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Figure 1: Overview of countermeasures to reduce VR sickness in bicycle simulators: (a) airfow, (b) dynamic feld-of-view 
restriction (FoV), (c) two-sided head-mounted vibrotactile feedback. Airfow creates a wind-like sensation, FoV dynamically 
restricts the peripheral vision of cyclists by blacking out the feld-of-view, and vibration conveys a simultaneous sensation on 
both sides of the head. 

ABSTRACT 
Virtual Reality (VR) bicycle simulations aim to recreate the feeling 
of riding a bicycle and are commonly used in many application 
areas. However, current solutions still create mismatches between 
the visuals and physical movement, which causes VR sickness and 
diminishes the cycling experience. To reduce VR sickness in bicycle 
simulators, we conducted two controlled lab experiments address-
ing two main causes of VR sickness: (1) steering methods and (2) 
cycling trajectory. In the frst experiment (N = 18) we compared 
handlebar, HMD, and upper-body steering methods. In the second 
experiment (N = 24) we explored three types of movement in VR 
(1D, 2D, and 3D trajectories) and three countermeasures (airfow, 
vibration, and dynamic Field-of-View) to reduce VR sickness. We 
found that handlebar steering leads to the lowest VR sickness with-
out decreasing cycling performance and airfow suggests to be the 
most promising method to reduce VR sickness for all three types 
of trajectories. 
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1 INTRODUCTION 
Bicycle simulators are increasingly useful in many application ar-
eas, such as health [58], entertainment 1 [22] and research [36– 
38], where they facilitate prevention of cardiovascular diseases, 
improve physical conditions using gamifcation [3, 22, 58], and pro-
vide an evaluation platform for researchers in safe laboratory condi-
tions [62]. Most of these bicycle simulators [6, 32, 34, 54, 62, 64, 73] 
are placed on stationary platforms and employ virtual reality (VR) 
technology to present a virtual world to users through an immer-
sive 3D experience and a resulting high sense of presence [17, 55]. 
However, due to a mismatch between visual feedback provided by a 

1https://virzoom.com, https://www.vzft.com/ 
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simulation and a physical movement in the space while cycling [41], 
users often experience virtual reality (VR) sickness, which leads 
to a decreased cycling performance [28] or even dropouts from 
experiments [13, 14, 65]. 

Although we cannot avoid the aforementioned mismatch be-
tween visual perception and physical movement in VR bicycle 
simulators, we can infuence factors that can reduce VR sickness. 
These factors include (1) hardware which determines the quality 
of VR (e.g., display type, hardware Field-of-View, latency), (2) VR 
content responsible for the degree of VR fdelity and sickness (e.g., 
optical fow, reference frame, controllability), and (3) human fac-
tors (e.g., age, gender, prior VR experience) [10]. Given that the 
hardware-related aspects from the frst category will most likely 
improve with time and we have no control over interpersonal difer-
ences related to the third category, we explore the aspects related to 
human perception from the second category related to VR fdelity 
and sickness. In the case of VR bicycle simulators, these factors are 
typically infuenced by: (1) rotational movements (steering) that 
increase a mismatch between the visual and vestibular systems and 
(2) the efect of optical fow when moving through space along 
diferent axes, e.g., cycling straight, with turns and with slopes 
(moving through space). Therefore, our work aims to reduce VR 
sickness for cyclists in VR bicycle simulators by exploring the ef-
fects of steering and movement through space while maintaining 
a high cycling performance. The latter implies that VR sickness 
countermeasures do not come at the cost of a decreased cycling 
experience and performance in terms of speed and accuracy. 

In the frst experiment, we investigated three bicycle steering 
methods based on three types of control via (1) the conventional 
rotation of a handlebar, (2) head rotation, and (3) a close-to-reality 
leaning of an upper body, and their infuence on the VR sickness in 
bicycle simulators. We discovered that steering via rotation of the 
handlebar leads to the lowest VR sickness, higher steering accuracy 
and usability. In the second study, we employed the handlebar 
steering method and explored an airfow, a dynamic restriction for 
the feld-of-View, and head-mounted vibrotactile feedback (Figure 1) 
to reduce VR sickness under three types of movement through 
space: (1) cycling on a straight line, (2) with turns, and (3) with 
slopes. We found that airfow is the most efcient countermeasure 
for all types of movement in terms of VR sickness reduction and 
cycling realism based on subjective measures. 

Our main research contributions include: 
• An empirical evaluation of three bicycle steering methods 
and their infuence on the VR sickness. 

• An empirical evaluation of three countermeasures to reduce 
VR sickness in VR bicycle simulators while cycling straight, 
with turns, and with slopes. 

2 RELATED WORK 
In this section, we provide an overview of bicycle simulators, their 
steering methods, VR sickness, and countermeasures of its mitiga-
tion. 

2.1 Bicycle Simulators 
Although cycling in stationary bicycle simulators is tangentially 
approaching real cycling experience [47], they continue to play an 

important role in health [58], entertainment [22] and research [36– 
38]. In particular, bicycle simulators are crucial in the research as a 
cost-efective evaluation method with cyclists as vulnerable road 
users [5, 42]. Their advantage lies in the control over experiments, 
environmental consistency [18, 40], and more importantly a simu-
lation of potentially dangerous trafc situations without causing 
harm for participants and other road users [18, 52]. However, de-
spite several benefts of using bicycle simulators, it is important 
to maintain a high correspondence between the real world and a 
simulation, to produce valid results [23, 61]. 

To facilitate a high correspondence between the reality and sim-
ulation while cycling, many researchers used virtual reality (VR) 
technology [6, 9, 24, 32, 34, 47, 54, 62, 64, 73] to ensure a high level 
of presence and immersion in the simulated environment. In this 
way, researchers aim to bring the simulated environment a step 
closer to reality. For example, O’Hern et al. [9, 47] discovered that 
there are no signifcant diferences between the real world and VR 
regarding lane position, deviation in lane position, passing distance, 
speed reduction at intersections, and several aspects of head move-
ments. However, participants were riding signifcantly slower in VR. 
Another example of earlier bicycle simulators – Peloton Bicycling 
Simulator [9] – was designed to facilitate exercising at home in a 
virtual world. The setup is very similar to today’s home exercise 
software, e.g., Zwift 2, which consists of a bicycle, attached to a 
bicycle trainer, a PC, and a fan. Other existing bicycle simulators 
use similar principles, difering in the type of displays, the use of 
sensors or actuators [24, 32, 64, 73]. However, despite the existing 
advances in mimicking cycling in VR bicycle simulators, there is no 
clear design decision regarding the most efcient steering method 
and countermeasures to reduce VR sickness imposed by the mis-
match between the visual and physical sensations. This leads to 
two questions: (1) which steering method is the most appropriate for 
bicycle simulator and (2) which steering method induces the lowest 
VR sickness. We outline the state-of-the-art regarding both of these 
questions in the following subsections. 

