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“I Feel My Abs”: Exploring Non-standing VR Locomotion

REETU KONTIO, MARKUS LAATTALA, ROBIN WELSCH, and PERTTU HÄMÄLÄI-
NEN, Aalto University, Finland

Fig. 1. Two variants of our non-standing locomotion method: Chair (le�) and Supine (middle). On the right,
the in-game screenshot shows the user’s 1st person view of the virtual environment in our user study, with a
sword in the user’s hand. Additionally, we explored Dip Rack and Rings variants (Figure 3) which were not
pursued further a�er an initial evaluation.

Virtual Reality (VR) games and experiences predominantly have the users interact while standing or seated.

However, this only represents a fraction of the full diversity of human movement. In this paper, we explore

a novel non-standing approach to VR locomotion where the user performs locomotion movements in the

air or only slightly touching the ground with their feet. For instance, the user may lie supine on the ground,

reminiscent of the Bicycle Crunch, a core training movement common in Pilates and other forms of bodyweight

exercise. Although this cannot generally replace traditional VR locomotion, it provides two bene�ts that we

believe can be of use for speci�c application domains such as VR exergames: First, the user’s lower body

movement is not impeded by a small real-life space, allowing versatile navigation of large virtual worlds using

walking, running, stra�ng, and jumping. Second, we allow new ways to activate parts of the body that remain

passive in most existing VR interactions. We describe and discuss four di�erent variants of the approach, and

investigate two prototypes further in a qualitative user study, to better understand their strengths, weaknesses,

and application potential.
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Fig. 2. The prototype game used in our user study. The player character (on the le�) is on top of the highest
platform in the level. The player character does not have a visual head or torso, to only display limbs in the
player’s 1st person view. The glowing green orb and the arrow above it denote a target waypoint.

1 INTRODUCTION

VR games and interactive experiences are increasingly popular. Trends show steady growth in the
VR sector and it is also predicted to continue growing for the following years [1]. Gaming in VR
introduces unique opportunities to create experiences that o�er realism and immersion beyond
the capabilities of ordinary games, with players interacting with virtual worlds in a natural and
embodied manner.

However, the discrepancy between a limited real-world space and a potentially limitless virtual
world remains an issue that is not fully solved. Various VR locomotion techniques have been
experimented with to address this problem, but they come with their own limitations and challenges.
For instance, using joystick-based steering for continuous locomotion causes visuo-vestibular con�ict
that can be a source of simulator sickness [13, 14, 37]. On the other hand, point and teleport—a
popular locomotion method in VR—is reported to in�ict less simulator sickness [13, 14, 37], but
may break user immersion [5, 6, 12]. Furthermore, an instantaneous change of position decreases
spatial awareness [7].
In addition to the locomotion problem, present VR games and experiences are limited in that

they predominantly have the users interact while standing or seated, which only represents a
fraction of the full diversity of human movement. A similar "standing bias" can be observed in
earlier movement-based games on platforms such as the Kinect. This is suboptimal for developing
exergames that activate the whole body, and is unsatisfactory from the point of view of scien-
ti�c curiosity. Meanwhile, researchers have called for more work on non-standing movement in
movement-based games [22] and outside VR, there have been explorations of combining technol-
ogy with non-standing physical activities such as hanging [43], trampolining [24, 38], yoga [55],
climbing on an Augmented Reality climbing wall [30], and trying to stay on a rodeo bull simulator
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[40]. Speci�c to VR, Krekhov et al. have explored the possibilities of inhabiting non-human bodies,
which can include non-conventional user movements and postures [33, 34].

In order to mitigate both the locomotion and movement diversity issues above, this paper
describes an expansive Research through Design (RtD) exploration [35] of new forms of non-
standing movement in VR. Our primary inspirations are the non-human embodiment experiments
of Krekhov et al. [33, 34] and previous HCI systems that can provide both diverse and intensive
physical activity [30, 38, 43]. Our focus is on settings where the user’s body is supported by some
other way than feet touching the ground, e.g., the user lying down supine on the �oor as shown in
Fig. 3. This is motivated by two key observations:

(1) If one’s legs are not required for support and balance, one becomes free to perform diverse
locomotion movements—walking, running, jumping, stra�ng—in the air, while not moving
around in the physical world. Assuming that such leg movements can be mapped to VR
avatar movement naturally and reliably enough, this holds promise for �exible navigation of
large virtual spaces even in a highly constrained physical space.

(2) Furthermore, such in-air locomotion can be performed in non-upright orientations of the
body, opening new possibilities for VR movement, and allowing gravity to provide the user
with more diverse movement challenges and exercise [22]. For instance, lying supine and
performing walking movements in the air requires activating abdominal muscles similar to
the Pilates exercise known as the "bicycle crunch".

We describe the design and formative evaluation of the four di�erent variants of our approach
illustrated in Fig. 3: lying supine on the ground, hanging from gymnastics rings, pushing down on a
dip rack, and sitting on a saddle or swivel chair. Based on initial evaluation by the project team, the
supine and swivel chair variants were deemed as the most promising ones to be evaluated in the user
study we report in this paper. The user study results support the viability of non-standing playing
poses and their potential for exergaming, but we also discuss the more critical feedback, highlighting
general issues with calibration and speci�c issues related to both tested variants. We augment the
user study with our own experiences and observations from the iterative design and prototyping
process, leaning on the two primary authors’ experience from 10+ years of active practicing of a
variety of movement arts such as pilates, contemporary dance, parkour, and pole dancing. At the
same time, we recognize that our own physical activity background and enthusiasm might make
us less capable in designing for and empathizing with users with a wide range of movement skills
and capabilities. Therefore, we do not consider an autobiographical design approach [45] or other
1st person HCI research methods [16] su�cient as such, without a user study.

Contribution: Our work makes an HCI artifact contribution [63], demonstrating and exploring a
new possibility space for VR design, o�ering new ways for navigating the tradeo�s between the
range of movements possible for the user, the need for real-world space, and providing diverse
physical exercise. We follow the common practice of accompanying an artifact contribution with
an empirical study [63], re�ecting upon the strengths, weaknesses, and future potential of our
approach based on a qualitative within-subjects user study (N=10). The primary evidence we base
our argumentation on stems from a qualitative thematic analysis of concurrent think-aloud and
open-ended interview data. We augment this data with quantitative self-reports of physical exertion
intensity using the Sickness Rating (SR) [26] and Borg CR10 [23] scale. Our focus is on discovering
and understanding new applications and full-body interaction styles rather than providing an
interaction technique that solves an existing task more e�ciently; hence, we adopted a qualitative
and exploratory rather than quantitative and con�rmatory research approach.
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2 RELATED WORK

VR movement and locomotion techniques, in particular, are popular research topics with multiple
existing in-depth surveys and comparisons [5–7, 12, 47]. Below, we focus on related approaches
that go beyond the most common body postures and input devices.

