and provide the option of competing with other indoor cyclists
(Westmattelmann et al., 2021). This is achieved by simulating the physical load of a
cycling course while displaying the course from the rider’s perspective on a television
or computer screen. Physical load is calculated based on the rider’s position in the
virtual space, and then generated by a stationary home trainer unit that is connected
to the user’s bicycle. This connection is made either by connecting the back wheel of
a regular bicycle to a flywheel or directly with the chain, but specifically designed
exercise bikes are also available for this purpose (see for instance the Tacx Neo Bike
smart trainer, or the Wahoo KICKR Bike).
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These bicycle simulator systems have become increasingly popular over the last
decade with the emergence of affordable and commercially available systems
(Mcllroy et al., 2021), and fit well within the trend of digitally monitoring of sports
performance (Thompson, 2021). Online subscription-based platforms such as ZWIFT
or Wahoo SYSTM can generate personalized training programmes, where users can
track their progress and get real time feedback on their performance during the
training. Since the primary goal is training, the main focus of the systems is to have
an accurate representation of the physical workload of cycling (Matta et al., 2022;
Westmattelmann et al., 2021, 2022), but they are also designed to be a motivating
environment for training (Catur Supriyanto & Bing Liu, 2021). While these systems
offer a realistic physical workload to the virtual-environment demands, other control
inputs such as steering and braking are either not implemented, or have low fidelity.
Thus, apart from the physical workload dynamics and the visualisation of the cycling
course, these systems offer a limited simulation of cycling.

Figure 1. A bicycle simulator commonly used for traffic safety research. The bicycle is fixed
to a static home trainer, the virtual reality environment is displayed on a head mounted
display. Picture taken at Royal Dutch Visio rehabilitation centre.

Simulators for traffic safety research

Bicycle simulators for traffic safety research are designed to evaluate cyclists’
behaviour. The focus of these systems is to elicit natural behaviour by immersing the
user in the VRE and providing stimuli that are realistic enough for the cyclists to react
to in a similar manner as they would in real-life. Immersion and the feeling of being
in the VRE are important for realistic behavioural responses (Slater, 2009). The VRE
therefore needs to be a sufficiently believable rendering of the scenario that is being
tested to increase the feeling of being there. Scenarios are custom-built for this
purpose using virtual reality editors such as the Unity or Unreal game engine.
Immersion is further enhanced by either providing a surround view using head-
mounted displays or by a wide field of view with multiple television screens or
projector screens placed in front of and around the user. The bicycle control unit of
these systems is usually built from bicycles mounted on simple static home trainers.
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Sensors on the bicycles are then used for integration with the VRE. Speed, steering
angle and, in some systems, braking are measured as input for the model. The main
differences between these simulators and simulators that are designed for sport
specifically, is that sport-specific simulators focus on realistic physical workload,
whereas simulators for traffic safety research focus on a realistic virtual environment
and interaction with other road users.

Rehabilitation

Bicycle simulators have also had considerable attention for physical rehabilitation. In
this type of application, simulators are equipped with rehabilitation-specific
ergometers with additional sensors for integration with custom-written VRE software.
Single display setups are used to show the virtual environment. As in sport-oriented
simulators, the VRE is used primarily as a means to make the exercises more engaging
and help the patient to stay motivated to continue their rehabilitation programme and
promote physical activity.

While some rehabilitation systems use realistic renderings of environments or
recorded bike rides to motivate patients, many use gamification to engage the patient.
Realism is thus not the goal in these systems, instead, the VREs are built to facilitate
the rehabilitation tasks, which can, in some cases, change the control modes of the
bicycle in the VRE, like steering by asymmetric leg forces (Deutsch et al., 2013; Yin
etal., 2016), or having the avatar speed up with when the heart rate increases (Deutsch
et al., 2013). This shows that in some of these systems, it is not the cycling task that
is simulated but that the cycling movement is used to achieve a rehabilitation goal.
The VRE in these applications can be used as a means to provide meaningful feedback
on the rehabilitation task to help maximise the outcome (Sung Hwan Jeong et al.,
2005). Research on these simulators is mostly focussed on the efficacy of the
simulators for different patient groups.