2.2 Steering in Bicycle Simulators 
Steering in bicycle simulators plays undoubtedly an essential role in 
indicating a direction of movement. Researchers have implemented 
several steering methods via rotation of the handlebar (with and 
without a turntable), buttons, or leaning of a cyclist. Steering with 
a handlebar rotation is typically implemented via a free move-
ment of the handlebar with the front wheel on a foor [32, 54] or 
turntable [62], or without a front wheel, but a fork fxed in front 
and a movable handlebar [36–38]. Another example by Katsigiannis 
et al. [24] shows steering using buttons attached to both sides of 
the handlebar. In all these cases rotation of the handlebar in the 
horizontal plane is refected in the simulator, i.e., turning a handle-
bar 10° to the left will rotate the camera view of the simulation for 
the same angle. Therefore, we used a handlebar steering method as 
a conventional way of steering in many bicycle simulators. 

Leaning of the upper-body to indicate a direction of movement 
is the common method used for cycling in the real world [39]. Al-
though some projects used a Kinect tracking of the body movements 

2https://www.zwift.com 
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in bicycle simulators 3, to our knowledge, it was not empirically 
investigated in the previous work. Therefore, in this paper, we look 
closely at the performance of the handlebar and leaning steering 
methods in terms of VR sickness, accuracy, and usability. Addition-
ally, we explore a steering method based on the head movement 
in car simulators, inspired by the work of Saito et al. [53]. They 
identifed horizontal direction, yaw rotation, and roll rotation as 
potential candidates for efective steering based on head movement, 
i.e., you drive where you look. Their results showed that the hori-
zontal axis movement is the most reliable, reduces VR sickness, and 
increases usability and realistic motion. In this paper, we explore 
the possibilities of this idea applied to bicycle simulators and its 
infuence on VR sickness and usability. We focus, however, on the 
body-based steering movements due to their natural interaction, 
i.e., the upper-body, and previously shown promising results for 
the handlebar [36, 38]. 

2.3 Virtual Reality Sickness and 
Corresponding Mitigation 

Virtual reality (VR) sickness [33], cybersickness [48], often called 
Visually-Induced Motion Sickness (VIMS) [8], or simulator sick-
ness [13] describes a set of symptoms such as nausea, headache, 
general discomfort, and sweating, experienced during and after 
exposure to a virtual environment. These terms are often used 
interchangeably, therefore, in this paper, we refer to the aforemen-
tioned symptoms as a Virtual Reality (VR) sickness. VR sickness 
is a common issue in the VR environments caused by a sensory 
confict induced by the disparity in motion between two sensory 
systems – visual and the vestibular [27]. This motivated researchers 
to explore the ways of reducing VR sickness [11, 30, 50, 57] by em-
ploying two main approaches focused on the two aforementioned 
sensory systems: (1) visuo-vestibular and (2) visual modifcation. 

The visuo-vestibular approaches employ physical stimulation 
around the vestibular system. Some of the examples include gal-
vanic feedback [20, 35, 67], airfow [14, 21], bone-conductive vibra-
tion [66, 67], vibration on a seat [14], head [49], and feet [29, 60] 
to enhance participants’ sensation of self-motion. Although gal-
vanic feedback is a successful countermeasure against VR sick-
ness [20, 35, 67], it is not recommended for some populations, e.g., 
pacemaker users, women in pregnancy, and can produce symptoms 
of discomfort in healthy users [31, 67]. Another approach employs 
bone-conducted vibrations with an audible frequency of 500Hz 
behind the ears [66, 67]. However, previous work has shown that 
frequencies above 150Hz are perceived as annoying, uncomfortable, 
and obtrusive [25, 43–45], which motivates our work to fnd more 
unobtrusive and comfortable methods. Airfow and vibration, on 
the other hand, have been successful in reducing VR sickness in sim-
ulations without causing much discomfort. For example, D’Amour 
et al. [14] have shown that continuous airfow at a fxed speed 
placed in front of participants signifcantly reduced cybersickness 
compared to vibration in the chair. In another paper, Harrington et 
al. [21] investigated the efect of a desk fan while driving a car in a 
virtual environment and found that the airfow had signifcantly 
reduced participants’ cybersickness. As for the head-mounted vibra-
tion, Peng et al. [49] explored this idea to reduce VR sickness while 

3http://spinnulators.github.io/Spinnulator/ 

walking in VR using a frequency of 150Hz of the vibration. Their 
results showed that 2-sided head-mounted vibration is efective in 
reducing VR sickness and discomfort, which signifcantly improved 
the realism of VR walking. Therefore, in this paper, we explore 
both airfow and head-mounted vibrotactile feedback to reduce 
VR sickness in bicycle simulators, as they have been successful in 
previous work. 

The visual approach aims to visually modify the perception of 
VR environments from the user’s point of view. Successful examples 
for the visual approach, e.g., blurring, vignette, blink, are widely 
used for teleportation in VR, but often diminish presence in realistic 
environments [16, 51, 63]. A reference frame is another example of 
visual modifcations applied directly to the user’s view to enhance 
spatial and motion judgments, e.g., with a virtual nose [68, 69]. 
However, the reference frames occlude virtual scenes and remain 
static concerning the user’s head motion [69], without accounting 
for changes in the virtual environment. Another common method 
to reduce VR sickness is to restrict the Field-Of-View (FoV), as a 
larger FoV can increase VR sickness due to visual fux in motion 
perceived in the peripheral view. 

Therefore, reducing the FoV either statically [7, 56] or dynam-
ically [15, 33, 59, 71] can reduce VR sickness. While static FoV 
restriction is applied for the entire duration of the experience, the 
dynamic FoV restriction is applied on-demand in situations that 
might cause vection and thus VR sickness, e.g., (angular) acceler-
ations. The latter approach is also mentioned in the best practice 
recommendations of Oculus 4 and used in commercially available 
games (e.g., Sniper Elite VR 5) and experiences [1, 59]. Therefore, 
in this paper, we also explored a dynamic FoV restriction as one 
of the methods to reduce VR sickness in the VR bicycle simulators. 
In the following, we describe two studies that focus on exploring 
steering methods and countermeasures to reduce VR sickness in 
VR bicycle simulators. 

3 STUDY 1: STEERING METHODS 
In the frst study, we investigated the infuence of three bicycle steer-
ing methods on the VR sickness of cyclists in virtual reality bicycle 
simulators. Therefore, for this experiment we had the following 
research question: Which steering method is the most suitable for VR 
bicycle simulators in terms of VR sickness and cycling performance? 

3.1 Participants 
We recruited 18 participants (11 male, 7 female) aged between 22 
and 34 years old (M = 26.2, SD = 2.9) via university mailing lists, 
social media, and word of mouth. Four participants cycle daily, six 
ride at least once a week, fve once a month and the remaining 
three cycle less than once a month. Thirteen participants had no 
experience with VR. All participants had normal or corrected-to-
normal vision. Participants were compensated with snacks and 
drinks for their time. 