2.1 Walk-in-Place

Walk-in-Place methods include users performing walking-like motion with their legs, without
much spatial displacement in the physical environment. Steps may be tracked via six degrees
of freedom (6-DOF) trackers, e.g., VIVE trackers, which we used in our prototype as well. or a
treadmill-like device [4].
Boletsis [4] compared di�erent locomotion methods for VR. They found the lowest System

Usability Scale (SUS) scores for WiP when compared to joystick-type controller and teleportation
methods. However, they also found that users had a better level of immersion into the environment
while using the WiP method, due to its natural manner of moving. There also exists more dynamic
approaches toWiP systems, attempting more natural mapping of gait cycles to the user feet gestures.
Examples of this are are Low-Latency, Continuous-Motion Walk-in-Place (LLCM-WIP) by Feasel et
al. [17] and Gait-Understanding-Driven Walk-in-Place (GUD WIP) by Wendt et al. [61]. However,
even these systems also introduce certain problems, such as lack of inertia [17] and latency [61].
One limitation of WiP solutions is the lack of directional control. For example, the LLCM by

Feasel et al. su�ers from this [17]. They apply only forward momentum in-game, while the direction
is determined by the orientation of the players themselves. This limits movement versatility, for
example in scenarios where stra�ng or moving backwards is required. However, there also exists
WiP approaches that allow stra�ng and backwards momentum, such as the "Gaiter" by Templeman
et al. [54].
The biggest advantage of our approach over WiP is that the locomotion movements can be

more natural, whereas WiP requires a form of stomping to avoid drifting around in the physical
space. Additionally, WiP is obviously more limited for exergame applications. Similar to the most
advanced WiP methods, we also support stra�ng and backwards locomotion, as demonstrated in
the supplemental video, although our user study does not focus on that. Comparing the precision
of omnidirectional locomotion in our and WiP approaches is a potential topic for future work.

2.2 Redirected Walking

Redirectedwalking is a VR locomotion technique that utilizes an imperceptible gain to themovement
and/or rotation, allowing users to explore larger virtual spaces in con�ned real-life spaces. Multiple
di�erent studies have implemented and evaluated di�erent redirection techniques [2, 11, 36, 51, 53].
While these techniques show promise, they also have limitations. To fully utilize the potential

of redirection, the developers need to design the level layout to guide player in a certain manner
for the redirection to work optimally. Depending on the implementation technique this might
vary, for example, Azmandian et al. require the player to "reset" the orientation by spinning, while
adjusting the player orientation [2]. Chen and Fuchs implemented a "distraction algorithm", guiding
users gaze (and rotation) with moving objects [11]. Razzaque et al. constructed a predetermined
path for the player to utilize waypoints as redirecting locations [51]. Methods like these introduce
restrictions to the designers and decrease player freedom and player experience.

Additionally, even though allowing exploring larger spaces, the physical space is still limited to
some extent and it is possible for the user to walk out of the physical playing area, especially if they
refuse to comply with the redirection cues supplied by the system. The size of the play areas in the
experiments vary, but unrestricted motion requires still large physical spaces. Steinicke et al. argue
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that an area of 10 by 10 meters would su�ce for a virtually in�nite omnidirectional movement [53].
An unobstructed area this large is arguably quite rare in common households. Furthermore, faster
locomotion, such as running, might not be as suitable for redirection techniques, as overshooting
distances might become more relevant.

The primary advantage of our approach over redirected walking is that our method requires less
physical space.

2.3 Seated VR Locomotion

For the seated variant of our approach, the closest prior work relates to the Cybershoes by Cyber-
shoes Inc. [15]. They utilise two slippery shoes that are strapped to the feet of the user. The shoes
have cylindrical rollers attached to the bottom. Those rollers can be utilized to track the speed and
direction of the movement of the user. The user is required to sit in a swivel chair to be able to
rotate and slide their feet on the ground.
Cybershoes have one notable advantage over our approach. The rollers enable substantially

more accurate and easier measurements of the speed and direction (forwards/backwards) when the
feet make contact with the �oor, compared to our motion-tracking -based system. However, the
Cybershoes do not allow stra�ng, as they register only backwards/forwards movement. Our method
allows foot movement in any direction, including sideways, to perform stra�ng. Furthermore, due
to the lack of positional and rotational tracking in the Cybershoes, no inverse kinematic animations
can be deployed to accurately represent the user’s pose in the virtual environment.

Seated VRmovement methods have also been previously studied by Kitson et al. [32]. However, in
the methods they compared, locomotion was implemented without locomotion-like leg movements,
mainly by leaning in di�erent directions. Despite this, they discovered that using a swivel chair
for VR locomotion is comfortable for many users [32]. Our seated variant can be viewed as an
extension of theirs focused on enabling more natural foot locomotion movements.

2.4 Supine VR

In concurrent work, van Gemert et al. experiment with playing popular VR games on a bed,
while lying down. In line with our work, they found that the remapping of users’ orientation
within the virtual environment is quickly adapted by the user. They further suggest that future
work should explore locomotion methods that allow more versatile locomotion, speculating on an
implementation resembling that of ours [56].

As a major inspiration for us, moving in VR while lying supine, prone, or crouching on the �oor
has also been explored by Krekhov et al. [33, 34]. However, their work focuses on non-human body
ownership and they do not study movement mappings that allow navigating virtual spaces larger
than the real space.
Luo et al. [39] experimented using VR while in a reclined seat, the recline angle ranging from

sitting straight up to lying down parallel to the ground. They compared di�erent aspects, such
as simulator sickness and embodiment. They discovered that although sitting straight can be
considered superior, lying parallel to the ground was the second best option. Some of our results
parallel theirs—in particular, their users got used to the orientational di�erence quickly and were
barely aware of it when playing.

Despite the similarities in the playing pose, our study further expands the possibilities o�ered by
this discovery. The supine pose allows one’s legs to move unrestrained in the air, which we utilize to
implement locomotion with natural leg movements. In contrast, Luo et al. [39] used d-pad/joystick
movement in their tests to focus solely on the embodiment and other aspects a�ected by the
orientation of the player.
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In studies by Montoya et al. [41, 42] they experiment with using VR in a �otation tank. While
this might be a more extraordinary setting that requires an expensive and constraining setup, it
does involve using VR in a supine position. They argue that technological adaptations, such as VR,
can enrich experiences, such as lying in a �otation tank.

2.5 Other Novel Approaches for VR Locomotion

Previous work has explored novel locomotion approaches ranging from walking by cycling [19],
using one’s body leaning on a chair or a board [46], various foot-based gestures [57], using a harness
to suspend the body of the player [58], pressure pads in a seat [49], omnidirectional treadmills
[29, 59, 60] and using VR under water [44, 52].
While displaying potential, many of these methods do not really resemble natural movement,

such as the leaning or gesture-based methods. The suspended locomotion system byWalther-Franks
et al. [58] allows more natural movements, but none of the testers found it easier to use than regular
WiP. Furthermore, its comfortability was reported to su�er from the non-�tting harness.

Among the approaches above, perhaps the most natural and unrestricted movement is o�ered
by the omnidirectional treadmills, although limited to upright locomotion. However, they also
require large and expensive equipment. Although some of the variants of our approach also require
additional equipment, the two approaches tested in our user study, Chair and Supine, only require
everyday equipment such as an o�ce chair or a yoga mat. This should make our work easier
to adopt by both other researchers and consumers who are not willing to invest in expensive
equipment or large open spaces.

It should be noted that non-conventional locomotion and movement-based interaction are also
researched outside of VR, in contexts such as climbing on a projection-augmented climbing wall
[30], rodeo-bull riding [40] and trampoline jumping [24]. Although our focus is on VR, such non-VR
work has motivated and inspired our design. The hanging o� a bar experiments of Mueller et al.
[43] inspired us to try our locomotion approach while hanging from gymnastic rings.

