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Fig. 1. Participants completed a test track multiple times with either a strong tilt (1), a weaker tilt with less
aggressive onset (2), and a baseline condition without any tilt (3).

Bicycle simulators are becoming an increasingly used research tool. However, due to the complex cycling
dynamics, these simulators have issues of simulator sickness and perceived realism. A potential method to
address these issues could be providing a motion-based tilting function. Some bicycle simulators with tilt
functionality have already been presented but still lack a systematic evaluation. In this work, we present a
motion-based bicycle simulator without centrifugal force simulation and the results from a user study that
compared different tilt modes. N=31 participants completed a study in virtual reality with a strong and a
weak tilt mode, as well as a baseline condition without movement. We discovered that weak tilting could
significantly improve the cycling realism without decreasing cycling performance and simulator sickness.
Furthermore, our research suggests that there is a sweet spot for a tilting function, which facilitates a balance
between presence/immersion and simulator sickness.
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1 INTRODUCTION
Bicycles are becoming an increasingly popular alternative to automobiles, which should be consid-
ered a positive development since bikes require less space, have a lower weight-to-power ratio,
and are a much more sustainable mode of transportation. Still, cyclists are increasingly involved in
accidents, and their chances of suffering severe injuries increase due to the introduction of pedelecs
and electric bicycles, which allow higher speeds [53]. While traditional vehicles have experienced
a massive safety gain in the last decades, the potential of active safety and technical assistance for
bicycles is up to date, largely unexploited. Consequently, cycling safety has become an increasingly
relevant research topic [26, 36, 38, 39]. Recent CHI [48] and Mobile HCI [37] workshops have
addressed the topic, and multiple works have proposed “smart” systems to foster cycling safety
and convenience [1, 32–35, 61].

In this context, bicycle simulators are important research tools that facilitate indoor evaluations
in safe laboratory conditions. While simple simulations (i.e., ergometers or bike trainers with
training apps) have already found their way into living rooms to support entertainment, training,
and rehabilitation [18, 21], more complex simulators are typically developed by the researchers
themselves. Many existing solutions, for example, the simulators used in [34, 43, 59, 61], are static,
i.e., they miss physical movement in space and do not accurately reproduce the motion dynamics
necessary to convey a realistic cycling experience. This can lead to increased simulator sickness [42]
and decreased immersion since the visual feedback present in VR headsets does not match the
expected bodily sensations. Such “vestibular conflicts” can negatively influence cycling perfor-
mance [27] and increase participant dropout rates [7, 12, 62]. To address this, researchers have
employed adjusted experimental designs, such as the restriction to straight trajectories without
curves [61]. Matviienko et al. [40] have systematically compared different control input methods
and driving scenarios and showed that turns and slopes increase simulator sickness compared to
straight trajectories. Additionally, the authors demonstrated that external countermeasures such as
an airflow simulation can be beneficial but also suggest addressing physical motion in simulator
design in the future [40]. Currently, we still lack an understanding of how simulator movement (i.e.,
roll, pitch, or rotation) could support avoiding the mismatch between visual and body perception.
We hypothesize that physical motion (particularly simulator tilting) can improve perceived realism
and reduce simulator sickness and built a motion-based bicycle simulator to investigate these claims.

Developing sophisticated motion-based simulators is not an easy task, as it requires resolving
the complex relationship between hardware, virtual environments, and human factors [6]. Modern
vehicle or flight simulators try to reproduce the physical forces drivers/passengers experience
accurately. Frequently, this requires compromise – for example, vehicle simulators mounted on a
hexapod platform with 6 degrees of freedom utilize an outward roll to simulator forces in curves.
In contrast, the most sophisticated driving simulators can additionally rotate (like the KITE Driver-
Lab1) or even move (like the Mercedes AMG Driving Simulator2) the platform to create more
accurate sensations. In contrast, motorcycle simulators, which can be considered as the “near-
est relative“ to bicycle simulators, typically simulate tilt [3] rather than forces. However, tilting
1https://kite-uhn.com/lab/driverlab
2https://www.mercedes-amg.com/en/world-of-amg/stories/inside-amg/AMG-Driving-Simulator.html
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is not necessarily physically accurate. Regarding the dynamics of two-wheelers when driving
curves, centrifugal forces superimpose the gravitational force – otherwise, a rider would feel
“hanging to the side”. Consequently, some motorcycle simulators scale down the roll angle to
provide a more realistic perception [66]. Another work on the roll angle of motorcycle simulators
conducted by Shahar et al. [51] concludes that a certain roll angle is necessary as experienced
motorcyclists consider “proximity to the ground when leaning [e.g., into a curve] an important
component in the motorcycle experience”. Still, there are other differences between motorcycles
and bicycles. Motorcycles have thicker tires, much more power, and different weight distribution
between the vehicle and the rider. According to Kooijman and Schwab [25], cyclists do not only
control the vehicle, they “contribute significantly to the mechanical system”, and in contrast to
motorcycles, a rider’s weight accounts for up to 90% of the complete system’s mass. Because of
such differences, knowledge frommotorcycle simulators cannot be transferred to bicycle simulators.

Consequently, this paper aims to systematically evaluate the effect of bicycle simulator tilt on
perceived realism, user experience, simulator sickness, and driving behavior. For this, we designed
a motion-based bicycle simulator that facilitates rolling around the longitudinal axis and developed
two tilting modes for evaluation – one derived from physically accurate tilting as present in reality
(regarding the relationship of speed, curve radius, and tilting) and an improved “weak” tilt mode
with less extreme onset behavior. Furthermore, both modes were linearly mapped to 10 (from -5
to +5) degrees as provided by the utilized motion platform. We aimed to provide a more realistic
perception of VR cycling than static simulators without motion. With this paper, we contribute to
the challenge of building more accurate and realistic VR bicycle simulators in the future.