3.2 Study design 
The study was designed to be within-subject with steering method 
as the independent variable. The experiment consisted of three 

4https://developer.oculus.com/resources/locomotion-design-reduce-optic-fow/ 
5https://rebellion.com/games/sniper-elite-vr/ 
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Figure 2: In the frst study, we evaluated three steering meth-
ods based on the: (1) Head-Mounted Display (HMD) (left), 
(2) handlebar (center), and (3) upper-body (right). The HMD 
method allows steering by turnings one’s head left and right, 
the handlebar – by turning the handlebar, and the upper-
body – by leaning left and right. 

experimental conditions, which included cycling in the virtual envi-
ronment on the bicycle simulator with (1) handlebar, (2) HMD, and 
(3) upper-body steering methods (Figure 2). While the handlebar 
is a conventional method for many bicycle simulators and leaning 
of the upper body is a way to steer a bicycle in the real world, we 
included a promising method based on the previous research for 
steering in cars using a head rotation. With these three methods 
we aimed not only to explore existing steering methods in bicycle 
simulators and the real life, but also to assess levels of control with 
diferent parts of body: (1) hands – handlebar, (2) head – HMD, and 
(3) upper body – leaning. The order of the steering methods was 
counterbalanced using a balanced Latin square. Every route had an 
equal length of 1.4 km with fve left and fve right turns each. Ex-
cept for the changes in the road trajectory, all routes contained two 
slalom parts with obstacles to enforce steering with smaller rotation 
angles when switching lanes (Figure 3). To investigate the accuracy 
of the steering methods, we placed coins equidistant from each 
other along a predefned path and instructed participants to collect 
as many coins as possible. Every steering method was randomly 
assigned to a cycling route and participants’ task was to cycle this 
route following arrow indicators presented in the simulation and 
collect the coins placed on the road along the predefned trajectory. 

3.3 Apparatus 
We conducted the experiment in the developed virtual reality (VR) 
bicycle simulator, which consisted of the bicycle (28-inch wheel) 
placed on the fxed platform with lateral suspension (Kinetic Rock 
and Roll6). Cycling actions, such as steering, pedaling and braking, 
were refected in the simulation shown in the VR head-mounted 
display. The VR environment was implemented using Unity SDK 
(2020.1.12f1) and SteamVR assets and consisted of the virtual city 
in the fat landscape. The bicycle was ftted with a Garmin Speed 

6https://www.kurtkinetic.com/trainers-products/rock-and-roll-smart-2 

Figure 3: In the frst study, we investigated three routes 
(bird’s eye view above), where each route consisted of fve 
left and right turns and contained coins placed at equal dis-
tances from each other. We also added two slalom tracks 
with obstacles to enforce steering with smaller turning an-
gles compared to larger turning angles for 90°turns (bottom). 

Sensor 2 on the rear wheel, which transmits real-time speed via 
ANT+ and Bluetooth to the simulation (Figure 4). 

As for the handlebar steering method, we placed one VR tracker 
on the front wheel to measure a rotation angle of the handlebar and 
the second on the bicycle platform for calibration using 3D-printed 
brackets. With the help of the trackers, the setup could be oriented 
arbitrarily in the room while still having the correct orientation of 
the virtual bike when starting the simulation. The front wheel of the 
bicycle was placed on a turntable to facilitate stable rotation of the 
handlebar. The HMD steering method was implemented using the 
orientation of the VIVE headset (angle tracking error <0.02° [46]) 
to capture the head’s yaw rotation. Finally, the upper-body steering 
was enabled via the tilting of the bicycle platform to left and right 
sides similar to cycling on a bicycle in the real world. For tracking 
the upper-body, we placed a polar H10 sensor with a gyroscope on 
participants’ chest to measure the body rotation and converted it 
into a steering angle. 

3.4 Measurements 
To investigate the performance of the bicycle steering methods 
and their infuence on the VR sickness, we measured the following 
dependent variables: 

• Virtual Reality Sickness: for every condition, participants 
flled in the questions from the Simulation Sickness Ques-
tionnaire (SSQ) to assess their general state after cycling. To 
estimate participants’ VR sickness during cycling we used 
Fast Motion Sickness (FMS) Scale, which included a question 
with a scale from 0 (“I feel perfectly fne”) to 20 (“I want to 
quit the task, because I feel very bad”) and was asked every 

https://6https://www.kurtkinetic.com/trainers-products/rock-and-roll-smart-2
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Figure 4: Experimental setup used in both studies: Participants cycled on a stationary bicycle simulator while wearing a VR 
head-mounted display. The VR trackers and the turntable were used to measure the rotation angle of the handlebar and speed 
sensor – the cycling speed. In the second study, additional countermeasures against VR sickness were used: a fan placed in 
front of the head, vibrotactile feedback integrated into the head-mounted display behind the ears, and a reduction in the feld 
of view displayed in the HMD. Another diference between study 1 and 2 is in the bike platforms: The fgure shows the Tacx 
platform used in Study 2, while Study 1 used the Kinetic Rock and Roll to facilitate upper body movements. 

30 seconds. To calculate the SSQ score [26], we used the 
formula from [4]. 

• Cycling accuracy: for every condition, we counted the per-
centage of coins participants collected on the road while 
cycling with a steering method. 

• Usability of the steering methods: for every condition, partic-
ipants flled a System Usability Score scale to estimate the 
usability of a steering method. 

• Task Completion Time: for every, condition we measured the 
time it took participant to fnish the route. 

• Number of collisions: for every condition, we counted the 
number of times participants cycled into a virtual object in 
the simulation. 

• Subjective pleasantness and accuracy: for every condition, we 
asked participants to assess how pleasant and how accurate 
they found a steering method using a 5-point scale (1 – very 
unpleasant/imprecise, 5 – very pleasant/precise). 

3.5 Procedure 
For our study we adhered to our universities health department’s 
guidelines for user studies during the COVID-19 pandemic. All 
testing equipment was disinfected and the hall used was aired out 
for a minimum of one hour between participants. After obtaining 

informed consent, we collected participants’ demographic data. Af-
terwards we provided a brief overview of the procedures, which 
included explanations of the steering methods and a test ride in the 
simulator. They started cycling when they felt comfortable. Partic-
ipants’ task was to cycle in the simulation, follow the navigation 
arrows placed in the environment and collect coins on the way. At 
the end of the study, we interviewed the participants about their 
preferences and problems experienced with the steering methods. 
The entire study lasted approximately one and half hours. 

3.6 Results 
We found that the handlebar steering method leads to the lowest 
VR sickness and the lowest number of collisions. Moreover, it has 
the highest usability and steering accuracy compared to HMD and 
upper-body steering methods in virtual reality bicycle simulators. 
We used the Friedman test and Wilcoxon-signed rank test for post-
hoc analysis of the non-parametric data. For pairwise comparisons, 
we used a Bonferroni correction. We outline these fndings in detail 
in the following. 