Bicycle simulators with advanced bicycle dynamics

The focus of traffic and sport cycling simulators is to achieve a high level of realism
by providing a high-fidelity rendering of the environment, or by simulating an
accurate physical workload. A realistic vehicle control is, however, not central in these
simulators. Steering is simplified by only turning the handlebars, whereas in real life
cycling the bicycle steer and lean motion are dynamically coupled, thereby making
the bicycle lean motion a major component for realistic balancing and manoeuvring
(Moore et al., 2011). The simplification of steering is likely the result of the technical
complexity and the associated costs of implementing additional degrees of freedom
in the system, which may not have been regarded as necessary for the earlier
mentioned two purposes of these simulators. The dynamics of the bicycle have
nevertheless been studied extensively (Schwab & Mejaard, 2013), and it has been
shown that a necessary condition for balancing bicycle is to steer into the direction of
the undesired fall. Several research groups have attempted to build bicycle simulators
that incorporate the dynamic behaviour of a real bicycle.
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Figure 2. Two simulators with advanced bicycle dynamics. The simulator from DLR (left) uses
a motion platform under the floor to add lean to the bicycle. The VTI simulator (right) consists
of a bicycle on large rollers, in this setup the bicycle can move freely over the rollers and the
user has to balance the bicycle as in real life. At both simulators a head mounted display is
used to visualise the virtual reality environment.

The earliest example of a simulator with advanced bicycle dynamics is the KAIST
interactive bicycle simulator (Kwon et al., 2001). This simulator consisted of a bicycle
mounted on a motion platform with six degrees of freedom (6-DOF; the motion
platform can pivot in all directions), and a motor attached to the steering tube was
used to simulate the forces on the handlebars. Since then, similar bicycle simulator
systems with a bicycle on a motion platform have been built at the German Aerospace
Center (DLR), the TU Wien (Wintersberger et al., 2022) and the Hochshule Koblenz
(Schulzyk et al., 2009). At the Swedish National Road and Transport Research
Institute (VTI) a driving simulator with an 8-DOF motion platform was modified to
fit a bicycle simulator (Bruzelius & Augusto, 2018), this system added horizontal
movements along with the moving base. A different system of adding bicycle lean to
a simulator was developed by Yamaguchi et al. (2018), they used a pully system with
cables to change the bicycle lean angle. At the TU Delft a simulator was developed
that, without lean motion, provides haptic feedback for steering by generating torque
on the handlebars based on bicycle dynamics, (Dialynas et al., 2019). Although these
systems can mimic the movements of a bicycle, getting the bicycle dynamics and the
general ‘feel” of the simulator right remains a challenge (Bruzelius & Augusto, 2018;
Wintersberger et al., 2022). Present systems calculate the lean angle of the bicycle
kinematically from the virtual speed of the cyclist and the steering angle, while in real
life cycling the steer and lean angle are dynamically coupled (Meijaard 2007,
Kooijman 2011) and both need to be controlled by the cyclist to maintain balance.
Other issues such as computational lag and system inertia also decrease the realism of
these systems (Bruzelius & Augusto, 2018). Wintersberger et al. (2022) discussed a
more fundamental problem with bicycle tilt in a simulator: In normal cycling,
centrifugal forces counteract gravitational forces when negotiating a corner. In a
simulator, these centrifugal forces are absent, which results in unrealistic gravitational
pull in curves when the same leaning angles are used. A weaker bicycle lean may
therefore be beneficial for the feeling of realism when cycling in VR. This example
highlights that a one-to-one translation of cycling dynamics to a bicycle simulator on
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a motion platform may not be desirable, and that additional research is required to
find the best implementation of bicycle dynamics for such simulators, and how this
changes the user’s bicycle control.