2 PERCEIVED REALISM AND SIMULATOR SICKNESS IN BICYCLE SIMULATOR
RESEARCH

According to Slater [55], immersion is a property of a VR system that describes the “extent to which
a VR system can support natural sensorimotor contingencies for perception”, while presence is
the human response of feeling to be in that environment [54]. Simulator sickness (also sometimes
referred to as VR sickness, cybersickness, or visually-inducedmotion sickness) results from a conflict
between expected and observed sensory signals [63]. Weech et al. [63] suggest that presence and
(cyber)sickness have shared causes and show a negative relationship. Current bicycle simulators
exist at different levels of fidelity. To reduce sensory conflicts in bicycle simulators, researchers
have utilized (1) visuo-vestibular and (2) hardware modifications. We outline these two approaches
and existing tilt function modifications in detail in the following.

2.1 Visuo-Vestibular and Visual Modifications
Researchers have previously employed visuo-vestibular and visual modifications to explore the
ways of reducing VR sickness [10, 29, 46, 56]. The visuo-vestibular modification utilizes physical
stimulation around the vestibular system. It typically includes galvanic feedback [14, 31, 65],
airflow [7, 16], bone-conductive vibration [64, 65], vibration on a seat [7], head [45], and feet [28, 58]
to enhance participants’ sensation of self-motion. The visual modification, on the other hand,
facilitates visual changes in the perception of VR environments from the user’s point of view. Some
of the examples within visual modifications include blurring, vignette, blink [13, 47, 60]. Moreover,
motion sickness also depends on the type of visual information presentation, i.e., large display,
CAVE environment, or VR, and the availability of auditory cues, or airflow simulation [19, 42, 59].
Low-fidelity simulators can be built with off-the-shelf ergometers. Using such a device, Mittelstaedt
et al. [42] demonstrated that participants experienced a lower level of motion sickness with a large
display compared to VR glasses.
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2.2 Hardware Modifications
An alternative way to align sensory perceptions is via design modifications in the physical setup
of bicycle simulators. One possible option would be to place an actual bicycle on a bike trainer,
which exists both in the form of wheel-on, i.e., rear-wheel spinning a reel [61]), or direct trainers,
i.e., rear-wheel removed and gearbox directly attached to the device with the advantage of less
latency and friction of the tire [57]. For lateral driving, some projects use potentiometers, rotary
encoders, optical tracking, or VR controllers to measure the rotation of the handlebar [2, 57, 59].
An alternative option would be to estimate the positioning of the riders’ body weight, i.e., dynamic
center of mass, by using load cells [8]. However, a study by Matviienko et al. [40] suggests that
handlebar input induces less simulator sickness than body positioning (i.e., leaning), at least for
static simulators. As for the high-fidelity motion-based simulators, the FIVIS simulator [19] uses a
hydraulic platform, which supports six degrees of freedom. Another simulator was presented by
Yamaguchi et al. [67], who implemented a tilt function by connecting the rear wheel to an industrial
servomotor. However, both projects contribute technical aspects of the bicycle simulators without
an empirical evaluation of participants’ experience.

2.3 Tilt Function
A tilt function as a mechanism to physically move bicycle simulators is not only possible in an
active, i.e., motors controlling the tilt angle, but also in a passive way. Passive tilting is achieved by
responding to the rider’s weight shifts. Such functionality can be achieved by passively following
the actions and movements of a cyclist using a motion platform [15] or by using a suspension
system [52]. The work by Shoman and Imine [52] contains an evaluation of simulator sickness,
but it does not provide information about how the tilt feature influences motion sickness and
perceived realism. Still, simulator tilt is not merely a binary “on or off” feature but can (and must)
be implemented in various nuances. For example, physical calculations show that driving a curve
with a 10-meter radius at 25 kilometers per hour would result in a tilt angle of 26.18 degrees. Since
cycling in a simulator does not include centrifugal forces, such a large tilt angle would result in
unrealistic gravitational force. The tilt could be either cut at a certain level or dumped to prevent
such a situation. Therefore, to provide a potentially realistic perception in virtual reality, it is known
that humans can be tricked with alternative or scaled forces [66].

2.4 Bicycle Simulator Designs in Existing Literature
To derive best practices for the design of our bicycle simulator, we reviewed existing works and
categorized the simulator designs concerning used sensors, actuators, simulator types, visualization
methods, and their primary research purpose (see Table 1). Therefore, we searched on Google
Scholar for relevant publications and scanned the referenced literature in well-known works (we
do not claim this evaluation to be comprehensively following a systematic review process). Our
results (based on 18 simulators) show that the majority use bicycles on a stationary smart or roller
trainer. We found 11 designs that utilize head-mounted displays (HMDs) with virtual reality. We
distinguish between speed and braking sensors for our review due to the differing characteristics of
rear-wheel spinning and direct trainers. With the former, a braking action decreases the spinning
speed of the rear wheel, which directly influences the speed sensed by the trainer. In contrast, a
system with a direct trainer no longer has a rear wheel attached, so any braking actuation needs to
be captured with extra sensors (the same issue is present when using an ergometer). Also, airstream
simulation is becoming an increasingly popular (and affordable) external addition to improve the
cycling experience. We found three concepts that utilize passive tilting and another three that
describe the use of a motion platform. Although some works have investigated simulator sickness
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Ref. Sensors Actuators Simulator Type Visualization Research Purpose

[42] Speed, Steering,
Braking - Stationary bicycle HMD, Screen Simulator Sickness

