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Fig. 1. In a lab study, we demonstrated that a physically demanding task, such as hiking up a mountain on a
treadmill in a simulated environment in VR, has a positive effect on the user. Physical exertion changes the
user experience, and physically walking positively impacts emotions, mindfulness, and wellbeing.

Authors’ addresses: Luke Haliburton, luke.haliburton@ifi.lmu.de, LMU Munich, Munich, Germany , Munich Center for
Machine Learning (MCML), Munich, Germany; Benedikt Pirker, benedikt.pirker@ifi.lmu.de, LMU Munich, Munich, Germany;
Paolo Holinski, paolo.holinski@ifi.lmu.de, LMU Munich, Munich, Germany; Albrecht Schmidt, albrecht.schmidt@ifi.Imu.de,
LMU Munich, Munich, Germany , Munich Center for Machine Learning (MCML), Munich, Germany; Pawet W. WozZniak,
pawelw@chalmers.se, Chalmers University of Technology, Gothenburg, Sweden; Matthias Hoppe, matthias.hoppe@ifi.lmu.
de, LMU Munich, Munich, Germany.

Permission to make digital or hard copies of all or part of this work for personal or classroom use is granted without fee
provided that copies are not made or distributed for profit or commercial advantage and that copies bear this notice and the
full citation on the first page. Copyrights for components of this work owned by others than the author(s) must be honored.
Abstracting with credit is permitted. To copy otherwise, or republish, to post on servers or to redistribute to lists, requires
prior specific permission and/or a fee. Request permissions from permissions@acm.org.

© 2023 Copyright held by the owner/author(s). Publication rights licensed to ACM.

2573-0142/2023/9-ART216 $15.00

https://doi.org/10.1145/3604263

Proc. ACM Hum.-Comput. Interact., Vol. 7, No. MHCI, Article 216. Publication date: September 2023.



https://doi.org/10.1145/3604263
http://crossmark.crossref.org/dialog/?doi=10.1145%2F3604263&domain=pdf&date_stamp=2023-09-13

216:2 Luke Haliburton et al.

Exploring the great outdoors offers physical and mental health benefits. Hiking is healthy, provides a sense of
accomplishment, and offers an opportunity to relax. However, a nature trip is not always possible, and there
is a lack of evidence showing how these beneficial experiences can be replicated in Virtual Reality (VR). In
response, we recruited (N=24) participants to explore a virtual mountain landscape in a within-subjects study
with different levels of exertion: walking, using a chairlift, and teleporting. We found that physical exertion
when walking produced significantly more positive emotions and mindfulness than other conditions. Our
research shows that physically demanding outdoor activities in VR can be beneficial for the user and that the
achievement of hiking up a virtual mountain on a treadmill positively impacts wellbeing. We demonstrate
how physical exertion can be used to add mindfulness and positive affect to VR experiences and discuss
consequences for VR designers.

CCS Concepts: « Human-centered computing — Haptic devices; Empirical studies in interaction design,;
Virtual reality.
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1 INTRODUCTION

Click. You're standing on the top of a jagged, snow-capped mountain looking out over the sur-
rounding peaks. Click. You’re drifting through space and look down at the surface of a beautiful
planet below that you have never seen before. Click. You look over a tranquil, idyllic beach as
waves gently crash along the shore.

In Virtual Reality (VR), we have the power to teleport instantly to any location or scenario we can
imagine. The opportunities for virtual exploration are immense, but how does instant transportation
affect our experience? It is often said that the journey is as important as the destination, but with
the power to teleport to any virtual location, VR experiences often remove the journey completely.
Consequently, it remains a challenge for Human-Computer Interaction (HCI) to understand how
users perceive traveling between locations in VR and how such journeys can be designed to produce
a positive user experience. Further, as virtual environments become more realistic, exploring if and
how some travel experiences can be substituted with VR counterparts may be useful.