3 DESIGN

Our design process had two main stages:

(1) Expansion of the design space: Developing the technical movement tracking and mapping
approach and exploring the four variants in Fig. 3. We �rst developed the supine one, inspired
by performing the Bicycle Crunchmove on a body-weight exercise class. We then realized that
the same approach might generalize to other postures and body support methods. Throughout
this exploration, we performed multiple iterations of prototyping and testing. As VR user
studies are resource-consuming, this stage focused on internal testing by two of the authors
(details in Section 4).

(2) Convergence: Two of the most promising variants were identi�ed and investigated further in
a user study (details in Section 5), in order to understand their pros and cons and application
potential.

3.1 Design Goals

As elaborated earlier in the introduction, our work is motivated by two primary goals: 1) Increasing
the diversity of movement in embodied interaction and 2) solving the key problem of VR locomotion,
i.e., how to allow navigating and interacting with virtual spaces considerably larger than the
physical space without resorting to techniques such as joystick-based movement or teleporting,
which have limitations such as causing simulator sickness or hindering simultaneous locomotion
and interaction. We primarily considered locomotion from the perspective of VR gaming, as non-VR
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“I Feel My Abs”: Exploring Non-standing VR Locomotion 423:7

Fig. 3. All the four non-standing locomotion approaches we explored. All these share the design principle
that one’s weight is not supported by the legs. Thus, one can perform walking, running, strafing, and jumping
movements in the air or only slightly touching the ground with their feet, without being limited by a small
physical space.

games often utilize vast open environments. Empowering players to explore such worlds in a more
natural way would o�er VR game developers more freedom in their level design. An additional
goal and motivation was to explore the exergaming potential of non-standing movement in VR.

3.2 Four Variants

The four variants we developed can be summarized as follows. In the rest of the paper, we will
refer to them as Supine, Rings, Dip Rack, and Chair:

• Supine: User lies down on the �oor, on top of a yoga mat or similar padding. They can mimic
walking and running by moving their legs in the air. Turning physically is not possible and is
instead implemented by a grab-and-pull hand gesture.

• Rings: User hangs from gymnastics rings, feet barely reaching the �oor. Again, mimicking
walking or running can be done rather naturally without any physical locomotion. Turning
works naturally in this method, as long as the user refrains frommaking too many consecutive
rotations in the same direction, tangling up the harnesses. Hands are preoccupied, thus not
usable unconstrained within the game.

• Dip Rack: User suspends themselves in a dip rack. This method also frees up the legs for
mimicking walking or running movements. Complete turning is not possible in this method,
only steering. Hands are preoccupied, thus not usable unconstrained within the game.

• Chair: The user sits on a regular o�ce chair with a swivel. When the chair height is adjusted
in a way that the user can barely reach the ground with their legs, they can mimic walking
and running rather naturally, without moving themselves. The swivel joint of the chair allows
natural turning around.

As summarized in Table 1 and detailed in the next section, the four variants use the same leg
movements and movement mechanics that map in-place user movements to avatar locomotion
in the virtual space—the only di�erence is in which body pose and rotation the user performs
the movements. This is straightforward as the user’s leg movements are tracked in a local coor-
dinate frame that rotates with the user. This variant-agnostic locomotion is augmented with the
abovementioned hand gesture for turning around in the Supine mode.
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Table 1. The common actions performed in our locomotion system and the corresponding movements
performed by the player. Note that "downwards" is interpreted in player-local coordinates, in the head-to-hips
direction.

Walk Jump Turn

Chair
Imitate
walking

Kick downwards (or stomp, de-
pending on chair height)

Turn physically on swivel
chair

Supine
Imitate
walking

Kick downwards
Virtually "dragging" using
hand controller

Rings
Imitate
walking

Kick downwards (or stomp, de-
pending on height of rings)

Turn physically

Dip

Rack

Imitate
walking

Kick downwards
Turn physically (limited
range)

3.3 Movement Mechanics

The key technical and implementation challenge for our work is how to track and map the user’s
feet movements to the VR avatar’s movement. We solve the problem by implementing a simpli�ed
virtual foot contact simulation, as detailed below.

3.3.1 Hardware and So�ware Environment. We use the HTC Vive Pro 2 VR headset with a wireless
adapter, Vive hand trackers and 3 additional Vive 6-dof motion trackers for VR (version 3.0) attached
to the player’s feet and waist. The VR prototype was developed using the Unity 3D game engine.

3.3.2 Walking and Running. The basic principle is that we detect which foot tracker is the lower
one in the user’s local body coordinate system, i.e., the down-vector of the Supine mode points
sideways in the global coordinate system, whereas it points down in the other variants. Figure 4
(left) displays these motions. At each game physics update, we query the tracker’s current velocity,
multiply it by -1 to reverse its direction, and apply the result as the velocity of the player character
in-game, scaled by a speed scale multiplier, if the user is close to the ground, or has been close to
the ground during the last 200ms (the so-called "coyote time" video game platforming mechanic).
The scale multiplier was chosen based on testing done by the authors and �ne-tuned to make
navigating a test scene easy.
This movement mapping provides a simpli�ed foot contact simulation where feet are "pulling"

the user forwards or pushing them backwards. In a previous unpublished and failed project, we
did try implementing the same simply using Unity’s game physics. However, we found this highly
problematic due to the lack of tactile feedback, which often makes the user think they are touching
the ground while the physics doesn’t detect a ground contact and lets the avatar’s feet slip instead
of pulling the avatar forward. Our simpli�ed implementation including the coyote time mechanic
is more forgiving in this respect.

3.3.3 Jumping. We determine that the player wants to jump if they move either of their feet
downwards (in their local coordinate system) faster than a threshold value. Due to a supine pose
having more space for accelerating the feet (that is, there is no physical ground blocking the foot),
we ended up choosing a higher threshold for the Supine mode. If jumping is detected, the vertical
velocity of the jumping leg is applied in-game with a jump boost multiplier. Otherwise, Unity’s
physics simulation is free to modify the vertical velocity based on physical contact and gravity.
Jumping in the seated pose may be described as "stomping the ground" with great enough

velocity. In the Supine pose, the jumping is a similar move, but in this case, the "stomp" is not
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“I Feel My Abs”: Exploring Non-standing VR Locomotion 423:9

Fig. 4. Locomotion (le�) and jumping movements (right) of the Supine (A1 and B1) and Chair (A2 and B2)
modes. The images are from the tutorial videos that we used to communicate the intended movements in our
user study. In this figure, arrows have been added to clarify the cyclic locomotion movements and the larger
swings of the jumps.

Fig. 5. Screenshot from a session where author played Supine mode, taken from a secondary third person
camera (le�) and the primary first person HMD viewport (right).

colliding with the physical ground. Rather, it resembles a single move of "scissors" abdominal
exercise, moving the leg from high up towards the ground. Both jumping methods are shown in
Figure 4 (right).

3.3.4 Turning Around. Turning around the vertical axis di�ers somewhat drastically between the
four variants. In the Chair and Rings variants, the turning functions by mapping the swivel chair
rotation one-to-one to the in-game character rotation. The rotation is measured using the tracker
attached to the player’s waist.