Investigation

[18]
Speed, Steering,
Braking, Fork,
Inclanation

Motion platform (Active) Motion-based
bicycle Multi-screen Bicycle simulator

development

[30] Speed, Steering Airstream Stationary ergometer HMD Effective training

[17] Speed, Steering,
Braking

Handlebar,
Braking Stationary bicycle HMD Bicycle simulator

development
[61] Speed, Steering - Stationary bicycle HMD Traffic safety

[67] Speed, Steering,
Braking Tilting (Active) Motion-based

bicycle Multi-screen Traffic safety

[32] Speed, Steering,
Braking

Visual, tactile,
auditory feedback Stationary bicycle Projection Traffic safety

[2] Speed, Motion
Capture system Motion platform (Active) Motion-based

ergometer Screen Training and health

[5] Speed, Steering Resistance Stationary bicycle HMD Bicycle simulator
development

[59] Speed, Steering - Stationary bicycle HMD Urban traffic planning

[57] Speed, Steering,
Braking - Stationary bicycle Screen Bicycle simulator

development

[22] Speed, Steering - Stationary bicycle Multi-screen Traffic planning and
user modeling

[44] Speed, Steering,
Braking - Stationary bicycle HMD Traffic safety

[43] Speed, Steering,
Braking Resistence Stationary bicycle HMD Traffic safety

[41] Speed, Steering,
Braking Airstream Stationary bicycle HMD Simulator Sickness

Investigation

[8]
Speed, Steering,
Braking, Body
Weight

Airstream,
Haptic response

(Passive) Motion-based
bicycle HMD

Bicycle simulator
development
User experience
investigation

[52] Speed, Steering,
Braking

Airstream, Haptic
response, Steering
response, flywheel

(Passive) Motion-based
bicycle Multi-screen Bicycle simulator

development

[15] Speed, Steering
via button Airstream (Passive) Motion-based

bicycle HMD
Bicycle simulator
development
Traffic safety

Table 1. Existing bicycle simulators found in literature with their sensors and actuators, type of simulator,
visualization method, and main research purpose in the corresponding publication.

or psychological concepts such as user experience, to our best knowledge, a systematic assessment
of perceived realism and simulator sickness in the context of simulator tilting is still missing.

3 TECHNICAL SETUP
To build the bicycle simulator (an overview of the different components used is depicted in Figure
2), we used an ordinary city bike (28-inch wheels) and mounted it on a Garmin Tacx Flux 23
smart, direct bicycle trainer. We favored a direct trainer with a cassette to not suffer the slight
loss of friction that would be present on a roller trainer, and the chosen device also supports
inducing resistance. The current speed of the bike is gathered via Bluetooth and the supported
3https://www.garmin.com/en-US/p/690887
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Fitness Machine Service Protocol (FTMS) that supports both reading (speed) and writing (resistance)
data. The steering angle is measured using a potentiometer attached to the fork with 3D-printed
components consisting of pulley wheels and a belt. The value of the potentiometer is mapped to
a range from -90° to 90°, representing the maximum left and right handlebar rotation. Also, we
placed a servomotor on top of the handlebar to control the steering angle via software. In future
work, we will investigate how this motor can be used to simulate uneven surfaces. However, for the
experiment as presented, we only utilized the motor’s internal resistance to prevent an unnatural
rotation in case the platform is tilted and to support a more stable feeling from the perspective
of study participants. Braking functionality is achieved with thin-film pressure sensors (range
0-20kg, 300g sensitivity) placed between the front and the wheels’ rim and brake shoes (as the
rear wheel is missing due to the cassette trainer, we used a 3D-printed component). Via the mi-
crocontroller, the measured brake pressure is forwarded to the resistance control of the smart trainer.

To support the tilting function, we used a Next Level Racing Motion Platform V34, which is
typically used for racing games and (home) flight simulators. The platform allows tilting up to 10
degrees in both lateral and longitudinal axes (maximum speed 20◦/𝑠 , maximum acceleration 360◦/𝑠2).
Our initial implementation does not support the pitch function (leaning forwards/backwards) that
we will investigate in future experiments. Controlling the platform is supported via a Unity SDK
provided by the manufacturer. To further increase the realism, as suggested by related works, we
added an airstream simulation with a tubular fan placed directly in front of a rider’s face. The fan
starts to operate at a measured cycling speed of 10km/h and runs at full force at (and above) 20km/h.
The data of all components is transferred to a microcontroller (Arduino), which is connected to a
Unity3D environment via USB. To stabilize the whole simulator, we mounted it on an aluminum
frame. As a VR device, we chose the Oculus Quest 2 with a resolution of 1832x1920 per eye.

Fig. 2. Left: Overview of components used to build the bicycle simulator. Right: Virtual environment used for
evaluation.

4https://nextlevelracing.com/products/next-level-racing-motion-platform-v3
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3.1 Simulator Tilt Modes
To develop the tilt support of the simulator, we conducted a field study with a real bicycle. According
to [4, 67], the tilt angle 𝛼 of a bicycle can be calculated as a function of the bike’s velocity (v), the
curve radius r, and the earth’s gravity (g), see Equation 1. The tilt angles should be independent
of rider characteristics. However, we wanted to compare and validate the physics model with the
recorded data. We mounted an Arduino Nano 33 BLE Sense on the carrier of a bicycle and used the
built-in accelerometer and the gyroscope to record the (maximum) tilt angle in curves. Additionally,
we used the potentiometer as described above to record the steering angle. We used chalk to draw
uniform curves (2.5, 5, 10, and 15m radius) onto a concrete area and let two cyclists follow the
trajectories with different initial speeds when entering the curves (10, 15, 20, and 25km/h, see
Figure 3). Both cyclists are experienced and frequent riders who cycle around 1500km per year
(on average, without commutes). The measurements were started/stopped with a button mounted
on the handlebar, and the cyclists monitored their speed with GPS. Because of safety reasons,
the smallest curve (2.5m radius) was only recorded at 10 and 15km/h. Both cyclists drove each
combination of curve radius and speed twice. The results are, together with the tilting angles
calculated by the formula given in [4] depicted in Table 2.