Concurrently, the HCI field has recognized the need to more efficiently include walking as
part of everyday interactions with technology [11, 17, 19]. There is a body of work [1-3] aimed
at persuading users to walk more, motivated primarily by the physical and mental benefits of
walking. In particular, research shows that walking can be a tool to foster mindfulness—a state
of living in the moment [24]—which can, in turn, positively impact wellbeing. There is evidence
that walking provides psychological [39] and physiopsychological [4] benefits through fostering
mindfulness. Other studies found that modes of transportation, such as taking the bus, walking,
or riding a bicycle, also offered stress reduction and fostered mindfulness [30]. Thus, given that
real-life locomotion experiences can bring meaning and health benefits to our life, the following
questions emerge:

RQ1: Can physical exertion change the way users experience a virtual scene?
RQ1a: Can we replicate the wellbeing benefits of hiking in VR?
RQ1b: Can physical exertion in VR increase users’ wellbeing?
To investigate these research questions, we conducted a lab study exploring the effect of different
modes of travel on the user’s perception of a VR experience. We built a virtual environment where
users explored a mountain landscape by using different modes of transportation to reach the top of
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Fig. 2. Study Procedure: Participants complete a consent form and a demographics questionnaire. The
participants are then assigned a counter-balanced condition order and complete all four conditions: HikING,
CHAIRLIFT, CHARGING, and INSTANT. Participants respond to an in-VR questionnaire after each condition and
an exit interview after completing all conditions.

the mountain. In a within-subjects study with N=24 participants, we compared walking, using a
chairlift, and two versions of a virtual teleporter. Users walked on a treadmill, sat on a chair, and
entered virtual teleportation portals to explore the effects of physical exertion, visual movement,
and time. We collected data on perceived exertion, experience, emotions, and mindfulness using
in-VR questionnaires and exit interviews.

We found that walking produced significantly higher levels of positive emotions and mindfulness
compared to the other conditions. Our results show that walking in VR can be used to build virtual
experiences that foster mindfulness. We observe that using different modes of transportation
in VR can be used to foster positive feelings in users, similar to real-life locomotion. This work
contributes a study of the user experience and effects on the users’ mental state of different modes
of transportation in VR and discusses the consequences for designing VR experiences that benefit
users’ wellbeing.

2 RELATED WORK

In the following, we add context to our work by introducing the concept of presence in VR and
then discussing the use of treadmills in virtual environments. We then review the effect of VR on
reality and finally analyze past work on health and wellbeing in VR.

2.1 Being There: Presence in VR

The Technical side of the Mixed Reality continuum [36] is described by the immersion (i.e., the
level of fidelity) the system can offer [50]. The strong side of Virtual Reality (VR) is to fully immerse
somebody in a virtual environment. This is evaluated by the human response, in the form of
presence, to such immersive virtual environments that create the sensation of “being there” [23, 50].
Past work has investigated the impact of perceived body consciousness on presence and found no
significant link [32]. Similarly, prior research on exergaming [7] and gaming with omnidirectional
treadmills [61] found no impact of exertion on presence. Conversely, past work has found that
gait-synchronized stepping sounds increase presence and self-agency in virtual environments [21].
Incorporating social touch has been shown to not only increase co-presence but also impact the
perceived agency of virtual characters [22].

2.2 Taking Steps: Treadmills and VR

Treadmills are associated with creating a realistic VR experience. Omni-directional treadmills are
commonly found in arcades and famously appear in the movie Ready Player One. Using a treadmill
in VR has obvious benefits; users can experience walking sensations without requiring a large
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tracked VR space. Using VR while on a treadmill actually improves treadmill gait patterns [53] and
has no impact on walking pattern stability [16]. By adjusting optical flow patterns [9], users can
experience a natural walking speed, which can also be adjusted to trick users into experiencing
manipulated spatial distances [10]. In our work, the treadmill is a key tool to enable participants to
experience physical exertion while moving through the virtual space. Contrary to the majority of
past research, we do not use a treadmill to offer an as-realistic-as-possible way of traversing a VR
environment. Instead, the treadmill allows our system to induce exertion where the act of walking
on a treadmill in a virtual environment is at the core of the experience—the walking is the main
activity.

2.3 Simulating the Real Thing: The effect of VR on Reality

Although VR is most commonly used to experience fictional scenes, such as in gaming, there are
many applications where users experience a simulated version of a real place on earth, such as
virtual museums [12] or virtual nature [29].