In the Supine variant, turning around in the real world is very cumbersome. Instead, adopted a
so-called "anchoring" -method, inspired by Freiwald et al. [19]. The basic principle of this method
of turning is to use the hand controllers to "drag yourself" around. The player needs to "anchor"
into an arbitrary position within the world by using the triggers on the hand controllers. Once
anchored, the player can move their hand to rotate themselves around, by moving the hand that is
anchored. The player rotates around the up-vector of their center of mass in-game. The rotation
angle is determined by the distance between the initial anchoring position and the current position
of the anchored hand.
For the Dip Rack variant, we have not yet devised a plausible rotation control approach, as it

prevents both body rotation and hand gestures. Minor steering of the movement is possible but
physically demanding.
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4 INITIAL EVALUATION

Throughout the iterative design and development, we tested and evaluated prototypes internally by
two authors, using early variants of the locomotion test environment utilized in the later user study
(see Fig. 6). Initially, the environment was only an empty plane, but more complex geometry was
gradually added as the movement mechanics evolved. Closer to the user study, three non-author
pilot users were also involved in the testing, recruited from the same research group. One of them
tested two di�erent iterations of the prototype.
The internal testing of the four developed variants revealed clear variant-speci�c bene�ts and

challenges that we summarize in Table 2. We consider the variants to primarily di�er along the
dimensions below:

• Movement diversity: The Chair and Supine variants are more versatile and support overall
more diverse movements, as they do not limit arm movement. Therefore, they allow more
versatile simultaneous locomotion and interaction.

• Solving the locomotion problem: Dip Rack and Rings are more limited, although one can
certainly imagine plausible game scenarios for them. For example, Dip Rack could mimic
Iron Man -style �ying with hand thrusters, and Rings could naturally map to an action scene
where the player hangs from a helicopter, swinging to dodge obstacles and using legs to kick
enemies. The Dip Rack o�ers the most limited locomotion, because we did not (yet) identify
a plausible way to allow 360 degree rotation around the vertical axis.

• Exergaming potential: Unlike the other ones, the Chair variant does not require intense exer-
tion, although one does move the legs more than with teleport or joystick-based locomotion,
and lifting the legs as part of a walk cycle does require some activation of abdominal muscles
and hip �exors. For the Supine mode, the abdominal muscle strain was clear. However, the
users are only required to hold their legs up, not the whole body as in Rings and Dip Rack
mode. Furthermore, it is possible to rest one’s legs on the ground in this pose, thus the
intensity can be moderated with ease. Note that the exercise intensity estimates in Table 2
are subjective evaluations by the authors; the Borg CR10 scale was only employed in the user
study of Section 5.

The Chair mode was tested initially with a swivel saddle chair (an o�ce swivel chair without
armrests or backrest, designed to resemble a saddle). Both authors preferred this seat over a regular
o�ce chair. However, when getting close to the user study of Section 5, we switched to a regular
o�ce chair for safety reasons, as it was the case that for an inexperienced player, there would be
a chance of falling due to the lack of armrests and backrests. The larger mass of the o�ce chair
caused overshooting when turning, but it was usually negligible. Moving using leg movements
worked well, but we found ourselves to be sometimes consciously moving in a way that would
avoid painfully hitting the chair with our legs. Jumping worked without any major issues.
Moving in the Supine mode worked without issues during our testing. We concluded that the

exergaming potential is easily recognizable, as even a short (around 1 minute) session caused
considerable abdominal muscle strain. The most problematic aspect during development was the
turning method, as wiggling around on one’s back feels slow and cumbersome. We ultimately chose
the gesture-based anchoring method inspired by Freiwald et al. [19], as it was in our opinion the
most applicable for a supine playing pose, without compromising responsiveness. Both authors
adapted to gesture-based turning quickly (within one play session of several minutes). Jumping in
the Supine mode was arguably physically intense, but worked intuitively in our opinion.

Unsurprisingly, we found the Rings mode rather exhausting, taking a quick toll on arm muscles.
However, as the height of the rings could be adjusted so that one’s legs are barely touching the
�oor, it was possible to rest while standing still. Jumping worked rather similar to the Chair mode,
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by kicking downward or stomping one’s feet on the ground. Turning around was quite easy and
worked as expected. However, there was an unexpected issue considering turning: If the player
decides to make many revolutions in the same direction, the ropes connecting the rings to the
ceiling would get tangled up. This caused the user to involuntarily start spinning the opposite way
if they lifted their legs up in the air. This could be �xed by adding a hinge that allows spinning
without tangling of the ropes.

Playing the Dip Rack mode was demanding for the arms as well. However, a short playing session
was possible without too much discomfort. Running worked well, but turning was naturally very
limited, as the player is required to hold tight with both arms on the bars. Minor steering was
possible by tilting one’s body left and right, but to turn around completely the player needs to let
go of the bars, turn around feet on the ground, and take hold of the bars again after that. Jumping
worked by pushing legs downward, but it was physically straining, as one needs to counteract the
momentum of legs with one’s arms.

Table 2. Comparison of the di�erent playing modes. Leg freedom of movement: how much space does the
player have to move their legs, Hand freedom of movement: how much space does the player have to move
their hands, Turning range: how large rotation can player make around the in-game up-axis (both directions),
Exercise intensity: how physically straining playing is for the player.

Leg freedom of

movement

Hand freedom

of movement
Turning range

Exercise inten-

sity

Chair Moderate Full 360° Minor

Supine Almost full Almost full
360° (hand ges-
ture)

Moderate

Rings Full None 360° Demanding

Dip Rack Almost full None ~90° Demanding

5 USER STUDY

We conducted a user study to provide richer and more reliable insights about Supine and Chair, the
two variants we deemed most promising based on the initial evaluation.

Supine and Chair were selected for the user study primarily because they place fewer restrictions
on arm movement, increasing their application potential. Rings and Dip Rack lock the user’s arms
in place, and Dip Rack also prevents one from turning around. Furthermore, using them is arguably
substantially more physically demanding, increasing the risk of not �nding enough suitable user
study participants, or the study becoming too long and exhausting. This means we would either
have to use a di�erent test task for these approaches, making any comparisons less controlled, or
we would have to arti�cially limit the range of movements and interactions available with the
Supine and Chair variants.

5.1 Research �estions

We aimed to address the following exploratory and primarily qualitative research questions:

• Usability and future work: What are the bene�ts, challenges, and application potential of
non-standing VR locomotion and the tested variants in particular?

• Experience: How does non-standing VR locomotion feel? What is the experience like?
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Fig. 6. A perspective view (le�) and a top-down view (right) of the level. All of the waypoints are shown here,
but for the testers, only one waypoint was shown at a time. Red triangles show a point on the route where
the user is expected to fall down (downward triangle) or jump up (upward triangle). Despite this, users were
free to find their own routes and jump as much as they preferred.

5.2 Study Design

We used a within-subjects study design with two experimental conditions: Chair and Supine. The
participants perform the same locomotion task in both conditions. Learning e�ects were mitigated
by counterbalancing the condition order.
We mainly focus on qualitative analysis of think-aloud and open-ended interview data while

also collecting self-report data about exercise intensity and simulator sickness. We did not have
strong a priori hypotheses about di�erences between conditions, except that the Supine mode was
clearly the more physically intensive one in our initial testing.