radius[m] velocity[km/h] max steering angle[°] max tilt[°] calc. tilt[°] strong tilt[°] weak tilt[°]

2,5 10 38,96 11,28 17,46 2.18 0.99
2,5 15 29,55 24,94 35,29 4.41 1.93
5 10 24,18 5,91 8,94 1.12 0.50
5 15 22,84 14,68 19,49 2.44 0.99
5 20 14,78 18,18 32,18 4.02 1.59
5 25 17,46 21,94 44,51 5.00 2.28
10 10 12,09 2,09 4,50 0.56 0.25
10 15 14,78 6,09 10,04 1.25 0.49
10 20 14,78 13,21 17,46 2.18 0.80
10 25 14,78 20,27 26,18 3.27 1.17
15 10 12,09 1,44 3,00 0.38 0.17
15 15 10,75 3,87 6,73 0.84 0.33
15 20 10,75 9,35 11,85 1.48 0.54
15 25 18,81 14,98 18,15 2.27 0.78

Table 2. Results of the curve characteristics measurements show that the recorded tilt angles slightly below
the values given by the physics model. The two rightmost columns show the final tilt values after mapping
the tilt function outputs to the platform.

The results show that the recorded tilt angles are (in most cases) smaller than the ones given
by the calculations. However, since we observed a large variance in the measurements and as it is
known that accelerometer and gyroscope measurements can be unstable [4], we decided to rely on
the formula for calculating the strong tilt mode for the simulation.

To realize the tilt, we tried out different variants tested by the same two cyclists as in the field
study above on the simulator. First, we implemented the formula as is (Equation 1, left) and utilized
the full 10◦ tilt of the platform (i.e., all tilt angles above 10◦ are cut off, remaining at 10◦ maximum).
We quickly realized that this solution was unmanageable for riders due to the strong and fast
changes, even when cycling relatively slow. For example, steering from a left-hand curve to a
right-hand curve with a 10m radius with only 15km/h would instantly tilt the platform from −10◦
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to +10◦, which induced strong motion sickness given that no centrifugal force compensates for the
feeling of “falling from left to right”. Consequently, we tried another variant, where we defined
the maximum 10◦ tilt angle of the platform to represent a potentially strong tilt as given by our
measurements. Since the curve with a 5m radius and 25km/h was already perceived as dangerous
and unnatural for the cyclists on the test track (i.e., 44.51◦, see Table 2), we decided to map the
maximum tilt of the platform to 40◦ in reality. All tilt angles (between 0◦ and 40◦) as given by the
physics model were linearly mapped to the 0◦ to 10◦ of the platform. The resulting behavior was
still perceived as too strong, as a platform tilt around 10◦ created a leverage effect (i.e., perception
of falling over). Therefore, we implemented an even more conservative solution by mapping the
results of the physics model to only −5◦ to +5◦ of the platform tilt. The translated tilt values of this
mode can be seen in Table 2 (strong tilt).
However, despite the introduced changes, the tilting behavior still appeared too strong and

uncomfortable. We realized that this perception was not necessarily depending on the tilt angles
themselves but rather on the dynamic behavior when slightly adjusting the handlebar. At a speed
of 20km/h, even minimal handlebar adjustments made the platform tilt from one side to the other.
Thus, we decided to include an even more conservative condition for our evaluation. We applied a
heuristic approach and experimented with the parameters of the tilt function to achieve a behavior
that results in less aggressive onset when dynamically adjusting the handlebar. The resulting weak
function (Equation 1 right) leads to similar but less steep tilt with increasing speed (see Figure 3).
The final platform tilt values of the weak tilt mode are depicted in the rightmost column in Table 2.
The values appear small, but we were surprised how well even these slight movements (in the
range of −2.28◦ to 2.28◦) created a convincing illusion of “cycling in VR”. With these changes, we
aimed to reduce motion sickness and the increase realism of cycling in our VR simulator.

𝛼strong = arctan( 𝑣2

𝑔 ∗ 𝑟 ) 𝛼weak = arctan( 0.6 ∗ 𝑣
1.7

𝑔 ∗ 𝑟 ) (1)

Fig. 3. Left: Systematic recording of the tilt angles for different curve radii and speeds; Right: tilt angle for
a curve with a radius of 10m as a function of speed, where the weak tilt mode (orange) is downscaled in
comparison to the physically accurate calculation (blue). The final values were then mapped to the platform
range of -5° to +5°.
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3.2 VR Test Environment
To allow a comparative evaluation of the different tilt modes, we created a small city environment in
Unity3D. We built Unity prefabs of 90◦ two-lane road curves with the same radii as used in the pilot
study described above and created a closed-loop (17 curves, 4x 2.5m, 4x 5m, 4x 10m, and 5x 15m,
approximately 2 minutes duration for a single lap, see Figure 2). We placed 127 semi-transparent
spheres equally distant from each other to indicate the ideal trajectory that study participants
should follow. To allow for a more realistic environment, we placed trees, lights, benches, and other
urban objects in the scenery. Additionally, we created another environment in the form of a large
parking area, i.e., a quadratic plane without any obstacles, to facilitate participants’ accommodation
and experimentation with the different tilting modes. The visual tilt in the VR headset was adjusted
1:1 to the simulator tilt, i.e., we did not induce a larger visual tilt angle to reduce the number of
influencing parameters.

