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Figure 1: The illustrations of *tapping’ and ’chair rotating’ as the most preferred locomotion methods for VR users with upright
redirected views in reclining & lying positions, and the challenges of visual-vestibular-proprioceptive sensorimotor conflict

ABSTRACT

Using VR in reclining & lying positions is getting common for users,
but upward views caused by posture have to be redirected to be
parallel to the ground as when users are standing. This affects users’
locomotion performances in VR due to potential physical restric-
tions, and the visual-vestibular-proprioceptive conflict. This paper
is among the first to investigate the suited locomotion methods and
how reclining & lying positions and redirection affect them in such
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conditions. A user-elicitation study was carried out to construct
a set of locomotion methods based on users’ preferences when
they were in different reclining & lying positions. A second study
developed user-preferred "tapping’ and ’chair rotating’ gestures,
by evaluating their performances at various body reclining angles,
we measured the general impacts of posture and redirection. The
results showed that these methods worked effectively, but exposed
some shortcomings, and users performed worst at 45° reclining
angles. Finally, four upgraded methods were designed and verified
to improve the locomotion performances.
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1 INTRODUCTION

Designing engaging and efficient locomotion methods in VR is
prominent, but challenging in various interaction circumstances.
Recently, interacting with VR while users are in their reclining &
lying positions has become a novel feature enabled by mainstream
commercial devices and well perceived by the community [8, 88, 89].
The setting is described to be more relaxing ergonomically, avoid
potential neck or back pain, and potentially extend the session time
of VR users. Actually, it is not unusual to use VR in bed, sofa, or
chairs for watching movies, playing games, having conferences,
and even handling office work. Though promising, the laid-back
mode is not necessarily efficient for interactions such as locomotion.
First, compared with using VR standing and sitting, the reclining or
lying position adds more physical constraints to users, opting out
of many established locomotion actions or gestures (e.g., physical
walking) that are considered easy and straightforward. Second, to
configure the device while users are reclining or lying, the system
shall upright redirect the views, i.e., rotate users’ upward views
to be parallel to the ground so that they can see virtual scenes in
front (instead of the sky). The redirection adds extra sensorimo-
tor conflicts to locomotion interactions due to the multi-sensory
integration being disturbed [15, 16, 49, 58]. As a result, it is criti-
cal to look into proper locomotion methods in situations of users’
reclining & lying positions to make the setup more practical.

VR locomotion methods’ performances are usually measured
by perceptive metrics (estimation of the moving distance and turn-
ing angle [6, 40]), experiential metrics (self-motion sensation [74],
presence [62], motion sickness [17]), and functional metrics (accu-
racy/overshoot [30, 101], controllability [52], fatigue [2]). Good lo-
comotion perceptive and experiential metrics rely on multi-sensory
integration including vision [45], proprioception [19], and vestibu-
lar sense [3]. Effortless artificial locomotion methods (e.g., telepor-
tation [12] and joystick [57, 77]) lack vestibular and proprioceptive
stimulation and have been shown to result in low spatial aware-
ness, self-motion sensation, and presence for users in their sitting
and standing positions [5, 11, 50, 104]. Comparably, gestures-based
embodied locomotion methods have been proven to be effective
for users in sitting and standing cases, especially those that pro-
vide proprioceptive and/or vestibular stimulation following daily
locomotion metaphors, e.g., chair swiveling [44], walking-in-place
[51, 96], arm swinging [63], torso leaning [25, 103], etc. These often
result in low cognitive load, good spatial awareness, and natural
self-motion sensations, though at a cost of a certain physical effort
[97, 104]. Inspired by the previous work, this paper looks into suited
embodied locomotion methods when users are in their reclining
& lying positions, with considerations of the function metrics, and
special attention to users’ perceptive and experiential metrics.

This paper is among the first to investigate suited locomotion
methods with upright redirected views for VR users in their re-
clining & lying positions, and explore the general impact of such
posture and redirection on their performances. The techniques shall
conform to the reclining or lying setup, and reduce potential risks
caused by the sensorimotor conflict due to upright redirection. To

do so, we first performed a user-elicitation study to obtain user-
preferred locomotion methods when they were at various reclining
& lying conditions. Participants were provided with the standing
locomotion views as references and asked to design locomotion
methods appropriate to the conditions. In total, a set of 51 mov-
ing gestures and 50 turning gestures were proposed. Among them,
‘tapping’ to move and ’chair rotating’ to turn were found the most
suitable and preferred based on users’ feedback.

In a second study, as ’tapping’ and ’chair rotating’ also repre-
sented many locomotion methods with typical sensorimotor stimu-
lation and daily moving & turning metaphors, we implemented the
two methods and took them as representative examples to measure
the potential impact of body angle & redirection angle on locomo-
tion performances. The results showed that the two locomotion
methods worked effectively and were well-perceived by most partic-
ipants in the reclining and lying conditions. It was found that these
methods generally provided the worst perceptive and experiential
metrics to the participants at 45° reclining position, and 0° sitting
position performed the worst regarding functional metrics. In a
final study, we improved the 'tapping’ and ’chair rotating’ based on
the previous findings by reducing the negative effects of posture
& sensory conflict. The outcomes of the evaluation highlighted
improved locomotion performances of the upgraded methods.