5.3 Locomotion Task Design

The locomotion task used the VR scene of in Fig. 6, with a track consisting of consecutive waypoints
that the user attempts to reach using forward locomotion, turning, and jumping. The desired
locomotion movements were instructed as illustrated in Fig. 4, using short video clips of how
moving, jumping, and turning can be performed. The waypoints were placed so that the di�culty
of reaching them increases throughout the track. The �rst waypoints require the user to move
forward in a straight line on a �at surface, then gradually introducing more turning, ramps and
elevation, narrower paths and ultimately high platforms only reachable by jumping.
The users were instructed to try to reach as many waypoints as possible within a �ve-minute

time limit. The time limit was used to ensure short enough total user study time and to minimize
possible build-up of simulator sickness that might force a participant to interrupt the experiment.
However, after we collected the data, we noticed that the time limit was not enforced by the system.
Therefore, in practice, users could use more than �ve minutes. The participants were told that it is
not necessary to reach all of the waypoints, or play through the whole �ve minutes if they feel too
exhausted or uncomfortable. They were encouraged to experiment with di�erent ways of moving
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and �nd out what works best for them. They were informed about the time limit, but they did not
see a timer in-game.
The same scene and task were used in both experimental conditions. Although this may allow

the user to remember the waypoint locations in the second condition, we made this design choice
for a number of reasons. First, we did our best to design the waypoints and the scene so that the
participants have no di�culty understanding what to do, and the main challenge would be about
executing the desired movements with the two di�erent movement mappings. Second, completing
the same task twice should allow the user better re�ect on the di�erences of the locomotion
approaches, as there is no risk of having the di�erence in the waypoint layout change the di�culty
of the task. Finally, the counterbalancing should mitigate learning e�ects in any statistical analyses.

5.4 Participants

Participants were recruited by reaching out to di�erent communication channels and social circles
throughout the university and campus. Each participant was compensated with a gift card to a
restaurant on the campus area (15 euros). We gathered ten participants (two female, eight male).

The mean age for our participants was 27.8 years (sd. 2.78, min. 25, max. 32). All of them had at
least some experience in video games and VR games. One user played non-VR games occasionally,
three roughly once a week, four multiple times per week and two almost every day. Half of
our participants (�ve) had at least tried VR, while three reported using it occasionally and two
reported using at least once a month. None of our participants reported being very susceptible to
motion sickness: two users reported having never experienced motion sickness, six reported rare
experiences with motion sickness and two reported getting occasionally motion sick.
All of our participants exercise at least occasionally, but as high as 70% (seven participants)

exercise two or more times a week. One user reported exercising occasionally, two reported
exercising once a week, two said they exercise two to three times a week and �ve more than three
times a week. We did not speci�cally search for people that are highly active, but we speculate the
following factors to in�uence the relatively high percentage. Firstly, we did not specify accurately
what is meant by "exercising", thus it was left up to the interpretation of the user �lling the
questionnaire. In hindsight, we realized that some users might interpret di�erent activities as
"exercise" (e.g. walking to work compared to going to a gym). Secondly, we advertised this study as
a "VR exergaming research project", which might have appealed more to physically active people.

5.5 Data Collection

Before testing either of the playing modes, the participants �lled out a demographics form including
gender (including non-binary/prefer not to disclose), age, experience with video games, experience
with VR, athleticism (how much does the participant exercise), and susceptibility to motion sickness
(ordered multiple choice: "I have never experienced motion sickness", "I have experienced in some
rare cases", "I get motion sick occasionally", "I tend to get motion sick in certain cases", "I get motion
sick very easily"). In this questionnaire, we used the term "motion sickness" instead of simulator
sickness, as we assumed that it is more familiar term for non-experts. The form also asked for
the participants’ informed consent. The users were further informed that they are free to stop the
experiment at any point if they are feeling too much nausea or discomfort.

During the experiment, we collected the following qualitative and quantitative self-report data.
The open-ended questions we used were determined based on the research questions of Section 5.1
by two of the authors:

• Before 1st experimental condition: Sickness Rating (SR) [26] and a version of Borg CR10
perceived exertion scale [9, 23]. The Borg CR10 is described in Table 3. The SR is a multiple
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choice between "No symptoms", "Any symptoms, but no nausea", "Mild symptoms", "Moderate
symptoms (stop immersion)". To make the last item more self-evident, we changed "stop
immersion" to "Discontinuing the test is advised".

• During conditions: Concurrent think aloud, instructed as: "Please think aloud during this test,
telling us how you feel and what you think. In particular, we appreciate if you note anything
you like, dislike, or �nd interesting."

• After each condition: SR, Borg CR10, and open-ended questions: "How would you describe
the playing mode? Was it fun/easy/hard/uncomfortable/nauseating etc.", "How did this way
of moving around feel in your body?", "What positive aspects do you see in this VR movement
method?", "What negative aspects do you see in this VR movement method?", "What would
you like to change about this VR movement method?".

• Final questions: "How would you compare the two tested approaches?", "What are their pros
and cons in your opinion?", "Thinking of the version where you lie down on the �oor, how
did it feel to be in a di�erent posture in the real and virtual worlds?", "What are your thoughts
of using movements like that as part of Virtual Reality exercise and sports?", "If you have
any prior experience with VR games, how would you compare the movement methods they
used to the methods you tested here?"

Table 3. The Borg CR10 scale [9]

Score Exhaustion level

0 Nothing at all

0.5 Very, very slight (just noticeable)

1 Very slight

2 Slight

3 Moderate

4 Somewhat severe

5 Severe

6

7 Very severe

8

9 Very, very severe (almost maximal)

10 Maximal

We captured video of the virtual world together with the user’s voice recordings. The voice
recordings were transcribed and the video was analyzed if the transcripts need further context.
Additionally, the user study facilitator also took notes about observations such as di�erent

movement styles. We also collected a range of movement and task performance data during
gameplay. This included player position and velocity vectors (x,y,z) and rotation quaternions (x,
y, z, w) over time, position and rotation data of various bone joints of the in-game player avatar,
position and rotation data of the VR headset, hand controllers, and all of the trackers used during
the gameplay. Furthermore, we recorded timestamps for each waypoint reached and the completion
time of the entire waypoint track, or the timestamp of when it was halted prematurely. Both local
(within the parent object) and world positions were stored for all of the positional data.

All data was stored anonymously. The video recordings were converted to separate voice and
video, and the voice was deleted after transcribing. Participants were only identi�ed with numeric
IDs, with no record kept that allows mapping an ID to a name. Video was only recorded of the
anonymous virtual world and avatar, and no video was captured in the real world.
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5.6 Methods

Qualitative Analyses. We analyzed the recorded and transcribed think-aloud data and open-ended
question answers using qualitative thematic analysis. We followed the general thematic analysis
progression of familiarizing oneself with the data, coding the data, collating codes into themes,
reviewing and re�ning the themes, and reporting the results using illustrative quotes [8]. We
implemented this process in a way that allowed two authors to work in parallel during the initial
coding stages: One author facilitated the user study and data collection, observing and interviewing
the participants and taking notes, while another author transcribed and coded the already collected
data. After this, the authors reviewed and re�ned the codes and themes together, combining the
close and personal perspective of the facilitator who had interacted with the participants �rst-
hand, and the more detached perspective of the author who had only worked on the data. As our
coding was open/inductive, we did not calculate any inter-rater agreement measures of multiple
independent coders.

Quantitative Analyses. As our sample size is not large enough for identifying statistically signi�-
cant di�erences between the experimental conditions, we do not perform any statistical signi�cance
testing and instead only describe the quantitative questionnaire data using means, medians, and
standard deviations. Although this does not allow concluding, e.g., that condition A causes less
simulator sickness than B, the results can still prompt hypotheses and research questions for future
work.

6 RESULTS

Qualitative Data. Table 4 shows the most frequent codes. Here, we group the codes into the two
high-level themes of positive and negative participant experiences, motivated by our research goal
of understanding the bene�ts and challenges of our non-standing locomotion approach. In total,
the coding resulted in 174 codes. We also performed an alternative grouping into more �ne-grained
themes such as player adaptation, control, exercise, and safety, which is how we structure the
discussion of the results in the next section.