4 USER STUDY
We set up a controlled lab study where we varied the tilt mode as an independent variable with the
three conditions strong tilt (as given by the physics model), weak tilt (function with less aggressive
onset as described above), and baseline (static simulation without tilt). Participants completed the
test track three times, once with each tilt mode (within-subjects design). With this experiment, we
aimed to answer the following research questions (RQs):

• RQ1: How much can a bicycle simulator’s tilt function increase a potentially realistic percep-
tion of cycling in virtual reality (“presence”) compared to a static simulator?

• RQ2: How much does a tilt function of a bicycle simulator influence simulator sickness,
compared to a static simulator?

• RQ3: How much does a tilt function of a bicycle simulator influence cycling performance in
virtual reality, compared to a static simulator?

4.1 Measurements
To answer our RQs, we included a set of quantitative and qualitative measurements to assess
simulator sickness, perceived realism/presence, user experience, as well as driving performance.

4.1.1 Self-Ratings. Perceived realism/presence in VR was assessed with the Ingroup Presence
Questionnaire [50] that measures three dimensions spatial presence (sense of being in the virtual
environment), involvement (attention given to the virtual environment), and experienced realism
(presence in the virtual environment; 14 items on a 6-point Likert scale from 0 to 6). To investigate
motion sickness, we included the simulator sickness questionnaire (SSQ), which consists of 16
items (rated on a 4-point Likert scale from 0 to 3) in the three dimensions of nausea, oculomotor,
and disorientation [23]. To quantify UX, we utilized the short version of the User Experience
Questionnaire (UEQ-S) [49], which consists of 8 items (7-point Likert scale from -3 to +3) in the
two dimensions of pragmatic and hedonic quality.

4.1.2 Driving Performance. To assess how well participants could cycle through the test track,
we quantified their lane-keeping performance and speed. Both parameters were calculated based
on the cyclists passing the semi-transparent spheres (i.e., the discrete measurement points). We
utilized the Standard Deviation of Lateral Position (SDLP, deviation of the handle bar’s minimal
distances to the spheres’ center points), which is a frequently used performance parameter in traffic
safety experiments [24]. The exact moment when the SDLP was calculated (i.e., minimal distance
to the sphere center point) was also used to record the cyclists’ average speed (km/h).

Proc. ACM Hum.-Comput. Interact., Vol. 6, No. MHCI, Article 210. Publication date: September 2022.
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In addition to these measurements, participants were emphasized to express their experience
in a short semi-structured interview, where we asked them to reflect on the advantages and
disadvantages of the conditions and rank them according to their personal preferences.

4.2 Participants and Procedure
In total, 31 participants (21 male, 10 female; aged between 22 and 42; M=30.93, SD=5.54 years;
mostly students and university staff) completed the experiment. Most (>90%) had no or just rare
experience with VR technology. 3 participants ride bicycles daily, 6 multiple times per week, 7
multiple times a month, 12 occasionally, and 3 participants stated being able to ride but typically
not using bicycles in their daily life. No participant showed signs of simulator sickness before the
onset of the study. Two (additional) participants, who were not included in this evaluation due to
missing data, stopped participating because of simulator sickness.
Upon appearance, participants expressed written consent and completed a questionnaire addressing
demographics, cycling and VR experience, and the SSQ (pre-test). Then, we briefed them about
the study, and they could get familiar with the simulator. Before experiencing each of the three
experimental conditions (strong and weak tilt, as well as the baseline condition without tilting), we
placed them in a separate VR environment (a large parking lot without obstacles) to accommodate
with the corresponding simulator behavior. As soon as they stated to be ready for the test drive, they
completed the test track before completing the post-condition surveys with the scales as described
above. The order of the conditions weak tilt and baseline was counterbalanced, but all participants
completed the strong tilt condition at the end. We chose this procedure as we feared dropouts,
i.e., experiencing the condition with the most simulator motion could make some participants
stop the experiment. After all three conditions, we performed the post-test interview. The study
duration was about 30-45 minutes per participant and was conducted according to the University’s
precautions regarding the COVID-19 pandemic.

4.3 Results
We utilized IBM SPSS to evaluate the recorded data, where all investigated scales showed acceptable
reliability (Cronbach’s 𝛼 > .6). Consequently, we were able to calculate scale values. We performed
analyses of variance (ANOVAs), and Friedman tests (if tests for normality failed; both were reported
as statistically significant at 𝑝 < .05). In case the Friedman test yielded a significant result, subse-
quent pairwise comparisons (Wilcoxon post-hoc tests) were conducted with a Bonferroni-corrected
significance threshold of .016. Descriptive statistics of the SSQ results are depicted in Table 3, and
we also report the medians (Med) and Interquartile Ranges (IQR) if a Friedman test had to be
conducted.

4.3.1 Immersion and Perceived Realism. The weak tilt mode received the highest ratings in all
sub-scales of the IPQ, followed by the baseline and the strong tilt.
The Friedman test indicated a significant effect for the spatial presence dimension (baseline
Med=4.4 IQR=3.8-4.9, weak Med=4.6 IQR=4.1-5.2, strong Med=4.2 IQR=3.3-4.7; 𝜒2 (2) = 10.352, 𝑝 =