3.6.1 VR Sickness. We found that handlebar steering has the low-
est SSQ-value (M = 80.8, SD = 74.7) and therefore leads to lower 
VR sickness, followed by a steering via HMD (M = 90.8, SD = 70.6)
and upper-body (M = 169, SD = 107). These diferences between 
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Figure 5: Overview of results: means and standard errors for Simulation Sickness Questionnaire (SSQ) score, accuracy as a 
number of collected coins, System Usability Score and task completion time. 

the steering methods were statistically signifcant according to the 
Friedman test (χ2(2) = 18.85, p < 0.001, η2 = 0.52). The pairwise 
comparisons showed that upper-body steering method had a sta-
tistically signifcant higher SSQ value compared to the handlebar 
(p < 0.001) and HMD (p < 0.001) methods. Moreover, the SSQ 
score was signifcantly higher using the HMD steering than the 
handlebar (p < 0.001). As for the Fast Motion Sickness (FMS), we 
discovered that the upper-body method induces higher FMS score 
(average score over time) (M = 4.91, SD = 3.47) than the HMD 
(M = 3.57, SD = 3.9) and the handlebar (M = 3.26, SD = 2.67). 
These diferences were statistically signifcant (χ2(2) = 9.2, p < 
0.001, η2 = 0.26). The pairwise post-hoc tests showed that the 
upper-body had a statistically higher FMS score compared to the 
HMD (p < 0.001) and handlebar (p < 0.001), but not between the 
handlebar and the HMD (p > 0.05) (Figure 5 left). 

3.6.2 Cycling accuracy. We found that the handlebar steering was 
the most accurate with 96.21% (M = 170, SD = 30) accuracy 
rate, followed by HMD steering with 88.04% (M = 162, SD = 29)
and upper-body with 56.52% (M = 88, SD = 51). These difer-
ences between the steering techniques were statistically signifcant 
(χ2(2) = 25.4,p < 0.001, η2 = 0.7) and the pairwise comparisons 
showed that the upper-body steering was less accurate than the 
handlebar (p < 0.001) and the HMD (p < 0.001) steering meth-
ods. Moreover, participants were signifcantly more accurate with 
the handlebar steering than with HMD (p < 0.01). This fnding 
was further supported by the subjective feedback, which showed 
that the handlebar steering was perceived as the most accurate 
(M = 4.5, SD = 0.62), followed by HMD (M = 3.78, SD = 0.94)
and upper-body steering (M = 2.33, SD = 1.1). The Friedman test 
showed that the diferences between the steering methods are statis-
tically signifcant (χ2(2) = 25.7, p < 0.001, η2 = 0.71). The pairwise 
comparisons have shown that the handlebar steering was perceived 
as the most accurate method compared to HMD (p < 0.001) and 
upper-body (p < 0.001). HMD steering was also perceived as more 
accurate than with upper-body (p < 0.001) (Figure 5 middle left). 

3.6.3 Task completion time. We found that with the handlebar 
steering it took participants the shortest amount of time to fn-
ish the route (M = 217s, SD = 68), followed by the upper-body 
(M = 235s, SD = 134) and the HMD (M = 297s, SD = 63) meth-
ods. Using the Friedman test we revealed that this diference was 
statistically signifcant (χ2(2) = 12.3, p < 0.01, η2 = 0.34). The 
pairwise comparisons have shown that steering with the handlebar 
was faster compared to the steering with the HMD (p < 0.001) and 
the upper-body (p < 0.001). Moreover, cycling with the upper-body 
method led to a shorter task completion time than with the HMD 
(p < 0.001) (Figure 5 right). 

3.6.4 Number of collisions. We found that with the handlebar steer-
ing method participants had zero collisions compared to the HMD 
(M = 0.33, SD = 1.03) and the upper-body (M = 0.94, SD = 1.47) 
steering methods. The Friedman test has shown a statistically sig-
nifcant diference for the number of collisions (χ2(2) = 9.9,p =< 
0.01, η2 = 0.28). The pairwise comparisons have shown a signif-
cantly higher number of collisions with the upper-body compared 
to the handlebar (p < 0.001) and the HMD (p < 0.001). However, 
we did not observe statistically signifcant diferences between the 
HMD and the handlebar steering methods (p > 0.05). 

3.6.5 Usability. We found that the the handlebar steering has 
the highest usability (M = 68.5, SD = 14) compared to HMD 
(M = 53, SD = 17) and upper-body (M = 45, SD = 19) meth-
ods, which was shown by statistically signifcant diferences for 
usability (χ2(2) = 11.5, p < 0.01, η2 = 0.32) using the Friedman test. 
The pairwise comparisons showed that the handlebar method has a 
signifcant higher usability than HMD (p < 0.001) and upper-body 
(p < 0.001) methods. However, we did not fnd statistically signif-
cant diferences between HMD and upper-body methods (p > 0.05)
(Figure 5 middle right). 

3.6.6 Problems and preferences. Concerning participants’ prefer-
ences for steering methods, we found that the majority preferred 
steering with the handlebar (n=13), followed by HMD (n=5). None 
of the participants ranked steering with the upper-body as the most 
preferred steering method. The ranking also correlates with how 
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pleasant participants found the steering methods with the handlebar 
having the highest score (M = 3.83, SD = 1.04), followed by HMD 
(M = 3.39, SD = 1.14), and the upper-body (M = 2.11, SD = 0.83). 

The highest preference for the handlebar steering method was 
expressed by the fact that the participants had a better control over 
a bicycle, in particular for narrow turns, and it was easy to use 
it and go in the intended directions. As some of our participants 
mentioned: “The handlebar controls were very easy to steer. Even 
tight corners were easy to drive, the controls responded well.”. [P2, 
M, 27 years old], “I could easily go in directions I had to go and I 
had no problems orienting myself in the environment.” [P7, M, 30 
years old]. The main point of critique was a high sensitivity level of 
the handlebar. For example, P8 (M, 31 years old) noted that it feels: 
“Like a bicycle, although here the sensitivity sometimes felt too high.”. 

The HMD steering method seems to be a good option for people 
who rarely cycle on a real bicycle, it was perceived as easy and fun 
to use. As some of the participants mentioned: “I think the steering 
method is interesting and can be put to good use by people who rarely 
ride a real bike. However, if you are used to steering by hand movement 
and tilting your upper body, it is very irritating that the simulator 
does not react to it.” [P2, M, 27 years old], “Was super fun! Funnily 
enough, more intuitive than steering with the steering wheel” [P13, 
F, 26 years old]. As for the main disadvantages, the participants 
expressed an inability to observe the environment, the unusual 
feeling of not using the handlebar at all and lack of a cycling feeling. 
Some of our participants noted the following: “It worked out quite 
well, but I prefer to steer with the handlebar. It was a shame not to 
be able to look at the landscape.”, “It was easy to steer and good at 
cornering. A little unusual not having to use the handlebar.” [P4, F, 
24 years old], or “Difcult because you are used to steering with a 
handlebar” [P6, M, 25 years old]. 

As for the steering with upper-body, participants found it very 
imprecise, had no good feeling for steering and control, and lacked 
steering with a handlebar. These fndings are supported by the 
following statements: “Unfortunately, the steering using the upper 
body tilt is very imprecise, which makes driving very exhausting.” 
[P2, M, 27 years old], “I didn’t get a real feel for the steering, no 
real control, so I felt very insecure.” [P5, F, 26 years old], and “A bit 
unintuitive, it might be easier with a fxed handlebar”. [P10, M, 23 
years old]. 