The effect of experiencing simulated scenarios on users is dependent on the type of experience.
Researchers have found that users who undertake a ‘cognitive experience’, such as a museum, in
VR no longer feel the need to go to the real museum, while users who experience virtual travel feel
more inclined to visit the real location afterwards [12]. Virtual nature experiences motivate users
to donate to and support national parks but do not motivate them to support local nature [31]. The
effect of virtual nature, however, is dependent on the individual. People with a low requirement for
emotional arousal are more likely to be satisfied by a virtual nature experience, while people who
seek social interaction or physical exercise while traveling are more likely to be dissatisfied [41].
Reetz et al. [42] found no difference in stress levels between virtual nature and urban scenes,
although prior work has shown that our affinity for nature, or biophilia [62], can have restorative
effects in VR [58].

The most similar prior work to our approach was a VR rock climbing wall implemented on a
climbing treadmill [28]. The climbing treadmill moved in the physical world, and users climbed
while a virtual rock wall was displayed in their headset. They showed that the haptic feedback
conveyed by using a realistic physical device was effective in creating an engaging experience. Our
work differs from this approach by focusing on general locomotion, which is applicable to haptics,
wellbeing, and video game design.

2.4 Virtual Sweat: Health and Wellbeing in VR

VR can be used to make exercise sessions more motivating and interesting by enabling users to work
out in any virtual location. People exercise harder in VR and enjoy it more without perceiving the
extra effort they are exerting [37]. Similarly, prior work has shown that participants exercising in
VR experience lower pain and exhibit a longer time to exhaustion [32], and that perceived exertion
can be altered by manipulating virtual representations [33]. This effect is further explained by the
fact that VR has been shown to reduce responses to negative sensations [35]. Furthermore, VR
can reduce stress — positive experiences when training in VR tends to lead to lower stress and
workload when performing a live version of the same task [29].

Prior work has used VR as a tool to encourage exercise through the development of exergames.
These exergames incorporate exercise into virtual sports such as cycling [5], skiing [27], and
running [63]. Rather than using VR as a means to induce exercise, we use exercise and effort as
a means to study mindfulness in VR. There is no consensus definition of mindfulness in HCI to
date [56], so for the purpose of this study, we follow a definition similar to Kabat-Zinn [24]—having
focused attention and awareness on the present moment. We observe that past research has not
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Fig. 3. Participant-perspective views at the start of each condition at the foot of the hill: (a) HikiNng (b)
CHAIRLIFT (c) CHARGING (Teleport) (d) INSTANT (Teleport)

explored how mindfulness experiences can be implemented in VR using locomotion. Thus, our
work investigates if there are potential wellbeing benefits to mindful locomotion in VR.

3 METHOD

To study locomotion in VR and its impact on the users, we designed a within-subjects study
where the participants were tasked with reaching the top of a virtual mountain in four conditions
(see Figure 2 for an overview). The study took place in a virtual space filled with a picturesque
mountainous area full of trees and grass. In each condition, the participant started at the foot of a
mountain and followed a straight path toward the top of the mountain, either by hiking (walking),
riding a chairlift, or using two forms of teleportation. At the end of the path, at the top of the
mountain, the participants could find a viewing platform and enjoy the mountain view with a blue
sky. The scene on top of the mountain featured a perfect sky, lakes in the distance, hills, and fog in
the far distance to limit the rendered area. The study was conducted in a lab setting and followed
local safety regulations.

3.1 Participants

We recruited N=24 participants aged 22-58 (M=25, SD=7.18), 12 participants identified as male and
12 as female. All participants reported having normal or corrected to normal vision. The study was
approved by the local ethics committee (<details removed for review>). The participants had a
self-reported estimate of their VR experience between 1 (never used) and 5 (used regularly/for many
hours) (M=3.5, SD=1.24). None of the participants reported increased levels of motion sickness
(all ratings < 10). This rating was used to ensure the wellbeing of the participants, and while
higher ratings would have resulted in aborting the trial, it did not serve as an additional dependent
variable.