.006), whereas post-hoc tests revealed that the weak tilt showed significantly higher spatial presence
than the strong tilt mode (𝑍 = −3.087, 𝑝 = .002). Other comparisons in this dimension failed to
meet the significance level.
While there were no differences revealed for involvement (baseline Med=3.75 IQR=2.8-4.3, weak
Med=4 IQR=3.5-4.6, strong Med=3.5 IQR=2.1-4.3), a significant effect was also present for the dimen-
sion of experienced realism (baseline Med=2.3 IQR=1.6-2.9, weak Med=2.8 IQR=2.3-3.4, strong
Med=2.3 IQR=1.8-2.9; 𝜒2 (2) = 11.450, 𝑝 = .003). Results of the subsequent pairwise comparisons
showed that the baseline and the strong tilt are perceived similarly realistic, while the weak tilt
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Baseline
M (SD)

Strong Tilt
M (SD)

Weak Tilt
M (SD)

Ingroup Presence Questionnaire - IPQ
Spatial Presence 4.38 (0.86) 3.95 (1.11) 4.60 (0.91)
Involvement 3.68 (1.26) 3.31 (1.42) 3.91 (1.01)
Experienced Realism 2.30 (0.80) 2.21 (0.89) 2.72 (0.76)

Simulator Sickness Questionnaire - SSQ
Total 23.3 (26.1) 40.8 (38.1) 21.5 (22.1)
Nausea 21,7 (29.4) 42.4 (42.6) 23.7 (29.0)
Oculomotor 16.5 (14.5) 25.1 (22.1) 15.7 (13.9)
Disorientation 25.0 (35.2) 43.7 (51.1) 16.8 (21.2)

User Experience Questionnaire - UEQ-S
Pragmatic Quality 1.93 (0.81) 0.51 (1.57) 1.91 (0.65)
Hedonic Quality 2.11 (0.95) 2.18 (0.88) 2.35 (0.67)

Driving Performance Measurements
SDLP 0.094 (0.051) 0.127 (0.066) 0.110 (0.051)
Mean Velocity (km/h) 11.19 (2.08) 9.21 (1.61) 11.04 (2.30)

Table 3. Descriptive Statistics (mean M and standard deviation SD) for the assessed self-rating scales and
driving performance measures.

mode was perceived as significantly more realistic than both the strong tilt (𝑍 = −2.855, 𝑝 = .004)
and the baseline condition (𝑍 = −2.601, 𝑝 = .009), see Figure 4.

4.3.2 User Experience Questionnaire. Similar results could be obtained for the UEQ-S. The baseline
and the weak tilt mode received comparably high ratings for pragmatic quality, while the strong
tilt was rated lower. The difference was statistically significant (𝜒2 (2) = 23.57, 𝑝 < .001). Pairwise
comparisons confirm that both the baseline (Med=2.0, IQR=1.3-2.8, 𝑍 = −4.336, 𝑝 < .01) and the
weak (Med=1.75, IQR=1.5-2.4, 𝑍 = −4.088, 𝑝 < .01) tilt were rated significantly better than the
strong tilt (Med=0.8, IQR=-0.8-1.5), while there was no difference between the weak tilt and the
baseline. Regarding the dimension of hedonic quality, no significant effect was indicated as all
conditions received similar ratings.

4.3.3 Simulator Sickness. The strong tilt mode led to the strongest simulator sickness, while
the weak tilt mode showed similar results to the baseline (for the total score and across all SSQ
dimensions).
Considering the total SSQ score (the combination of the three sub-dimensions), a statistically
significant difference was indicated (baseline Med=15.0 IQR=7.5-31.8, weak Med=15.0 IQR=7.5-30.0,
strong Med=29.9 IQR=11.2-63.6; 𝜒2 (2) = 23.703, 𝑝 < .001). Post-hoc comparisons reveal significant
differences between the baseline condition and the strong tilt (𝑍 = −3.612, 𝑝 < .001), as well as
between the strong and the weak tilt (𝑍 = −3.894, 𝑝 < .001), while no differences were present
between the baseline and the weak tilt condition. Regarding the nausea dimension, the Friedman
test yielded a significant effect (baseline Med=9.5 IQR=0-28.6, weak Med=19.1 IQR=9.5-28.6, strong
Med=28.6 IQR=9.5-57.2; 𝜒2 (2) = 16.247, 𝑝 < .001). Pairwise comparisons showed that there was
no significant difference between the baseline and the weak tilt, while the differences between the
baseline and the strong (𝑍 = −3, 449, 𝑝 < .001), as well as the strong and the weak condition were
significant (𝑍 = −3.627, 𝑝 < .001). We observed the same pattern for the other two dimensions.
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Fig. 4. According to the results of the IPQ scale, the weak tilt mode resulted in the highest ratings in all
dimensions and provided the most realistic experience (left). Regarding the SSQ results, the strong tilt yielded
significantly higher sickness than the other two conditions (right).

Regarding the oculomotor dimension (baseline Med=15.2 IQR=7.6-22.7, weak Med=7.6 IQR=7.6-
22.8, strong Med=15.6 IQR=7.6-38.0; 𝜒2 (2) = 13.229, 𝑝 < .001), there was also no difference between
the baseline and the weak tilt, while the differences between baseline and strong (𝑍 = −2, 764, 𝑝 =

.006), as well as weak and strong conditions (𝑍 = −3.446, 𝑝 < .001) were statistically significant.
Finally, the disorientation dimension shows a similar result (baseline Med=13.9 IQR=0-27.8,
weak Med=13.9 IQR=0-27.8, strong Med=27.8 IQR=7.0-62.6; 𝜒2 (2) = 14.237, 𝑝 < .001). Only the
differences between baseline and strong (𝑍 = −2, 76, 𝑝 = .006), as well as weak and strong conditions
(𝑍 = −3.402, 𝑝 < .001) were statistically significant.