3.7 Discussion 
In general, we observed a signifcant efect of steering on VR sick-
ness in virtual reality bicycle simulators. The upper-body steering 
(or leaning) method led to a higher motion sickness based on the 
SSQ scale compared to handlebar and HMD steering methods. 

During cycling in the real world the upper-body plays an im-
portant role in both balancing and steering. Bicycle balancing is 
absent in the bicycle simulators and turns into a slightly diferent 
experience compared to the real-world. Therefore, our fnding can 
be possibly explained by the lack of an actual physical movement 
in the bicycle simulator compared to the real-world. Moreover, the 
HMD steering leads to a lower VR sickness compared to the upper-
body method most likely due to the diferent axis of rotation and a 
smaller body movement, i.e., head vs. the whole upper-body. These 
diferences were discovered during and after cycling, as shown by 

the results of FMS. This might imply that the growing level of VR 
sickness over time leads to VR sickness after a ride. Thus, in terms 
of VR sickness the handlebar steering method is better applicable 
in the stationary bicycle simulators. 

Our results for the HMD and upper-body steering methods 
are diferent from the ones in the car driving setup [53]. They 
reported no motion sickness for yaw rotation (HMD) and X move-
ment (upper-body steering) and only slight motion sickness for the 
steering wheel condition. For cycling in VR bicycle simulator, these 
steering methods difer signifcantly based on our results. These 
diferences are most likely caused by diferent steering setups (car 
driving vs. cycling) and the duration of driving/cycling. Leaning on 
a bicycle might be more difcult than in a car simulator, since par-
ticipants’ center of mass is higher, and therefore keeping a balance 
becomes more challenging. This feeling of insecurity could have 
contributed to an increased motion sickness. As for the duration, 
while our participants spent about 3-5 minutes in the simulation 
to cycle 1.4 km, participants in the study by Saito et al. [53] had 
performed multiple trials each that only lasted a few seconds. 

The factors unrelated to VR sickness, such as accuracy, speed 
and usability, have indicated several diferences among the steer-
ing methods. Cycling with the handlebar method led to a better 
accuracy and speed of collecting coins, caused a lower number of 
collisions with other objects and has a higher usability compared to 
the HMD and upper-body steering. One of the possible reason for 
this outcome can lie in the feeling of control over the bicycle in the 
VR simulation, which is also supported by the results regarding the 
subjective accuracy with the handlebar. This fnding also leads us to 
the conclusion that participants’ upper-body and head-movement, 
i.e., HMD, facilitates less granular movement compared to hands. 
The result further supports the assumption that the faster partici-
pants reach their goal, the higher control over steering and cycling 
they have, as shown by the task completion time. Therefore, we 
decided to use a handlebar steering for the follow-up experiment 
as a method with a lower VR sickness, higher usability and con-
trol, accuracy, speed and the highest rank based on the subjective 
feedback. With this method we aim to minimize the VR sickness 
caused by the steering and focus on the types of movement and the 
efects of countermeasures to reduce the VR sickness. 

4 STUDY 2: COUNTERMEASURES AND TYPES 
OF MOVEMENT 

In the second study, we investigated the efect of moving through 
space along diferent axes, i.e., cycling straight, with turns and with 
slopes, and three countermeasures to reduce VR sickness induced 
by these types of movement. 

4.1 Participants 
We recruited 24 participants (15 male, 7 female, 2 non-binary) aged 
between 21 and 34 (M = 26.3, SD = 3.9) via university mailing lists, 
social media, and word of mouth. None of them have participated 
in the previous experiment. Ten participants ride a bicycle at least 
once a week and 15 have already been on a stationary bicycle before. 
14 of the subjects had little to no (< 5 hours) experience with virtual 
reality and 2 had experience of over 100 hours. Seven participants 
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have played games with locomotion in VR. All participants had nor-
mal or corrected-to-normal vision. Participants were compensated 
with snacks and drinks for their time. 

4.2 Study design 
The study was designed to be within-subject with countermeasure 
and type of movement as the independent variables. We explored 
three countermeasures: (1) airfow, (2) dynamic Field-of-View (FoV) 
restriction, (3) head-mounted vibration, and no measure as a base-
line (Figure 1). Given that cycling in VR simulators implies changes 
in speed and steering, we selected the countermeasures that could 
dynamically adjust for these changes related to locomotion. There-
fore, all three countermeasures linearly depended on two factors: (1) 
cycling speed and (2) rotation of the handlebar. The higher the speed 
and/or the larger the rotation angle of the handlebar, the higher is 
the intensity of the countermeasure, e.g., a higher intensity of the 
air fow and vibrations, or more restriction of the feld-of-view. If 
the speed and the angle of the handlebar do not change for three 
seconds, the countermeasures turn of. Moreover, all three coun-
termeasures were chosen based on their success in reducing VR 
sickness and implemented in accordance with the works about dy-
namic FoV restriction [15, 33, 59, 71], head-mounted vibration [49], 
and airfow [14, 21]. As for the type of movement, we considered 
cycling on a straight line (movement along one axis), cycling with 
turns (movement along two axes), and cycling with slopes (move-
ment along three axes) (Figure 6). With this, we aimed to instigate 
VR sickness related to diferent types of locomotion and investigate 
which countermeasure is the most suitable. Cycling with and with 
turns included four turns left and four turns right in a random 
order. The combination of all four levels of countermeasures and 
three levels of type of movement resulted in twelve experimental 
conditions. The order of the conditions was counterbalanced using 
a balanced Latin square. 

4.3 Apparatus 
We conducted the experiment in the developed virtual reality (VR) 
bicycle simulator as in the frst experiment (Figure 4). The only 
diference in the setup was a stationary platform Tacx, which limits 
tilting left and right movements. Based on the results from the frst 
experiment, we used a handlebar steering method as the one which 
induces the lowest VR sickness and has a higher usability, precision 
and feeling of control. The simulation consisted of the virtual city 
with fat and hilly parts to facilitate diferent types of movement, 
e.g., cycling uphill/downhill, turning left/right. To measure the 
heart rate and ECG of the cyclists, we asked participants to wear a 
Polar H10 heart rate sensor throughout the whole study. 

4.3.1 Airflow. The air fan (a 220V AC desk fan) was placed 115-
125 cm away 7 in front of the participants on the eye level and 
was directly connected to ESP32 with a TRIAC and an AC Dimmer 
Module8 to control the speed of the fan. The ESP controls the fan 
speed by triggering the TRIAC into conduction for a part of each 

7We provide a range of distances here, since it varied depending on the participants’ 
height and head movements while cycling.
8https://robotdyn.com/ac-light-dimmer-module-1-channel-3-3v-5v-logic-ac-50-
60hz-220v-110v.html 

sine wave cycle depending on the value it is set to. The beginning 
of each cycle is detected using the zero cross detector. 