One method to preserve the natural dynamics of a bicycle while keeping the bicycle
stationary is by placing the bicycle on rollers (Dressel & Papadopoulos, 2012). This
setup has been tested as a bicycle control unit for a simulator (VTI, 2023), but no
formal studies have been published using a bicycle simulator on rollers. While this
type of simulator offers lifelike bicycle handling, it is not without its challenges. To
keep the bicycle balanced it is necessary to continuously cycle, so the task of stopping
cannot be evaluated in this simulator. The ability to negotiate a corner is equally
challenging, as steering too much would result in the bicycle going off the rollers. The
design of the simumulator described in Haasnoot et al. (2023) does not use rollers, but
balances the bicycle by laterally displacing the front- and rear wheel contact points
during steering, based on a dynamic model. This eliminates the problem of going off
the rollers, but is again an approximation of natural cycling dynamics. However, for
cycling on a straight road, the realistic bicycle dynamics of these simulators are a
major advantage.

Traffic safety research using bicycle simulators

In traffic safety research, bicycle simulators are used for many different types of
studies. One major research topic is how people react to different road markings and
infrastructure designs (Bialkova et al., 2018; Bialkova & Ettema, 2019; Cobb et al.,
2021; Nazemi et al., 2021). The adaptability of virtual environments allows for the
researchers to test road factors in a controlled environment without having to modify
the physical environment, thereby preventing potentially dangerous situations and
saving costs, while also having control over the traffic around the participants.
Research topics within this field can be divided into two categories; how people
experience different bicycle infrastructure, and the effect of different bicycle
infrastructure on cycling behaviour.

How people experience bicycle infrastructures is most often measured with
questionnaires after a bicycle ride in a simulator. Perceived level of safety, willingness
to cycle and enjoyment are common measures (Bialkova et al., 2018; Bialkova &
Ettema, 2019; Nazemi et al., 2021), although galvanic skin response is also sometimes
used as a measure of stress (Cobb et al., 2021). The main manipulations in these
studies are changing the width as well as the location of the cycling infrastructure (i.e.,
on the road, separated bicycle path or on pavement), as are the speed and volume of
other traffic. Realism and the feeling of being present in the virtual environment are
considered to be important for this type of research, and as such, a head mounted
display has been the preferred method for displaying the VRE (Bialkova et al., 2018;
Bialkova & Ettema, 2019), although Cobb et al. (2021) achieved comparable
outcomes while using a single large screen to display the VRE. The effects of display
type on the perceived level of safety and stress is a worthwhile topic for future
research.

Behavioural effects of different bicycle infrastructures are usually measured as effects
on lateral position on the road and cycling speed (Abadi et al., 2022; Abadi & Hurwitz,
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2018, 2019; Brown et al., 2017; Huemer et al., 2022; O’Hern et al., 2017). These
variables are measured directly in the VRE in these studies. Recommendations for
bicycle path markings and other cycling infrastructure are given from the perspective
of the study’s specific goals, such as guiding cyclists to specific waiting spots at
signalised intersections (Brown et al., 2017), improving the safety of cyclists near
intersections (Abadi & Hurwitz, 2018) and commercial loading zones (Abadi et al.,
2022; Abadi & Hurwitz, 2019), or guiding cyclists to cycle at a safe distance from
cars (Huemer et al., 2022; O’Hern et al., 2017). The simulators used in these studies
are static simulators, which require no balancing by the cyclist. As such, the lateral
space for balancing and the natural swerving behaviour is not present. The extent of
these differences is unclear, as few studies have made direct comparisons between
virtual bicycling and on-road cycling (see section ‘Validation of bicycle simulators’).

Interactions with other traffic.

Simulators also offer the possibility to study the interactions with other road users. In
a VRE, the positions and behaviours of the other road users can be precisely
controlled, making it possible to offer standardised situations and study the
behavioural responses of participants. Some examples of this are the work of Liu et
al. (2012), who looked at the braking onset of cyclists when confronted with
motorcycles cutting in front of the participant, or the work of Thorslund and
Lindstrom (2020), who evaluated cyclist’s stopping position at signalised
intersections shared with car and truck traffic. Another good example is the work of a
research group from the University of lowa. They used the control of traffic flow to
study the crossing behaviour of children and adults. By controlling the distance
between cars in the virtual environment, the authors could identify which gap sizes
between cars are preferred when crossing a road and how adults and children time
their crossing (Plumert et al., 2011). They used a system with three large projector
screens for immersion, and since the focus was on street crossing, special attention
was given to generating realistic bicycle propulsion on the simulator. The latter is a
unique feature of the simulator system, as no other previously mentioned study
incorporated realistic bicycle dynamics in any way. This may highlight a limitation of
other bicycle simulators; they strive to study realistic human behaviour, but they do
not offer realistic physical bicycle behaviour.