4.3.4 Driving Performance Measures. To investigate participants’ cycling behavior, we evaluated
the standard deviation of lateral position and their speed. The potentially “best” driving performance
(i.e., highest speed and lowest lane deviation) was achieved in the baseline condition, followed by the
weak (slightly lower) and the strong tilt (significantly lower) modes. Since the data were normally
distributed, we conducted parametric repeated measures ANOVAs (assumptions for sphericity not
met). Considering the standard deviation of lateral position, a significant effect was indicated
(Greenhouse-Geisser, 𝐹 (1.797, 50.307) = 4.701, 𝑝 = .016). Post-hoc comparisons showed that in the
strong tilt, participants’ lane-keeping performance was significantly worse than in the baseline
condition (𝑝 = .021).
A significant effect was also visible for the mean speed (Greenhouse-Geisser, 𝐹 (1.897, 53.118) =
23.069, 𝑝 < .001). Participants drove significantly slower in the strong tilt mode than in both the
other conditions weak tilt (𝑝 < .001) and baseline (𝑝 < .001). No other comparisons indicated
significance.

4.3.5 Semi-Structured Interviews. In the interviews, we asked participants (2 had to be excluded
because of damaged audio recordings) to express which of the three experimental conditions (i.e.,
tilt modes) they liked the most and which they liked the least, as well as to justify their decision to
uncover the “why” (see Figure 5). 15 (out of 31) participants preferred theweak tilting mode. Eight of
them justified their preference with the right amount of realism. Three participants stated that the
reason for the preference was due to the presence of movement, while 2 explicitly mentioned that
“it moves, but not too extreme”. Six participants preferred the baseline condition because, for them, it
was easy and felt “like a game”. In contrast, five other participants preferred the strong tilt mode,
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Fig. 5. Participants expressed different reasons for their rankings of the most and least preferred experimental
condition (those do not belong to a particular condition, see Section 4.3.5).

where two of them justified their choice because they had to concentrate the most, while another
participant liked it because it was challenging. The remaining participants could not identify a
favorite.

Regarding the least preferred cycling tilt, 16 participants chose the strong condition, where four
argued that it reacts too sensitively to their actions and had too much movement. Two participants
argued with safety concerns, and another one argued that it felt like they would constantly “tip over”.
Seven participants disliked the baseline most, where a common reason expressed by 7 participants
was the lack of movement, making the simulator unrealistic and boring. Four participants disliked
the weak tilt mode because it does neither feel very realistic nor like a video game.

5 DISCUSSION
Our results demonstrate that platform tilt plays a vital role in the perception of cycling in virtual
reality. However, it requires careful consideration when designing VR bicycle simulators. Overall,
the results of our experiment show that simulator tilt can positively affect humans’ perception of
cycling in virtual reality, but only when the tilt angles are moderate – it was surprising to see how
small tilting angles in a range of only −2.28◦ to +2.28◦ can improve the experience. Stronger tilting
angles, in contrast, degrade cycling performance and immersion, which leads to higher motion
sickness. This indicates that there exists a “sweet spot” for a tilting function that balances the
involved concepts of performance, perception, and simulator sickness. Still, the weak function as
used in this experiment should not be considered a best practice or reference value, as its parameters
were based only on a small pilot study with two cyclists. Additionally, it should be mentioned that
the main problem of the strong tilt mode seems to mainly stem from the fast dynamic adjustments
of the handlebar that are immediately reflected by the platform, rather than the maximum tilt
values in the curves. Further improvements and a systematic investigation are necessary to improve
cycling in VR simulators. Moreover, given that simulator sickness in VR cycling is influenced by
varying driving scenarios [40], therefore it is necessary to determine the optimal tilting behavior
for different movements, i.e., cycling upwards/downwards, turning at different angles, or different
speeds. This leads to the question of how much tilt should be applied in particular situations. Still,
we can confirm that the inclusion of a moderate tilt function (which should be carefully designed
to balance between simulator sickness and immersive experiences) can convey a realistic cycling
experience for human users, which is particularly relevant if the intended driving scenarios contain
curvy trajectories. We investigated the influence of the tilting function on realism, user experience,
motion sickness, and cycling performance, which we discuss in detail in the following.
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5.1 How does Tilting influence Presence and User Experience?
We compared the two modes of a strong tilt and a weak tilt with a less aggressive onset to a
baseline without any motion. Thereby, the weak tilt mode was rated as the most realistic. It was
ranked highest in all dimensions of the IPQ scale and rated significantly higher than the other
two conditions in terms of “perceived realism”. The statistical evaluation was also supported by
the semi-structured interviews, where the weak tilt mode was the one most preferred by study
participants for reasons such as showing “the right amount of realism”. In contrast, the strong
tilt mode was rated worst across all dimensions and also the least preferred condition among
study participants. The IPQ ratings show that this mode could not improve the immersion or
perceived realism compared to the baseline, which even was rated slightly higher in all sub-scales
(although the differences are not significant). Consequently, we can confirm that a tilt function
can significantly increase a realistic perception of cycling in virtual reality, but only when the tilt
function reacts less extreme to the changing speed and curve radii (RQ1). We evaluated similar
results regarding user experience. In the UEQ-S, the baseline and weak tilt scored similar, while the
strong tilt led to significantly lower pragmatic quality. Regarding hedonic quality, all conditions
were rated similarly, potentially as the bicycle simulator was a novel experience for our participants
in general.