4.3.2 Dynamic Field-of-View Restriction. The implementation of 
the Field-of-View Restriction is based on the work of Fernandes 
and Feiner [15]. However, instead of rendering the texture on a 
rectangle in front of the camera, it was blitted into the output image 
using a custom additional render pass added to the URP renderer. 
Additionally, we introduced another variable to prevent the black 
outer area for one eye to overlap with the transparent area for the 
other eye. A custom MonoBehavoir generates a restriction value be-
tween 0 and 1 for each frame and adjusts the inner and outer radius 
variables of the rendered material accordingly. The restriction value 
is infuenced by the current speed, steering angle of the virtual bike 
and the slope it is currently moving on. For steering angle and slope, 
the restriction value is linearly interpolated between 0.53 and 0.69. 

4.3.3 Head-mounted vibrotactile feedback. For the vibration feed-
back, we augmented a head strip with three vibration modules 
connected to a ESP32 microcontroller placed in the 3D-printed box 
on the back of the head, based on the work by Peng et al. [49]. 
The vibration motors9 (diameter = 10 mm, thickness = 2.7 mm) 
have a rated voltage between 2.5V and 3.8V and rated speed of 
11000 ± 3000rpm (133.33 - 233.33 Hz). We controlled the voltage 
using pulse width modulation (PWM with 256 steps) and Mosfets 
with the range of values between 100 and 178 and therefore the 
maximum frequency of 140.89Hz, as suggested by Peng et al. [49] 
to prevent head discomfort. 

4.4 Measures 
To investigate the efects of the VR sickness countermeasures and 
types of movement in virtual reality bicycle simulator, we measured 
the following dependent variables: 

(1) VR sickness: we assessed VR sickness qualitatively using Sim-
ulator Sickness Questionnaire (SSQ), Fast Motion Sickness 
(FMS) Scale and Motion sickness susceptibility questionnaire 
(MSSQ) [19]. After each condition participants were asked to 
rate their VR sickness using SSQ and during each condition 
participants were asked to rate their VR sickness every 30 
seconds using FMS. 

(2) Cycling performance: for all conditions, we logged speed, 
steering angles and position of cyclists in the simulation. 

(3) Perceived presence: at the end of the study participants as-
sessed the presence in the bicycle simulator using Igroup 
Presence Questionnaire (IPQ) (a scale from -3 to 3). 

(4) Simulation realism: at the end of the study, every participant 
assessed the realism of the virtual reality simulation using a 
5-point Likert scale (1 – very unrealistic, 5 – very realistic). 

4.5 Procedure 
For our study we adhered to our universities health department’s 
guidelines for user studies during the COVID-19 pandemic. All 
testing equipment was disinfected and the hall used was aired out 
for a minimum of one hour between participants. After obtaining 
informed consent, we collected participants’ demographic data. Af-
terwards we provided a brief overview of the procedures, which 

9https://cdn-shop.adafruit.com/product-fles/1201/P1012_datasheet.pdf 

https://robotdyn.com/ac-light-dimmer-module-1-channel-3-3v-5v-logic-ac-50-60hz-220v-110v.html
https://robotdyn.com/ac-light-dimmer-module-1-channel-3-3v-5v-logic-ac-50-60hz-220v-110v.html
https://cdn-shop.adafruit.com/product-files/1201/P1012_datasheet.pdf
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a b c

Figure 6: Routes explored in the second study from a frst person perspective (above) and bird’s-eye view (below): (a) 1D trajec-
tory (cycling straight), (b) 2D trajectory with turns left and right (turns), and (c) 3D trajectory with turns left/right and slopes 
up/down (slopes). 

included explanations of the VR sickness countermeasures and a 
test ride in the simulator. To estimate participants’ existing level of 
VR sickness before the experiment they were asked to fll Motion 
Sickness Susceptibility questionnaire and Simulator Sickness Ques-
tionnaire (SSQ) as a baseline. They started cycling when they felt 
comfortable. Similar to the frst experiment, participants’ task was 
to cycle in the simulation and follow the navigation arrows placed 
in the environment. At the end of the study, we interviewed the 
participants about their preferences for the VR sickness counter-
measures and experience in the VR environment. The entire study 
lasted approximately one and half hours. 

5 RESULTS 
We found that airfow is the most efcient method to reduce VR 
sickness based on the subjective feedback and found that cycling 
along a higher number of axis induces a higher VR sickness. Given 
the non-parametric nature of the collected data, we applied the 
aligned rank transform for non-parametric factorial analyses [70]. 
For pairwise comparisons we used a Bonferroni correction. We 
outline all results in details in the following subsections. 

5.1 VR Sickness 
To assess VR sickness for diferent types of movement and coun-
termeasures we analyzed Simulator Sickness Questionnaire (SSQ), 
Fast Motion Sickness (FMS), and Motion Sickness Susceptibility 
Questionnaire (MSSQ) scores. 

5.1.1 SSQ for Countermeasures and Types of Movement. We found 
that three investigated countermeasures (airfow, FoV , and vibra-
tion) were comparably efcient for reducing VR sickness. This 
was shown by a non-signifcant efect on the overall SSQ score 
and the sub-score of disorientation and oculomotor (p < 0.05). 
As for the types of movement, we discovered that a type of move-
ment in VR has a statistically signifcant main efect on the VR 
sickness based on the SSQ score. Cycling on a straight road had 
the lowest SSQ score (M = 21.9, SD = 19.1), followed by turns 
(M = 23.5, SD = 20) and slopes (M = 25, SD = 19). These dif-
ferences had a statistically signifcant main efect on the overall 
SSQ score (F (2, 46) = 4.5, p < 0.05, η2 = 0.16) and its sub-scores 
of disorientation (F (2, 46) = 3.78, p < 0.05, η2 = 0.14), nausea 
(F (2, 46) = 4.1, p < 0.05, η2 = 0.15) and oculomotor (F (2, 46) = 
3.44, p < 0.05, η2 = 0.13). Post-hoc pairwise comparisons showed 
signifcantly lower overall SSQ and oculomotor scores when cy-
cling straight compared to cycling with turns (p < 0.05) and slopes 
(p < 0.05). The remaining pairwise comparisons were not statis-
tically signifcant. Lastly, we did not observe a statistically sig-
nifcant interaction efects for routes*countermeasures and SSQ 
(F (6, 138) = 1.1,p > 0.05, η2 = 0.05), and its sub scores of disori-
entation (F (6, 138) = 1.56,p > 0.05, η2 = 0.06), nausea (F (6, 138) = 
1.1, p > 0.05, η2 = 0.05), and oculomotor (F (6, 138) = 0.96,p > 
0.05, η2 = 0.04) (Figure 7). 
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Figure 7: Overview of the total SSQ scores and its sub-scores (nausea, oculomotor, disorientation) with means and standard 
errors for the types of cycling routes (left) and measures to reduce VR sickness (right). 

5.1.2 FMS and Motion Sickness Susceptibility. As for the develop-
ment of VR sickness over time, we observed that the FMS score 
rises with time and this rise is seen more prominently for the 
routes with slopes and turns than on the straight road (Figure 8). 
As for the MSSQ [19], results yielded an average score of 8.77 
(SD = 7.09,min = 0.00,max = 29.00). Based on the provided per-
centiles for the MSSQ-Short (n=257), the mean score corresponds 
to the 38.85 percentile and the maximum score to the 93.45 per-
centile. We found a moderate positive correlation (r=0.400, p=0.026) 
between the MSSQ score and average SSQ score over all conditions. 