Yet, not all bicycle simulators for traffic research are used to test cyclists” behaviour.
In the development of highly automated vehicles (HAV), bicycle simulators are used
to assess cyclists’ preferences for the behaviour and communication of the HAV. For
instance, the evaluation of external visual interfaces (Hou et al., 2020; KaR et al.,
2020), or the HAV onset of braking when it has to give way to cyclists (Stange et al.,
2021). In this type of studies, the physical properties of bicycle handling may not be
as important. As long as the participants can read the intentions of the HAV, the study
goals can be achieved. As such, the simulators used in these studies are relatively
simple home trainer setups with the ability to steer. Having some agency in the VR is
preferred, however, as the ability to swerve and brake in VR changes the participants'
preferences to HAV behaviour (Stange et al., 2021), thereby showing the benefits of
a bicycle simulator over video presentations in this type of research.
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Validation of bicycle simulators

While the use of bicycle simulators in traffic safety research is growing, only a few of
these simulators have been validated in experiments. Horne et al. (2018) and Powel et
al. (2018) both calibrated their simulators to have the movements in the VE match the
speed of the physical bike. Horne et al. (2018) did this by finding the optimal tire
pressure of the rear wheel, and Powel et al. (2018) compared the speed output of the
simulator to a theoretical model. Both studies took a mechanical approach to the
validation to create a realistic visual movement in the VR based on the physical
workload generated on the bicycle. While the authors argue that this can be achieved,
it remains unclear if the users experience the simulators to be a realistic representation,
as no subjective measures were taken, and no direct comparison with real-world
cycling was done.

There are more studies that focus primarily on the mechanical and computational parts
of the simulators; Shoman and Imine (2021) tested a novel bicycle simulator (the
novelty being an asphalt specimen that contacts the real wheel tire to create realistic
road vibrations) and asked their participants how realistic the simulator felt, but also
focused mostly on the validation of their model of bicycle dynamics. The participants
indicated that the simulator felt somewhat realistic with the new asphalt specimen, but
since no comparisons were made with real-world cycling behaviour, again, the
behavioural validity remains unclear.

Only two studies have compared real-world cycling with cycling in VR. The study by
O’Hern et al. (2017) modelled a VR road to an actual road that the participants cycled
on and measured lateral position (LP), standard deviation of lane position (SDLP),
and speed in both situations. Comparable LP and SDLP were found on the road and
in VR, but participants kept a lower speed in VR. Despite the speed difference, the
authors concluded that the validity of the simulator is sufficient for their purposes of
evaluating infrastructure design. Haasnoot et al. (2023) performed an validation with
their simulator where they compared the motions of the bicycle control unit with the
motions of a (racing) bicycle during on-road cycling. Since similar movements were
found between the simulator and the regular bicyle, the authors conclude that their
method of simulating balance on a bicycle is sufficient. Allthough the authors took
subjective measures of realism, they interpret these with caution, since the subject’s
attention was mostly focussed on maintaining the right speed for the experiment task.
With the mechanical validity of this simulator tested, a validation of cycling behaviour
in a similar study would be a valuable addition.

Discussion

Bicycle simulators are being used for a wide variety of purposes, and for many
purposes, a custom bicycle simulator is designed, emphasising specific aspects of the
bicycle simulator. Simulators for cycling sport appear to be the most used, with
commercial systems being widely available. In this type of simulator, the emphasis
lies mainly on creating a realistic physical workload. Cycling simulators for physical
rehabilitation purposes are more focussed on creating engaging training
environments, where the VRE is used as a tool to provide specific feedback to
facilitate the task. Simulators that are used for traffic safety research have the primary
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goal of measuring behaviour and experience in the VRE, and therefore the primary
focus of these systems is to have a realistic VRE. The bicycle control unit often has a
simple design in these systems, consisting of a cycling ergometer or a standard bicycle
mounted on a fixed home trainer system. Only a few simulators are more advanced in
the sense that they offer additional degrees of freedom next to steering and pedalling.
These simulators are hardly ever used in research, as a consequence it remains unclear
how these should be tuned for an optimal virtual cycling experience and how cycling
differs on these simulators when compared to cycling on the road.