3.2 Conditions

We designed four conditions for the study, as shown in Figure 3. The conditions represent alternative
methods of reaching the top of the mountain (shown in Figure 4). We created the HIKING condition
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Fig. 4. Upon reaching the top of the mountain, the participant is greeted by a view over a beautiful valley,
while being able to relax on a wooden platform.

to replicate the experience of hiking up a mountain and enjoying the view from the peak. We use a
treadmill to recreate the physical exertion of real-world hiking while wearing an HMD. To mirror
the ability of VR to instantly transport a user into any situation or place, and therefore removing
the physical exertion required to reach that place, we created the INSTANT teleport condition. These
two conditions, hiking and instantly teleporting, include three design elements (see Table 1) that
contribute to the VR experience: physical exertion, visual movement, and time. We, therefore,
designed the cHAIRLIFT condition to control for the effects of visual movement and time without
physical exertion. We further developed the teleport CHARGING condition, which takes the same
amount of time as the HIKING and CHAIRLIFT conditions, without any visual movement.

The HIKING, CHAIRLIFT, and CHARGING conditions all required traveling for 4.5 min to reach the
top of the mountain. In the INSTANT condition, the participant was immediately moved to the top
of the mountain. The order of conditions was counterbalanced using a Latin Square [8].

3.2.1 HikiNG. In the HIKING condition, the users walked up the mountain. We implemented this
mode of transportation with a treadmill that adjusted its incline according to the changes in a
3D scene. As the participants were not able to see their position in relation to the treadmill, we
introduced a dog leash to be held in hand as a guidance tool. In the VR scene, a dog was leashed
and guided the participant up the mountain. This ensured that the participant kept the right speed
and position on the treadmill while also creating the feeling of being pulled by the virtual dog. This,
in turn, prevented the participant from stepping outside of the treadmill. When the participant
signaled that they were ready, the treadmill, dog, and VR path slowly started moving. The treadmill
then gradually increased its speed and angle. If desired, the participants could signal to slow down
the treadmill. The walking route was a straight path up the hill with a flat stone texture. When
reaching the top, the treadmill slowed down, and the incline was gradually reduced. Once the
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- Design elements Physical Exertion | Visual Movement | Time
Conditions
Hiking v v 4
Chairlift v v
Teleport Charging v
Teleport Instant

Table 1. The Factors (Physical Exertion, Visual Movement, and Time) involved in each of the four experimental
conditions.

participant reached the viewing platform, the dog and treadmill stopped, and the participants could
explore the view.

3.2.2  CHAIRLIFT. The CHAIRLIFT represents a travel modality that requires the same time and
featured the same amount of visual movement as HIKING but without physical exertion. We placed
the participants in a chairlift that traveled to the top of the mountain. The participants sat on
a physical chair. When they signaled that they were ready, the chairlift started moving. When
reaching the top of the mountain, the HMD shortly faded to black and then placed the participant
on the platform next to the chairlift.

3.2.3 CHARGING (Teleport). In the CHARGING condition, the participants completed travel which
required the same amount of time as HIKING and CHAIRLIFT but with neither visual movement nor
physical exertion. Once the participant was ready, the portal showed a progress bar. Travel was
possible once the bar was full. After the charging time elapsed, the participant could step through
the portal at the foot of the mountain and they were instantly teleported to the platform at the top
of the mountain.

3.2.4 INSTANT (Teleport). Finally, the INSTANT condition used the same teleporter scene as the
CHARGING condition, but without the charging bar. This condition featured no exertion, no travel
time, and no visual movement.

3.3 Measures and Analysis

Before the start of the experiment, we collected demographic data about the participants and
information about their experience with VR. During the experiment, we administered a set of
questionnaires after each condition.

We used the fast motion sickness scale introduced by Keshavarz et al. [25] throughout the study,
which measures general discomfort with a special focus on nausea on a scale from zero to twenty.

As soon as the participant reached the top of the mountain and before they could recuperate, we
displayed the Borg rating of perceived exertion (RPE) [6] to the participants. We then asked them
to quickly rate a scale of perceived exertion. Participants were informed and reminded during each
condition about the use of the Borg rating.