5.2 Cycling performance 
On average, subjects were riding 21.74 km/h (SD = 5.82 km/h) on 
straight routes, 19.68 km/h on (SD = 4.53 km/h) routes with turns, 
and 18.96 km/h (SD = 6.77 km/h) on routes with turns and slopes. 
However, this diference was not statistically signifcant based on 
the main efects for routes (F (2, 12) = 2.74, p > 0.05, η2 = 0.31) and 
countermeasures (F (3, 18) = 0.22,p > 0.05, η2 = 0.035), and the 
interaction efect for routes * countermeasures (F (6, 36) = 1.47, p > 
0.05, η2 = 0.2). 

As for the steering angle, we found that the standard deviation 
of the cycled trajectories was the lowest on Straight (M = 2.41), 
followed by Slopes (M = 9.90), and Turns (M = 10.20). We observed 
that the type of movement has a statistically signifcant efect on 
a steering angle based on the main efect for routes (F (2, 12) = 
62.03, p < 0.001, η2 = 0.91). The post-hoc analyses have shown 
that cycling on a straight route leads to lower changes in steering 
compared to cycling with turns (p < 0.001) and turns with slopes 
p < 0.001). Moreover, cycling with turns leads to lower changes 
in steering compared to turns with slopes (p < 0.001). As for the 
countermeasures, the changes in steering angle were the lowest for 
None (M = 7.92), followed by airfow (M = 8.61), FoV (M = 8.84), 
and Vibration (M = 9.35). This diference was supported by a 
statistically signifcant main efect (F (3, 18) = 6.76,p < 0.001, η2 = 
0.53). The post-hoc analyses have shown that cycling without any 
countermeasure leads to lower changes of steering compared to 
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Figure 8: Overview of VR sickness tendencies over time per 
condition using 90% data ellipses. Data ellipses construct 
and return one set of x, y coordinates for each value of prob-
ability, and 90% of the ellipses would contain the underlying 
mean. The longer ellipses imply a constant VR sickness over 
a longer period of time, e.g., cycling with turns, higher ones – 
an increase of VR sickness, and turned ones – an increase of 
VR sickness over time, e.g., cycling on slopes. Given a high 
number of data points with the same scores, they are placed 
next to each other. 

vibration (p < 0.01). The remaining pairs were not statistically 
signifcant. 

5.3 Perceived Presence and Simulation Realism 
We discovered that participants found themselves overall present in 
the bicycle simulation (M = 1.42, SD = 0.83). The sub-scales of IPQ 
have shown that spatial presence (M = 1.19, SD = 1.37) and involve-
ment (M = 0.13, SD = 1.42) were above average. The experienced 
realism was estimated as slightly below 0 (M = −0.60, SD = 1.54). 

As for the realism of the simulation, it was assessed high (Md = 
4, IQR = 1). The majority of participants (N = 19) assessed airfow 
as the most comfortable and 23 as the most realistic measure for 
cycling in a VR simulator. In particular, participants mentioned that 
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“Wind is making me feel much better, fresh air is helpful.” [P12, M, 
24 years old]. The increased realism with the airfow was predomi-
nantly (N = 12) justifed by the improved perception of speed. For 
example, P20 [M, 34 years old] noted that "It added much to the 
realism. It immediately felt more like riding a real bike. Like + 100%". 

5.4 Problems and Preferences 
Regarding the subjective perception of VR sickness, twelve (out of 
24) participants found that airfow leads to the lowest VR sickness 
regardless of the type of movement, followed by no countermea-
sures (N = 7), vibration (N = 3) and FoV reduction (N = 2). As for the 
type of movement, 20 participants mentioned that cycling straight 
led to the lowest VR sickness. As P12 [M, 24 years old] commented: 
“As soon as something more than straight driving came in it felt a 
bit wrong and unexpected”. The most common theme for this ques-
tion was the lowest mismatch regarding (angular) accelerations, 
as stated by P15 [F, 25 years old]: "Biggest match of movement and 
body position between VR and real-world". 

Regarding the countermeasures, participants reported that vi-
bration “helped with motion sickness” [P20, M, 34 year old] and “felt 
comfortable” [P21, F 23 years old]. Reduction of the Field-Of-View 
led to the situations when “Curves were less noticeable” [P6, M, 25 
years old] and the changes in the Field-of-View was “almost un-
noticeable, but maybe it is better like this.” [P22, M, 24 years old]. 
Moreover, one participant mentioned that FoV reduction “removed 
the feeling of nausea and upset stomach” [P3, M 21 years old]. Cy-
cling with airfow on other hand “increased perception like a real 
environment and was pleasant” [P, F, 24 years old] and it was men-
tioned that “it mimics real-world airfow while cycling up or down 
the road, so more realistic.” [P7, F, 32 years old]. Additionally, partici-
pants reported several downsides of the proposed countermeasures. 
It was mentioned that vibration can be disturbing and the FoV re-
duction feels unnatural, as mentioned by P8 [F, 24 years old]: “the 
vibration system could be a bit disturbing, the feld of view reduction 
did not feel realistic to me”. Moreover, vibration was perceived as 
“a funny feeling” [P22, M, 24 years old]. None of the participants 
mentioned negative aspects regarding the airfow countermeasure. 

In general, seven participants mentioned that they had fun while 
riding in the VR simulator. For example, P20 [M, 34 years old] stated 
that ‘It was the best experience of my life! Or at least I had a lot of fun 
and I was astonished about how realistic it all already felt! Especially 
when using the fan! I am a fan!”. Two participants remarked that 
they would be interested in experiencing the environment with 
added trafc. For example, P7 [F, 32 years old] stated: "it might be 
interesting to see how added trafc (and hence more stress) adds to 
the whole feeling of sickness". 

6 DISCUSSION AND FUTURE WORK 
In general, VR sickness in bicycle simulators can be addressed by (1) 
design and (2) external countermeasures. By adjustments through 
design, we refer to essential components of bicycle simulators, e.g., 
steering, turning cycling platforms, pedaling, and by external mea-
sures we name non-essential additional components, e.g., airfow, 
on-head vibration, reference frames. As shown by the results from 
our experiments, the former one has demonstrated that the VR 
sickness increases substantially based on the type of movement in 

VR simulation, and the steering with the handlebar is the method 
that induces the lowest VR sickness. However, the latter aspect of 
external countermeasures requires careful consideration, especially 
when cycling with turns and more importantly with turns and 
slopes. While the airfow has shown the highest potential to reduce 
VR sickness based on the subjective feedback, FoV reduction and 
vibration were positively perceived and can be potentially used as 
supplementary aids. 