Table 4. The most frequent codes sorted by the number of coded text segments (N) and divided into the
high-level themes of positive and negative experiences.

Positive N Negative N

Supine mode feels like exercise 31
Chair mode controls not working as ex-
pected

23

Chair mode feels like exercise 12 Supine mode headset is uncomfortable 18

Supine playing pose feeling natural 11 Chair mode walking is di�cult 17

Chair mode has intuitive movement 7 Chair mode having problems with setup 15

Chair mode feels easy 7 Supine mode jumping is di�cult 15

Supine mode is fun 6
Supine mode controls not working as
expected

13

Supine mode can be mastered 6 Supine mode looking around is di�cult 10

Supine mode has intuitive movement 5 Chair �ne movements are di�cult 9

Chair mode is immersive 5
Supine mode having problems with
setup

7

Supine mode feels safe 5 Chair mode feeling unsafe 6
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Quantitative Data. Out of all users, seven did not report any symptoms on the SR scale throughout
the whole experiment. After playing Chair mode, one user reported "mild symptoms" and one user
reported "moderate symptoms". Respectively, for Supine mode, two users reported "mild symptoms"
and one reported "any symptoms, but no nausea". In total, three users reported any other option on
the SR scale than "no symptoms". Table 5 provides the full SR and Borg CR10 data of all participants.

Table 5. SR and Borg CR10 values reported during the user study, one user per row. The Chair and Supine
columns alternate due to counterbalancing. One "a�er final questions" data-pair is missing, marked with the
empty cells.

Before testing After testing mode 1 After testing mode 2 After �nal questions

SR Borg SR Borg SR Borg SR Borg

Chair Supine

None 0 None 3 None 4 None 0.5

None 0 Mild ∗ 3 Mild ∗ 3 Mild 0

None 0 None 2 None 1 - -

None 0 None 0 None 1 None 0

None 0 None 1 None 3 None 1

Supine Chair

Any 0 None 2 None 2 None 1

None 0 None 3 None 2 None 0.5

None 0 None 2 None 0.5 None 0

None 0 Mild 3 None ‡ 6 None 0

Any 0 Any † 0.5 Moderate ∗ 0.5 Mild 0

* Testing �nished prematurely due to nausea.
† Testing �nished prematurely due to user giving up after getting close to the last waypoint, but failing.

‡ Testing �nished prematurely due to exhaustion.

Seven out of ten users completed all the waypoints on the track in both play modes. All of the
testers at least brie�y tested both of the playing modes. For users that completed Chair mode (seven
users), the average completion time for the Chair mode was 316 seconds (median 304, sd 107, min
112, max 447). For users that completed Supine mode (eight users), the average completion time
was 350 seconds (median 323 seconds, sd 95.2, min 182, max 479). Even though we instructed the
users about the �ve-minute time limit, we later realized that it was not enforced properly due to
a programming error in the prototype. With some users, this resulted in above �ve-minute play
times. For Chair condition, four users exceeded the �ve-minute time. For the Supine condition, six
users exceeded the �ve-minute time. For the Chair condition, the mean Borg10 rating was 2.00
(median 2.00, sd 1.66). For Supine the mean was 2.25 (median 2.50, sd 1.08).

In total, three users stopped one or both playing modes prematurely (before reaching �nal way-
point). One of these users experienced mild nausea during both modes, stopping them prematurely.
However, the user was able to try playing both modes and give feedback based on the shorter
experience they had.

Another of the three users was able to almost complete the Supine mode (14 out of 15 waypoints)
but decided to stop the attempt at the �nal checkpoint, as it was rather hard to reach it again if
missed. The user reported "Any symptoms, but no nausea" after that. However, the user had to stop
the Chair mode prematurely, reporting Moderate nausea. In this case, the reason for this might
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have been partially due to experiment instructor error. The instructor noticed the chair getting
close to the play area edges and tried to help the tester by dragging the chair closer to the center.
This was, however, a mistake, as the user was still sitting on the chair while dragged, causing
visual-vestibular con�ict. The user reported this as feeling "weird" accompanied by symptoms of
simulator sickness shortly thereafter.

One of the three users was able to complete the Supine mode with no notable issues but reported
mild nausea after playing. This user had to stop the Chair mode prematurely, but due to physical
exhaustion, not nausea. The user reported "No symptoms" on the SR scale after this, but the highest
Borg rating throughout the user study (value of six).

7 DISCUSSION

Below, we discuss a selection of the most prevalent themes, the di�erences in movement style
between the participants, and the practical applicability of our approach.

7.1 Di�erences in Movement Style

One common observation we made was that users may have entirely di�erent play styles compared
to each other. Despite all being shown the same movement tutorial videos, they all developed
their own way of interpreting the movements, thus creating rather large di�erences in player
performance. Van Gemert et al. also reported varying playing poses among the participants [56].
One key takeaway from this is that in the future, special attention should be given for dynamic
calibration for player movement patterns. While interpreting our current results, one must keep in
mind that there are user opinions both for and against various aspects of the tested variants, which
may be at least partially due to the di�erences in playing styles.

7.2 Player Adaptation

One of the most interesting observations from the Supine playing mode was the quick adaptation
of perspective. Eight users mentioned that they initially felt weird when the perspective shifted
90 degrees, but after playing for a while they got used to it ("At �rst, I was skeptical, laying on

the ground, as I thought it would warp my perception of being upright, but actually laying there

and getting, once you get the immersion from playing, after a few minutes, I forgot that I was lying

down.", "When I was getting in the position, it felt a bit weird, but then actually once the landscape

opened up behind my eyes, I could kind of forget about it, so I didn’t really �nd it a problem, maybe

perhaps to my surprise."). Two users mentioned that they forgot the physical direction of gravity
almost immediately when the game started. For others, the shift took longer ("maybe like one or

two minutes", "after a few minutes", "I forgot quickly about it"), but universally they felt that at some
point they did not consciously feel like being lying down anymore. The concurrent work by van
Gemert et al. does report similar user experiences [56] and is also in line with Luo et al. [39]. This
observation might suggest that the visual feedback of the orientation is more important than the
actual vestibular sensations and mirrors research that investigated locomotion in third-person VR
[25].

7.3 Exercise

One of the most commonly mentioned themes was that playing felt like an exercise in both tested
variants. This was expected for the Supine variant, but less so for Chair which received only a
slightly lower mean Borg CR10 rating. However, the reliability of the quantitative measures is low,
given our sample size, and is also a�ected by the users who interrupted an experimental condition
prematurely due to simulator sickness. Additionally, users were able to rest when they felt like it,
by remaining stationary; thus some players might have preserved their energy more than others.
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Due to these issues, the qualitative data about exercise intensity is likely more informative than
the Borg CR10 ratings.

The coded transcripts indicate 31 mentions of playing feeling like exercise for the Supine mode
("Good core training, I feel my abs.", "Could be a fun way of doing core exercise."), and 12 for Chair
mode ("It could de�nitely be a good workout.", "This already feels like a workout."). nine out of ten
users mentioned the Supine mode feeling like an exercise, and six out of ten mentioned the same
about the Chair mode. The feedback from Supine mode aligns with the concurrent work by van
Gemert et al. [56] whose testers reported playing VR in a bed feeling like "ab workout".
Notably, there were considerable individual di�erences in where users reported feeling the

exertion in their bodies. four users reported strain for the abdominal muscles while playing Supine
mode, while other four users mentioned lower body muscles, such as the hamstrings, quadriceps
or hips. In addition to these, one user mentioned both abdominal and lower body muscles. For
the Chair mode, three users mentioned strain on the lower body muscles and one other user
mentioned back strain. Players adopting di�erent playing styles is probably part of this variance in
the perceived muscle exertion. This may also be partially a reason for why there was a con�ict
between users on which play mode was more physically demanding.