After the participants explored the scene on top of the mountain, we administered further
questionnaires. To assess the sense of presence in the virtual scene, we used the IPQ Presence
questionnaire [46, 47], which is the recommended presence questionnaire due to high reliability
within a reasonable time frame. Further, we were interested in understanding if reaching the top of
the mountain fostered a sense of pride or produced positive emotion. To that end, we administered
the Positive and Negative Affect Schedule (PANAS [60]) to measure positive emotion and negative
emotion. We also measured the mental workload experienced by the participants when completing
the task using the NASA TLX [20]. Finally, we wanted to investigate if traveling in VR allowed
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users to enjoy a relaxing, mindful experience. Thus, we used the State Mindfulness Scale (SMS)
by Tanay and Bernstein [55]. The SMS is a validated [43, 55] 21-item scale that has been used in
numerous HCI studies [15, 52, 59]. We used all 21 items defined in the original publication [55].

All questionnaires except demographics were presented as an in-VR questionnaire on a virtual
billboard alongside the platform atop the mountain. Past research indicates that in-VR questionnaires
are preferable to asking users to exit the VR environment [48].

We used one-way within-subjects ANOVA procedures to analyze the differences between the
conditions in our study. Post-hoc analyses were conducted using Tukey HSD. All reported p-values
were adjusted using the Bonferroni-Holm method.

3.4 Apparatus

The scene was created with Unity3D. We used a Windows 10 PC with an Intel i7-8700, Nvidia RTX
2080, and 16GB RAM to run the VR environment. The scene was presented on an HTC VIVE Pro
VR HMD. Further, we mounted an HTC VIVE tracker on the handle of a dog leash. The treadmill
was an h/p/cosmos Saturn 300/100 r. The device has a walking area of 3m X 1m. Its intended
use cases include walking, cycling, wheelchair movement, roller skating, and roller skiing. The
treadmill uses an RS 232 serial interface for receiving commands from a PC, as well as and sending
responses to specific queries. The device is equipped with a ceiling-mounted safety belt mechanism,
which deactivates the treadmill in case of loss of control and prevents the user from falling off. Its
maximum speed is 40km/h and the maximum incline is 27 percent (incline and decline). In the
study, the treadmill was operated at a max speed of 1.1m/s (3.96km/h) and a maximum incline of
15 percent. The speed and incline were automatically set and adjusted from the unity scene via an
interface included with the treadmill.

3.4.1 VR Scene. We built a custom VR scene to conduct our study. The scene featured an idyllic
mountain landscape. The foot of the mountain was surrounded by trees, rocks, flowers, and grass.
The users started their journey in a basin, and there was no way for the user to see far beyond this
confined area. Thus, the scene was designed to make the user focus on the top of the mountain.
Further, such a design implied that users would gradually discover more features of the environment
as they traveled up the hill. The path to the top was completely straight. Its virtual size was mapped
to the treadmill width. There were trees and rocks alongside the path. In all conditions, a dog
lay down on the viewing platform in front of the user. We played ambient sounds as the users
interacted with the scene, which included wind, birds chirping, and, in the case of the chairlift
condition, chairlift noises and rattling whenever the chairlift passed an intermediate tower. The
dog wiggled its ears when waiting for the start of the hike and changed its walking style depending
on the walking speed.

3.5 Task and Procedure

A timeline of the study procedure is shown in Figure 2. After welcoming the participants, we
introduced them to the system, the VR HMD, the treadmill, and corresponding security measures
such as a security harness and emergency stop. We then obtained written consent for participation.
Once the participants completed the demographics forms, we introduced them to the first assigned
condition and corresponding task. Once the participants entered the VR scene, they could remain at
the bottom of the mountain until they felt comfortable in the environment. When the participants
declared that they were ready, we started the task.

When reaching the top of the mountain, the participants were asked to rate their exhaustion
on the Borg scale. The participants then had one minute to enjoy the view atop the mountain,
look around, and relax. After this phase, we asked them to look at a VR billboard and answer the
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Fig. 5. Perceived Physical Exertion and Mental Workload across conditions. HIKING is significantly higher
than all other conditions for both metrics.

questions corresponding to the remaining measures. If needed the participants could then take
time to recuperate before continuing with the next condition. This procedure was repeated for each
of the four conditions. After the last condition, we closed the session with a debriefing interview
which asked about the users’ perception of the different conditions and the emotions associated
with each method of transportation. At the end of the study, the participants received compensation
of EUR 15 and had the opportunity to ask questions.