5.2 How does Tilting influence Motion Sickness?
The strong tilt significantly worsened the situation from the perspective of simulator sickness. In the
SSQ total score as well as all sub-scales, the strong tilt mode resulted in significantly more sickness
than the other two conditions. The weak tilt, in turn, was rated similar to the baseline condition,
according to the total SSQ score and its sub-scales. In summary, even a downscaled tilt function for
a bicycle simulator can worsen simulator sickness when reflecting a realistic relationship of speed
and curve radius (i.e., tilt onset following small handlebar adjustments), while a weak and minor
tilt mode does at least not yield to more sickness than a static simulation (RQ2). However, the
results must also be interpreted with caution as simulator sickness can increase due to carry-over
effects, and our participants completed the strong tilt mode always in the end. We argue that the
large differences (see Figure 4) would not suggest that the observed differences stem mainly from
such carry-over effects. Still, we hypothesized that an adequately applied tilt mode would not only
benefit perceived realism but simulator sickness too since Weech et al. [63] have argued that “both
factors may be manipulated with a single approach”. So what could be the reasons that simulator
sickness did not decrease although perceived realism improved? Even though both constructs are
based on a match/mismatch of sensory perception, additional interventions can “generate both a
compelling sense of ’being there’, and symptoms of physiological discomfort” [63]. Maybe a better
parameterized tilting function could lead to the desired effect. However, it could also mean that
even more and better interventions are required to eliminate all the sensory conflicts when cycling
in VR. This could include: (1) a combination of handlebar steering and weight shifts input since both
contribute to cycling dynamics [25], (2) a force rather than a tilt simulation, which calculates the
superimposition of the centrifugal force and the downforce to adjust the bike movement accordingly,
or (3) an additional rotatable platform that can produce centrifugal forces. Finally, training and
habituation effects could benefit the situation. Longer phases of adaptation have shown to reduce
simulator sickness for vehicle [9] and scooter [20] simulators, which we aim to address in future
studies where participants are exposed to the different tilt modes longer and more frequently.
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5.3 Cycling Performance versus Tilt
The simulator tilt significantly influenced the cycling performance of participants. Similar to
simulator sickness, the strong tilt led to the worst performance. It significantly increases the
standard deviation of lateral position compared to the baseline, which can be interpreted in a way
that study participants could not follow the intended trajectory very accurately. Also, the mean
velocity with the strong tilt mode was significantly lower than in the other two conditions. We are
inclined to use the term “worsened” here as we compare the speed to the 13.6km/h that has been
determined as the average velocity in natural environments by Dozza and Fernandez [11]. Using
the weak tilt, participants’ speed and lane deviation were slightly (but not significantly) worse
than the baseline. To summarize, similar to the simulator sickness, a tilting mode for a VR bicycle
simulator leads to decreased cycling performance when the tilt angle is too strong, while moderate
tilting results in a similar performance to a static simulation without motion (RQ3).

6 LIMITATIONS AND FUTUREWORK
We observed several technical limitations of the designed bicycle simulator and the experimental
evaluation, which should be considered in future projects. First, similarly to many other bike
simulators, it was only possible to drive curves using a handlebar rotation, while in reality, driving
curves is achieved via a combination of steering movements and weight shifts, i.e., “leaning into the
curve”. Thus, we plan to include pressure sensors similar to [8] in the future so that the simulator can
recognize and react to such movements of the rider. A combination of handlebar steering and body
positioning could be an interesting aspect of future studies: The study conducted by Matviienko
et al. [40] has shown that handlebar steering is less degrading (in terms of simulator sickness) than
body movements. In contrast, the evaluation by Westerhof et al. [66] in the motorcycle domain
suggested that adding body positioning to traditional steering can reduce simulator sickness (i.e.,
both results are not necessarily contradictory). Second, as already discussed, the bicycle simulator’s
motion platform simulates bike tilt rather than forces. One can think of the forces that would
apply to a rider when entering a curve: At the onset of the curve, i.e., when leaning into it, a
realistic force simulation would indeed result in a tilt, which is then quickly superimposed by the
centrifugal force. A force-based motion simulator could mimic this effect by tilting the bike up
again during the curve so that the rider would only feel the downforce while still seeing a tilted
view in the virtual world. Another possibility could be to mount the entire simulator on a rotatable
platform to be able to generate the required centrifugal force. However, motorcycle simulators also
typically simulate tilt rather than correct physical forces [3]. One reason for this could be that in
the past, many simulators for two-wheeled vehicles were limited to screens rather than VR, where
an exact force simulation creates a conflict with the orientation of the real and the virtual world.
VR glasses can eliminate this issue [66] and allow more realistic force simulations. Additionally, we
aim to improve other simulation elements, such as brakes, audio, and improvement of the visual
environment. Finally, with our work, we aimed to improve the VR cycling experience by reducing
motion sickness and increasing realism, but due to the limited sample size and different cultural
backgrounds of the participants, and short exposure to the individual conditions, generalizing our
results to a larger group of cyclists might be difficult, which would require further experiments in
the future.

7 CONCLUSION
In this paper, we have investigated how a tilt function for a virtual reality bicycle simulator affects
perceived realism, simulator sickness, and cycling performance. We installed a bicycle simulator on
a motion platform (without rotational motion) and implemented two characteristic tilting modes
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for evaluation – a strong tilt mode, which follows a downscaled version of a physics model for
bicycle dynamics, and an improved weak tilt with less aggressive onset by adjusting the function
parameters. Both tilting functions were mapped to a range of −5◦ to +5◦ of the motion platform and
compared to a static baseline condition without motion in a user study with 31 participants. The
results show that the strong tilt degrades presence, cycling performance, and simulator sickness. The
weak tilt mode, in contrast, could significantly improve the subjectively perceived realism without
worsening cycling performance and simulator sickness. Summarized, our research demonstrates
that even very slight tilting can have a beneficial effect and suggests that there exists a sweet spot
for a tilting function that can balance between presence/immersion and simulator sickness. Beyond
the evaluated experimental results, we contribute to the design of high-fidelity bicycle simulators
by discussing additional interventions that could help to provide more realistic cycling experiences
in the future.
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