6.1 VR Sickness by Design 
Based on the sensory mismatch theory [27], the severity of VR 
sickness increases for greater mismatches between what riders see 
through the HMD and what they feel based on their real-life mo-
tion. Hence, it does not surprise that movement along multiple axes, 
i.e., cycling on the trajectories with turns and slopes, signifcantly 
increases VR sickness compared to the straight trajectories. It was 
demonstrated for both situations: during (FMS scores) and after 
cycling (SSQ scores) and was further supported by the subjective 
feedback of the participants. This fnding can be explained by a 
lower number of mismatches for cycling straight, which were pri-
marily caused by accelerating and braking, compared to a higher 
number of mismatches caused by changes of directions, additional 
head movements, and reorientation in the VR world when cycling 
with turns and slopes. Therefore, it is crucial to consider the type of 
trajectories and their infuence on the VR sickness of cyclists while 
designing experiments in VR bicycle simulators. One possible solu-
tion for that might be external controls to move the bicycle in the 
real world with respect to cycling trajectories via additional exter-
nal forces, rotation and tilting of the bicycle platform, similar to 6-
degree-of-freedom motion platform (Stewart Platform) [12, 22, 72]. 
These adjustments for VR bicycle simulators might bring them one 
step closer to the realistic movement, and therefore provide an 
alternative solution to reduce VR sickness by design. 

As our results from the frst experiment have shown, the steering 
using the handlebar in VR bicycle simulators leads to the lowest VR 
sickness. Although leaning, i.e., moving the upper body, plays an 
important role in bicycle steering in the real world when combined 
with a handlebar, it leads to a higher VR sickness without handlebar 
support in VR bicycle simulators. As mentioned in the discussion 
for the frst experiment, this fnding might be explained by a lower 
level of control over the cycling using the upper body compared to 
the more granular hand movements using the handlebar. Moreover, 
the movement of the upper body requires a higher number of head 
movements and additional reorientation in space, which causes a 
higher mismatch between the simulation and the real world, simi-
larly to the changes in the trajectories discussed above. Therefore, 
it might be necessary to closely explore the combination of leaning 
combined with the handlebar as a steering method for VR bicycle 
simulators in the future to improve the designing process of VR 
bicycle simulators even further. 

6.2 External Countermeasures to Reduce VR 
Sickness in Bicycle Simulators 

As it was already shown in the early visions of prototypes for bicycle 
simulators in the book “The Wheel and cycling trade review” (dated 
from the year 1888) [2], airfow was an essential element of cycling 
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experience, which was often compared to fying, given the efects 
of blowing wind opposing the direction of movement. Over time, 
airfow became not only the element of realistic cycling experience 
and speed [34] but was also extended to a countermeasure for 
reducing a mismatch between the visual and vestibular perception. 
However, attempts to reduce motion sickness using airfow were 
primarily focused on driving in car simulators [14, 21] and little 
do we know how this afects cycling in bicycle simulators. The 
results of our experiment indicate that this is true for VR bicycle 
simulators regardless of the type of movement. Although we did 
not fnd signifcant diferences based on the VR sickness scores, 
participants’ subjective preferences have clearly stated that airfow 
has the potential of reducing VR sickness and brings a feeling of 
cycling to a higher degree of realism, which is in line with the 
previous work regarding the car simulators [14, 21]. 

Surprisingly, the alternative countermeasures were not shown 
to be as successful as in the previous works related to walking in 
virtual reality using the FoV reduction [15, 33, 59, 71] and the head-
mounted vibration [49], even though the former countermeasure is 
used in commercial applications and is part of several best practices 
of HMD manufacturers 10. This can be possibly explained by a dif-
ferent nature of cycling movement and experience in VR compared 
to walking. While walking can be split into discrete elements of 
movement with a higher level of control and realism at the lower 
speed, cycling is a rather dynamic and continuous movement at 
the higher speed, where existing methods to reduce VR sickness 
might not be applicable. Therefore, a combination of head-mounted 
vibration and FoV reduction with the airfow might require a more 
careful design based on the type of movement in VR, e.g., the simu-
lation provides constant airfow but employs vibrations only when 
turning. Alternatively, future work might need to consider alterna-
tive countermeasures, such as reference frame [68, 69] or galvanic 
feedback [20, 35, 67]. 

6.3 Employing Of-the-Shelf Bicycle 
Simulators 

Some existing solutions for VR bicycle simulators, e.g., Xtrematic 11, 
already provide a wind-blowing efect compared to the older ver-
sions of bicycle simulators that employ fxed displays in front of a 
cyclist 12. Typically, designers of VR bicycle simulators equip with 
a targeted wind fow generation system adding more realism and 
thrill to sensations. However, the airfow can not only be used to 
amplify the efects of cycling sensation but also has the potential 
to reduce VR sickness, which in turn will prolong the duration of 
cycling and create a more joyful experience. Thus, adding airfow 
to VR bicycle simulators coupled with the cycling speed and the 
type of landscape may be a viable option. As a result, of-the-shelf 
solutions can be leveraged without modifying too many custom 
hardware and software systems. 

10https://developer.oculus.com/resources/locomotion-design-reduce-optic-
fow/,https://rebellion.com/games/sniper-elite-vr/ 
11https://xtrematic.com/x-bike/ 
12https://www.zwift.com, https://www.bkool.com/en/cycling-simulator 

7 LIMITATIONS 
The VR simulation environment used in both of our evaluations 
was purely visual and did not include environmental sounds, trafc, 
or background noise. However, excluding these aspects from the 
simulation allowed us to explore the efects of steering and types 
of movement without external infuences. Creating an enjoyable 
and realistic VR cycling experience for health rehabilitation and 
entertainment still has a long way to go and may require further 
enhancements to the virtual environment to increase realism. With 
our work, we aimed to get one step closer to VR cycling experi-
ence with lower VR sickness, but given the sample size, limited 
age range between 21 and 34 years, and cultural background of 
the participants, it might be difcult to generalize our results to 
a larger group of cyclists, which needs to be considered in future 
work. However, with these results, we provide the frst empirical 
evaluation of steering methods and countermeasures against VR 
sickness in stationary bicycle simulators. In addition, we conducted 
the second experiment during the summer, which may have infu-
enced the efect of airfow on participants’ perception. Nevertheless, 
it was still perceived as the most realistic and enjoyable way to 
enhance the VR cycling experience. In the frst study, we used a coin 
collection task to guide participants through the cycling simulation, 
which may have distracted them from the actual study objective. 
We acknowledge that VR sickness increases with age and time 
spent in the VR simulation, and our experiments focused primarily 
on younger participants (between 21 and 34 years of age), and the 
duration of both experiments was less than two hours. Therefore, 
future studies need to be conducted with other age groups and 
diferent duration of cycling. 

8 CONCLUSION 
In this paper, we investigated methods to reduce VR sickness in 
bicycle simulators. For this, we conducted two controlled lab exper-
iments focused on two main causes of VR sickness: (1) steering and 
(2) movement through space. We found that the handlebar steer-
ing method leads to the lowest VR sickness and has the highest 
usability. Moreover, we have shown that the VR sickness depends 
on the type of movement in VR simulation and increases when the 
VR landscape provides turns and slopes. Lastly, airfow suggests 
to be the most promising method to reduce VR sickness for all 
three types of trajectories, but FoV reduction and vibration can be 
potentially used as supplementary aids. 
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