4 RESULTS

In the following, we report the results for perceived exertion, mental workload, presence, emotions,
and mindfulness.

4.1 Perceived Exertion

The HIKING condition was perceived as requiring significantly more effort than the other conditions.
The ANOVA showed a significant effect of the condition on perceived physical exertion on the
Borg scale, F(3,69) = 50.6, p < .001, 5? = .69. Post-hoc comparisons showed that HIKING ranked
significantly higher than the other conditions, at the p < .001 level. There were no other significantly
different pairs. Figure 5a visualizes the results.

4.2 Mental Workload

There was a significant effect of condition on the perceived mental workload on the NASA-TLX,
F(3,69) =33.24, p < .001, 172 = .59. The HIKING conditions resulted in significantly more reported
mental workload than the other conditions, all at the p < .001 level. There were no other significantly
different pairs of conditions. The results are shown in Figure 5b.

4.3 Presence

We also compared IPQ scores using a one-way ANOVA. There was a significant effect of the
condition on perceived presence, F(3, 69) = 3.96, p < .05. There was only one significantly different
pair of conditions—HIKING-CHARGING, at the p < .05 level. The results are presented in Figure 6.
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Presence Score

Hiking Chairlift Charging Instant
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Fig. 6. Presence across conditions measured using the IPQ. HIKING is significantly higher than CHARGING

4.4 Positive Emotion

Our analysis revealed that the was a significant effect of the mode of transport (condition) on
reported positive emotions according to the PANAS-P, F(3,69) = 13.31, p < .001, n? = .15. As
shown in Figure 7a, HIKING outperformed the other conditions and scored significantly higher than
CHAIRLIFT (p < .05), CHARGING (p < .01) and INSTANT (p < .05).

4.5 Negative Emotion

A one-way ANOVA showed that there was no effect of condition on reported levels of negative
emotion on the PANAS-N, F(3,69) = 0.15, p = .15.

4.6 Mindfulness

Finally, we analyzed the scores on the SMS, as shown in Figure 7b. A one-way ANOVA showed a
significant effect, F(3,69) = 12.22, p < .001, % = .35. The HIKING condition led to more reported
mindfulness than the other conditions. There were significant post-hoc differences between HIKING
and CHAIRLIFT (p < .05), CHARGING (p < .05) and INSTANT (p < .01).

5 DISCUSSION

We conducted this investigation to understand how physical exertion changes the way users
experience a virtual scene (RQ1), specifically seeking to understand if we can replicate the wellbeing
benefits of hiking in VR (RQ1a) and whether physical exertion in VR increases users’ wellbeing
(RQ1b). In the following, we will discuss these research questions, outline how our results can be
used to inform the design of future VR experiences, and note the limitations of our work.

5.1 Hiking in VR was perceived as requiring physical exertion similar to hiking in
real-life

To answer RQ1a, we aimed to verify that physical exertion was caused by the physical demands of
walking (TREADMILL), and not by visual movement in the scene (CHAIRLIFT) or by time (CHARGING)
only. Our results, see Figure 5, show that the physical exertion and effort are significantly higher
for HIKING compared to all other conditions (CHAIRLIFT, CHARGING, and INSTANT). This is shown by
both the Borg-scale (Figure 5a) and NASA-TLX (Figure 5b)). These findings suggest that carefully
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Fig. 7. Positive emotions and mindfulness scores across conditions. HIkING is significantly higher than all
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designed experiences have the potential to effectively mimic exertion similar to activities in real
life. As a consequence, future VR systems should consider using exertion interfaces as possible
design alternatives for engaging VR experiences.