The way VRE is displayed varies greatly between simulators. Systems used include
setups with one or more large television screens, multiple projector screens setup, and
the use of head-mounted displays (HDM). The latter are becoming more popular due
to their increasing affordability, the small space they require, and the high level of
immersion that they can achieve. In studies where behavioural validity is important,
a high immersion and a realistic VRE is in general preferred (Slater, 2009). The
challenge with a highly immersive display of the VRE is that this increases the risk of
simulator sickness, which is especially prevalent when using an HMD (Mittelstaedt
et al., 2018). While some methods can reduce simulator sickness, such as reducing the
time spent in the VRE or simulating airflow (Matviienko et al., 2022), it remains a
problem for many individuals. A profound investigation of which display type is best
suited for a bicycle simulator is required to find the ideal solution for studying cycling
behaviour.

Although cycling behaviour is a primary topic in several studies, little is known about
the similarity of the behavioural measures, such as lateral position in VR compared
with real-world cycling, since up to now sparse attention is given to testing the validity
of bicycle simulators. When validity is being assessed, the focus is primarily on the
mechanical aspects of the simulator, behavioural validity is hardly ever addressed.
Huemer et al. (2022) compared the results with results from other studies, but a direct
comparison between a cyclist’s behaviour in a virtual environment and on a real road
is limited to the study by O’Hern et al. (2017). Results show that these simulators have
relative validity when it comes to position on the road and speed choice (even if
cycling speed is often lower in the simulators), but other aspects of behaviour remain
untested. Some anecdotal reports indicate that people cycle differently in VR, as
exemplified by participants in the study of Hou et al. (2020), who reported that they
took more risk in the simulator because they perceived less risk in the simulator than
in real traffic. Knowing whether people might modify their behaviour in the bicycle
simulators is paramount to know the limitations of the simulators and the research that
is done with these devices, thus validation of bicycle simulators deserve a higher
priority.

One item that is lacking at the moment in cycling simulators is balance control. Nearly
all simulators are static machines with steering and pedalling as a control input. In
regular cycling, the dynamic coupling between steer and lean angle is an essential
mechanism for balancing and manoeuvring the bicycle (Kooijman & Schwab, 2011;
Moore et al., 2011; Shwab & Meijaard, 2013). Also, a model that simulates the
relationship between speed and steering is not always implemented (Dialynas et al.,
2019). As a result, people get the feeling that they cannot steer properly (Shoman &
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Imine, 2021; Stratmann et al., 2019). These two factors are likely to change the
cyclist’s normal behaviour, and common measures of cycling behaviour, such as
swerving could be affected in this type of simulators. This lack of balance control also
makes it currently difficult to study cyclists' behaviour leading to a fall, as many
accidents are reportedly due to a loss of balance (Boele-Vos et al., 2017). To use a
bicycle simulator to safely study cyclists’ behaviour in critical situations, balance as
a control element for cyclists’ movement is a necessary addition.

Conclusion

Bicycle simulators have been developed to achieve different goals; sports and physical
rehabilitation simulators focus on providing a motivating environment to enhance
exercise, whereas simulators designed for bicycle dynamics and traffic safety research
have the goal of creating a realistic cycling experience. In traffic safety research, these
simulators have been used to measure cyclists’ behaviour in different infrastructure
designs and in interactions with other road users. Although bicycle simulators have
existed for several decades, their designs could still be improved. We propose that
future research should prioritise the behavioural validation of existing bicycle
simulators, and the effects of different visualisation options to the behaviour of the
users in VR. Newly developed bicycles that are used to study cyclists” behaviour
should also strive for more realistic bicycle handling by implementing balance as a
control element.
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