In their literature review, Oh and Yang �nd that exergames are commonly referred as "videogames
that require physical activity in order to play". They further propose a new de�nition of exergaming
as "experiental activity in which playing exergames or any videogames that require physical
exertion or movements that are more than sedentary activities and also include strength, balance,
and �exibility activities". [48] The feedback we received supports the exergaming potential of our
prototype in light of both of these de�nitions. A study by Bianchi-Berthouze et al. shows that body
movement increases engagement during gameplay [3], a phenomenon we also witnessed from
user feedback ("Getting a little frustrated with the jump, but that was kind of motivating in a way. It

was like a challenge that I wanted to overcome. Enthusiastically kicking to get higher up that series of

jumps was good.").
Prior research has discussed the need for more diverse playing poses, instead of always standing

or sitting [22]. This is echoed by Khundam et al. who argue that more varying playing poses can
decrease boredom and reduce risk of injuries [31]. We believe that our work does provide new
opportunities for more diverse body motions in future exergames.
Additionally, when comparing exercise intensity, Peng et al. discovered that exergames seem

to provide generally worse exercise for the upper body, while lower body exercises show more
intensity [50]. This was also con�rmed by Whitehead et al. [62]. Our Supine mode o�ers abdominal
exercise potential, while Rings and Dip Rack provide upper body exercise. We believe further
exploring these playing modes could o�er more exercise for the core and upper body.

7.4 Safety

Two testers mentioned a detail considering the Supine playing mode that we had not predicted or
considered ourselves: The mode prevents fear of collision with real life objects ("If you’re laying
down, moving like that, the only thing you’re going to hit is the ground when you get your feet down.

And even with the turning, since you turn by moving your hands upwards, you don’t have the fear

of hitting anything, which is great. It gives me a lot of comfort in playing.", "[-] and the potential of
learning how to jump very high, very fast, because you can just kick your foot as hard as you want.").
Traditionally, VR users tend to be conscious of the boundaries of the physical playing area, due to
fear of colliding with walls or furniture. When playing lying down on the ground, the user does
not need to be considerate about accidentally moving out of the play area, as they are statically
lying on their back. This helped the two users to "go all out" on the moves. To put it in other words,
the users felt like they had more freedom of movement. This was not true for the Chair mode, as
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the o�ce chair used for playing tended to drift around. Optimally the chair would be static as well,
which could introduce this freedom of movement also to the Chair mode.

7.5 Empowered/Exaggerated Movement

Both the Chair and Supine variants received comments on feeling empowered. Jumping was the
main focus of this feedback. We had scaled the maximum jump height to approximately 6 meters,
which is substantially exaggerated. Four users mentioned enjoying the jumping, such as the ability
to make massive leaps ("I feel sort of supernatural", "It just goes like dude, you can do this kind of huge

leap."). However, two other users mentioned that they felt slight dizziness/nausea due to falling
from high up. The maximum running speed was also exaggerated to approximately 12 m/s, but the
players did not mention it when discussing empowerment or enjoyment. However, one user did
mention the velocity being too fast ("[-] I felt like things were moving maybe too fast").

The �ndings above comply with the results of Ioannou et al., as they found that exaggerated (they
used the term "augmented") jumping is more unnatural, thus more noticeable, than exaggerated
running [28]. Granqvist et al. have studied movement exaggeration in VR as well, however, they
experimented with exaggerated human joint �exibility and found that exaggeration should be
subtle [20]. Our movement scaling was not subtle, but in contrast to their study, we exaggerated
movement velocity, not the �exibility of human joints. Moreover, the exaggeration Ioannou et
al. implemented for running and jumping was also very substantial (running speed was up to
88km/h, which is over 24m/s) and found that it still had positive e�ects [28]. This is in line with
our results, which might suggest that certain exaggerated features, such as velocities and exerted
forces, are more naturally adopted than others, such as �exibility. Furthermore, an earlier study by
Hämäläinen et al. further strengthens the argument that exaggerating jump height and movement
velocity does have a positive impact on player enjoyment, even at rather large scales (jump scaled
up to �ve-fold and movement up to two-fold) [21].

7.6 Preferred Variants

When asked to compare the two play modes, six users preferred the Supine mode (I think this one
[Supine mode] is better training, it felt like more natural and I felt that I was more in control with the

movements.) and four preferred the Chair mode (I think overall I would prefer the �rst one [Chair
mode], because I was more free to look around and it felt more like I was actually immersed in the

game). Overall, the Supine mode seemed to be easier to learn, even though it was physically more
intense. This may be because the Chair mode su�ered from implementation and setup problems
discussed below. For two users that preferred Supine mode, the decision between the tested modes
was di�cult because they felt that the preference for the mode was heavily dependent on the game
being played. The most common control di�culties for Chair mode were the di�culty of walking
and for Supine mode it was the di�culty of jumping.
Positive aspects mentioned for the Chair mode were for example intuitiveness, easiness, im-

mersion, naturalness and empowerment ("My �rst feeling when I started with the with the chair

movement was that this feels very intuitive and natural. Sliding my feet against the ground where I

can feel the ground. Pretend that I’m gripping from the ground when I’m kind of sliding against it.",

"Incredibly easy and a way less strenuous.", "Sitting down is much better for taking in the scenery, as in

like immersing yourself into the world."). For the Supine mode, emerging positive themes were for
example naturalness, sense of mastery (or seeing potential thereof), having fun, intuitiveness and
freedom of movement ("It didn’t feel unusual. Yeah, it didn’t feel anything unusual, it just felt kind of
natural.", "[-] but I did manage to adjust the way I played the game as I went along. So, I felt like I also

improved.", "But I’m enjoying the game. It’s quite fun to explore this interaction.", "First, as with laying

down, the expectation of how you move, you quickly get used to it, and it becomes intuitive.", "And
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that’s the best aspects of this. So the freedom of the legs. I don’t think many VR games would be able to

leverage.").

7.7 Chair Mode Problems

The problems in Chair mode can be mostly concentrated into two categories: setup issues and
control issues. For the setup, our o�ce chair setup was sub-optimal, as the wheels allowed the
chair to drift around the play area and the legs of the chair from time to time collided with the feet
of the player. We were aware of these issues before user testing, but did not consider them as major
problems. We used polyethylene foam to pad the legs of the chair, to prevent users from hurting
themselves if hitting the legs. This did help, but chair legs were still at times inhibiting the freedom
of movement of the players.
What we did not expect was the di�erence in player play styles and how much that a�ects the

drifting of the chair. When the authors played the prototype, the chair drifting was minimal. This
was also true for most of our players. However, 3 players adopted a play style which caused notable
drifting around the play area, at times even to the point that we needed to adjust the chair position
during the playing. The drifting of the chair also seemed to cause simulator sickness for one of
the players, especially when the user study instructor tried to help moving the chair towards the
center of the play area. This is to be expected as the movement was irregular and in con�ict with
the in-game movement.
We could have chosen more speci�c chair to better �t for our prototype. A swivel chair with a

steady and �at base could have been better for allowing freedom of leg movement. For example, a
certain type of "bar stool" with a swivel could have been better. The Cybershoes also appear to
utilize this type of a chair [15]. Another option could have been a swivel chair statically connected
to the ground. We decided to opt against these, as we saw potential in using regular o�ce chairs
that are substantially more commonplace and easily obtainable. Furthermore, we had initially tested
the Chair mode with a saddle chair but opted to use regular o�ce chair with backrest and armrests,
to decrease the risk of falling. This observation was also made in a study by Kitson et al. [32].