5.2 Active locomotion in VR fostered a mindful experience and produced positive
emotions

Both the ratings for PANAS-P and SMS were significantly higher for HIKING than for the other
conditions (RQ1b), implying that HIKING produced more positive emotions and was perceived as
more mindful. This result implies that past research suggesting a connection between mindfulness
and an experience of meaning can also be applied to VR [44], along with findings showing that low-
intensity exercise can induce mindfulness [38]. Furthermore, this supports recent work suggesting
that exercise in VR leads to more positive emotions [34, 45]. Combined, our findings show that
physical exertion and locomotion are effective means for designing mindful experiences in virtual
reality. We hypothesize that the need to invest effort in hiking up the mountain made the locomotion
experience more meaningful to the users, thus contributing to a significantly higher perception of
mindfulness.

Further, our results are in line with prior work showing that users enjoy exercising in VR while
resulting in more exertion [37] and that participants experience less pain while exercising in
VR [32]. Past work has also shown that perceived exhaustion can be manipulated by changing
virtual representations [33].

The time of exposure to the environment also plays a role in this phenomenon. While we designed
all conditions other than INSTANT to have the same time of exposure of 4.5 minutes, both Borg
and NASA-TLX were significantly higher for HIKING. Our results, therefore, suggest that visual
exposure and movement through the virtual world may not play a significant role in fostering
mindfulness or positive emotions.
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5.3 Designers can use physical exertion in VR to create meaningful experiences

We argue that physical exertion helped users to be more mindful of the scene and experience. Both
PANAS and SMS showed to be significantly higher for HIKING than the other conditions. Therefore,
this can help to create more mentally healthy experiences. While VR scenes are often designed
to optimize interaction efficiency, our work highlights the potential for intentionally designing
physically demanding tasks. Therefore, adding design elements that increase perceived exertion to
a virtual scene or technical setup can make a virtual experience more meaningful. This represents
a design opportunity for haptic feedback devices to add meaning to scenes by making feedback
more exhausting. Achieving the goal of a physically demanding task can lead to a feeling of pride
and therefore make a virtual scene more rewarding.

5.4 There is preliminary evidence that locomotion in VR increases presence

Neither exposure time, visual movement, nor physical exertion had an effect on presence in our
study. This is in line with the definition of presence by Slater et al. [50], as the scene in our
study did not change and being involved and excited is to be separated from the feeling of “being
there”. However, previous work shows unclear conclusions relating to the effect of locomotion
techniques on presence. Slater et al. [51] found that walking could enhance presence ratings when
participants embodied the presented avatar. Conversely, past work on gaming with omnidirectional
treadmills [61] and on exergaming [7, 13] found no impact of exertion on presence.

Usoh et al. [57] reported that their participants felt higher levels of presence when walking-in-
place compared to flying and controlling the flight with button presses. However, unlike locomotion
techniques where one can “walk” forward by pressing forward on a controller, cHAIRLIFT did not
include any locomotion of the participant that is not reflected in the virtual world and therefore did
not create a break in presence (such as the avatar walking while not walking in real-life). Further,
we did not present a virtual body to the participants; they held a physical dog leash and saw the
leash rendered based on the movement of the tracker attached to it. This could be perceived as part
of the participant’s body. This design choice built a connection to the dog and a form of extension
to the user’s body.

The presence score is significantly lower for CHARGING when compared to HIKING. We hypothe-
size that this difference was caused by the need to wait for the teleporter to charge. While waiting,
the participants could intensively look around and notice any rendering issues, repeating textures,
etc., which could break the immersion and would go unnoticed otherwise.

These results can impact future design choices for VR experiences. Streaming, a mechanic often
used in Open World games, is a way to load adjacent world elements and therefore allow users to
walk or drive into new areas without interruption. However, when fast-traveling to distant areas,
the player is often prompted with a loading screen. In multiplayer games, the player often needs to
wait in a lobby or watch a loading screen until enough players are found and connected and the
game is synchronized among them. Therefore, in cases were loading times are necessary, designers
should consider letting players either visually transit into the desired area by, for example, riding a
chairlift, cab, or horse carriage. Ideally, the player should be able to walk to the desired location.

5.5 Designing VR experiences with mindfulness and relaxation

Although our study focused on investigating how exertion impacts VR experiences, our findings
also have implications for the wider health and wellbeing communities. In particular, prior research
has shown that VR can be a useful tool to support mindfulness practices [49]. This could also
be extended to the workplace, where people often experience stress in their daily routines [14].
There is a need to design new ways to release stress and create healthier workplaces [18] which
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cater to diverse populations. While going to a remote place, strolling through a forest, or hiking
up a mountain are well-known activities that relieve stress, they are not always readily available.
Depending on the location, finding such a place or activity to relax may not even be impossible.
As VR hardware becomes more ubiquitous, there is an opportunity for VR to offer experiences of
mindfulness in everyday life and enable users to take breaks from work in virtual locations. VR
systems can offer physically demanding activities that bring a sense of achievement and pride.
Further, our results shows that exertion VR may be a useful tool in mindfulness-oriented physical
activity programs [40]. Future studies should further investigate the potential for such systems, as
our work provides empirical support to show that locomotion is a particularly important design
aspect for VR systems that support mental wellbeing.

5.6 Limitations

While we conducted the study in this paper with the utmost care, we recognize that our research
has some limitations. First, there are potential limitations related to the internal characteristics of
the participants. We did not investigate the effect of different fitness levels as we did not measure
the effect of performance but, rather, if a heightened level of exertion was achieved during the
HIKING condition. While using a treadmill proved to be an effective way of generating higher levels
of exertion, results might be limited to the reflected task of walking up a mountain and not to other
activities with high exertion.

Second, there are several limitations associated with the study apparatus. We played background
noises, such as wind sounds and birds chirping, during all conditions. While we did this primarily
to create a more engaging scene, this was also done to mask any treadmill sounds. While none
of the participants mentioned that they noticed any vibration or sounds, it is possible that this
could have had a confounding impact on the experience. Further, it is unclear if the design and
look of the nature scene can have an impact on mindfulness. However, all conditions use the same
environmental design while two conditions also reflect real-life activities with the same level of
visual exposure (HIKING, CHAIRLIFT) as they would have in a real-life nature scenario. In the HIKING
condition, participants could signal if a decrease in the treadmill speed was needed. Otherwise, the
speed was set, and took 4.5min to reach the top. Therefore, we do not have any insight as to how
variable walking speed impacts the ratings, as the set speed created the illusion of getting pulled
by the dog.

Finally, there are limitations relating to the virtual representation of the participants. The
participants in our study were immersed in an interactive virtual scene, but we did not present
them with any form of a virtual body. Previous research has shown that an avatar representation
affects the way we behave [26] or perceive ourselves [54]. While the impact of the lack of a virtual
representation on our results is unclear, it also creates an opportunity for future work. There is a
need to study how different avatars and levels of embodiment affect the experience of locomotion
in VR. Avatars and other virtual representations such as step sounds [21, 26] could be used to cause
an increase in perceived exertion and therefore decrease needed time or increase effects.

6 CONCLUSION

VR enables users to go to remote places with the click of a button. Yet, when traveling in the real
world, the journey is often described as more important than reaching the destination. To investigate
if similar experiences are possible in VR, we studied the impact of different travel methods in VR
on the users’ perceptions. We built a virtual scene in the form of a path up a mountain toward a
viewing platform that looked over a beautiful valley. The participants used four ways to reach the
mountaintop, designed to differ in physical exertion, travel time, and visual exposure to movement
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in the scene. Participants hiked up a slope using a treadmill, sat on a chairlift, used a teleporter
after waiting for it to charge, and used an instant teleporter.

Our results show that hiking was more exhausting, fostered more mindfulness, and produced
more positive emotions than the other transportation methods. We provide empirical evidence that
it is possible to foster a state of mindfulness through walking in VR. This suggests that introducing
physical exertion to VR scenes can be a means of using VR for relaxation. Further, our findings
suggest that exhaustion through locomotion can be an effective design element for VR, which can
be used to enhance the way users experience environments. Locomotion and exhaustion make the
scene more meaningful and the person immersed in the scene more aware of themselves and their
surroundings. This, in turn, can be used as a starting point for designing systems that support the
users’ wellbeing. We hope that our work inspires future research on using locomotion in VR for
user benefit.
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