7.8 Supine Mode Problems

For the Supine setup, one clear obstacle was the head pillow interfering with the VR headset. 8
users mentioned this restriction for head movement. This prevented users from looking around
unrestricted, which is usually an inherent part of VR gameplay. Minor head tilts were possible, but
the setup blocked any real attempts to look high up or far to the sides, despite us providing a pillow
to support one’s head and provide slightly more comfort and less clunky movement as compared to
resting the back of the headset on hard ground. These users reported this being a downside for the
Supine mode compared to the Chair mode ("But I guess now it was harder to like look around.", "So

when we have this pillow behind your head and you try to look upwards, it’s de�nitely more di�cult

because you don’t have nearly as much freedom of movement with your head."). Possibly, a more
speci�c pillow could alleviate this problem. A pillow with support cushion mainly for the neck and
space left for the headset’s backside to move more unrestricted might let the user to look around
more freely. The head movement problem also arose in the study by van Gemert et al. where they
had users play VR games in bed [56].

7.9 Control

In all the variants we developed and tested, both in the initial evaluation and in the user study,
perhaps the hardest aspect was to allow e�cient turning around the vertical axis. The Supine variant
requires a speci�c turning gesture and the Dip Rack prevents turning completely. The Chair and
Rings variants do allow turning quite naturally, but the Rings place severe movement limitations
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on the arms, and with Chair, the turning does not feel as e�cient as when standing. This is because
the human body has considerable mass and inertia and compared to natural standing, the feet can
exert less force on the ground, which easily leads to both slow movements and overshooting.
The di�culty of mapping the feet movements to the in-game movement was also a recurring

challenge throughout the research process. Even if one has calibrated the parameters to allow
natural and e�cient movement, a new player might use di�erent movement patterns and experience
problems. Additionally, depending on the physical proportions and capabilities of particular player,
the easiest way of moving in-game might vary drastically.

The control issues in the Chair mode were varying, depending yet again on the play style of the
player. Running fast and jumping were intuitive enough for most of the testers to complete the
waypoint track. However, most common problem was that the users had no �ne control over their
movement and could not move slowly. Turning around was unsurprisingly intuitive for users, as it
involved physically turning around. However, the inertia caused by the mass of the chair made it
slower and less accurate.

7.10 Practical Applicability

We theorize that the most appeal from our approaches in everyday VR use could be achieved with
the Chair mode, due to it requiring less intensive physical activity. However, we believe that the
Supine mode could attract people who desire motivation for higher intensity exercise, or people
looking for more interactive and enjoyable ways of continuing their already established exercising
habits. Our locomotion approach could also provide more options for exergame developers looking
for ways to gamify a diverse set of exercises.
As our playing modes are physically challenging, excluding the Chair mode, games utilizing

our approach need to be well-paced, to keep them accessible. Whilst already physically active
people might enjoy the challenge of the more high-intensity exercises, more novice players might
be discouraged, were the games designed too di�cult. We nevertheless believe that it is possible to
introduce these exercises even to novice players if the game sessions are kept short enough and
made progressively more challenging once player skills and �tness develop.

One user mentioned that the Chair mode is not very demanding to play, but then speculated that
the mode could be used for rehabilitation ("Maybe it could be used for some kind of rehibitation.").
While it is true that certain sorts of rehabilitation could bene�t from a method of playing games
while sitting, we can only speculate how viable this could be in our system. However, further
exploration might be worthwhile, as there already exists a number of studies experimenting with
VR applications as lower-limb rehabilitation methods, highlighted for example in a literature review
by Ferreira et al. [18].

8 LIMITATIONS

We acknowledge our small sample size of 10 participants as a limitation. Similar sample sizes,
however, are not uncommon in qualitative HCI studies [10]. Furthermore, it has been argued that
10 ± 2 participants are enough for usability evaluation [27]—although our experiment is not a pure
usability evaluation, we similarly set out to identify the key bene�ts and challenges of the tested
systems. Even though we also collected quantitative data, we use it merely descriptively, without
statistical analyses that would require a larger sample.
A further limitation of our study design is the lack of proper breaks between the playing

modes. We did have short breaks between the conditions and we administered the SR and Borg
questionnaires and asked the open-ended questions during these breaks. However, even though we
used counterbalancing to mitigate carryover e�ects such as nausea from the �rst tested version
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cumulatively a�ecting the second, longer breaks with possibly more distracting tasks than the
questionnaires and open-ended questions could have further decreased the e�ects.

9 CONCLUSION

We have described the design and evaluation of a novel non-standing VR locomotion approach,
exempli�ed by four variants: Supine, Chair, Rings, and Dip Rack. Based on both our own observa-
tions and user feedback, non-standing locomotion does provide at least two key opportunities for
VR. First, as the one’s leg movements are not impeded by a small real-life space, one can perform
diverse locomotion movements, such as walking, running, stra�ng and jumping, in large virtual
environments. Second, especially in the Supine mode, one is able to perform movements that
activate body parts that usually remain less active in the majority of VR interaction. This suggests
potential for novel forms of exergaming. Although the Rings and Dip Rack variants also have
obvious exercise potential, they pose heavier limitations for the user’s hand movements. A further
bene�t of the Supine variant is that it prevents the user from accidentally moving around and
colliding with objects in the physical spaces. On the other hand, the Supine mode does require
using a hand gesture for turning around the vertical axis.

On the negative side, two of our users did report simulator sickness. Although the latter may be
due to individual di�erences in susceptibility to simulator sickness, it calls for a more extensive
evaluation that compares our approach to other locomotion techniques. If simulator sickness turns
out to be a problem, the Supine variant could also be implemented using a ceiling-mounted screen
and motion-tracking camera, instead of VR. As a further shortcoming, our work echoes earlier
�ndings that in non-standing movement-based interaction, the design of the physical setting can
have a large impact on the experience and movement [22]. We focused on the digital design and
tried to increase the adoption potential of our approach by utilizing o�-the-shelf physical props
such as a regular pillow and an o�ce chair, but user feedback indicates that this was not the best
design decision. The pillow design should be optimized to allow unencumbered head movement
in the Supine variant, and the Chair variant’s chair should be designed so that it allows e�ortless
turning but does not drift in the space, does not feature protrusions that limit feet movement, and
o�ers enough support to prevent the user from falling. A regular swivel chair with wheels only
satis�es the last of these requirements.
Perfecting the real-to-virtual movement mapping for each user also remains a challenge, as

participant playstyles di�ered and our mapping did not work equally well for all participants. We
hypothesize that instead of a rule-based system like our current approach, the best option may
be a machine learning-based system that is trained on many di�erent movement styles and body
types. We also hypothesize that future work might implement supine turning both naturally and
e�ciently if inhabiting a quadrupedal instead of a bipedal virtual body, e.g., the tiger avatar of
Krekhov et al. [33]. In this case, the turning would emerge from stra�ng in one direction with
hands and the other direction with feet.
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