This paper makes the following contributions: i) notion of chal-
lenges of locomotion in VR including physical constraints and
sensorimotor conflicts while users are in their reclining & lying
positions; ii) construction of a locomotion method set for VR users
with upright redirected views in various reclining & lying condi-
tions, and identification of features and preferences of user designs;
iii) evaluation of the locomotion performances at different reclining
angles using the "tapping’ and 'chair rotating’ gestures, and analysis
of the general impacts and causes of posture & redirection; and
iv) design of 4 upgraded methods of "tapping’ and ’chair rotating’
based on their shortcomings and the findings.

2 RELATED WORK

Our work is closely related to the design of locomotion methods in
VR, including those considering various body postures’ effects, and
research on sensorimotor integration and conflict in VR.

2.1 Embodied Locomotion Methods in VR

Gesture interaction has been widely used in various aspects of VR
and is considered natural [55, 59, 69]. Actions of various body parts
are widely used as embodied locomotion gestures in 2-3 DoF’s
ground-based navigation [33, 67]. Human’s arm/hand actions are
common, fast, and accurate in daily life [35], thus these gestures are
often used for VR locomotion methods. Typical arm/hand gestures
include arm-swinging with walking metaphor [63], arm-cycling
with swimming metaphor [14, 18], and other gestures without
metaphors [37]. As we are used to use feet to move and turn in
actual life, leg/foot gestures generally provide good self-motion
sensation, presence, and spatial awareness through natural propri-
oceptive stimulation [97], especially with locomotion metaphors
like walking [102], driving [56], etc. Moreover, locomotion gestures
via some other body parts have also been shown to perform well if
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they can provide natural sensorimotor stimuli, e.g., head shaking
[86], and head/torso tilt [25, 34, 103].

User-elicitation study is a simple and effective method to design
user-friendly gestures, as it meets users’ preferences well [95]. In
recent years, many locomotion methods in VR were proposed by
user-elicitation studies, such as gestures of mid-air arm/hand [60],
walking-in-place [43], foot [24], and body [29], etc.

Various postures affect the performances of embodied locomo-
tion methods. Standing position often induces the best perceptive
& experiential metrics in VR locomotion, because it conforms to
the daily sports posture and usually has natural multi-sensory
stimulation. However, maintaining the balance and supporting the
body could cause problems of fatigue, and affect users’ stability
and control accuracy [104]. The sitting position makes up for the
shortcomings of the standing position, but its self-motion sensation
is weaker [104]. However, few studies have been done on how the
reclining & lying positions affect the performances of embodied
locomotion methods, especially when upright redirection is applied.

The exploration of locomotion methods in users’ reclining &
lying positions is built upon these prior knowledge. Following a
similar approach, a user-elicitation study is used in Study 1 to elicit
suitable gestures for embodied locomotion when users are in their
reclining & lying positions.

2.2 Sensorimotor Integration & Conflict

Human locomotion is often accompanied by a complex sensory
integration process [9]. In this process, visual, vestibular, and propri-
oceptive signals get dynamically-different weights from the brain
according to their reliability [54], e.g., the more reliable a sense is,
the higher weight it will get [21, 22, 36]. This sensorimotor infor-
mation is interpreted by the brain based on daily life experience
to conclude final perceptive results [53, 73]. This means that loco-
motion methods with natural sensory stimulation similar to daily
locomotion experience are conducive to improving VR locomotion
performances. Moreover, a physiological mechanism of the vestibu-
lar system causes decreased motion sickness [32] and increased
self-orientation deviation of users at reclining & lying positions
[99]: the bigger the angle between the vestibular system and the
gravitational direction is, the lower the vestibular sensitivity and
weight in the sensory integration process [1, 58, 94]. Specially, when
the vestibular sense perceives no acceleration, the brain usually
relies on other senses to distinguish whether the body is in static
or uniform motion [48].

Recently, a lot of VR studies use redirected views to achieve
certain locomotion-related functions by visually decoupling the
mapping between virtual and real worlds [76, 100], such as walk-
ing redirection [20, 75], jumping redirection[98], and teleportation
redirection [28], etc. However, these visual manipulations cause
extra sensory conflict in VR, thus affecting spatial perception [23],
self-motion sensation [66], illusions [70] and motion sickness [72].

Sensory integration theory provides a theoretical basis for ex-
plaining the effects of VR redirection on users. Based on this, sev-
eral studies explored the sensory conflict problems of upright redi-
rection in the users’ non-motion state or locomotion by joystick
[38, 39, 58]. A recent research [92] took a qualitative approach to
investigate the user experiences and identify benefits as well as

interaction challenges in lying down users. From their results, it
can be seen that navigation is expected but is a significant limita-
tion. However, these studies did not provide or evaluate potential
interaction techniques or designs. Compared with these studies,
our work is different in two ways: 1) our topic is more specific, with
a focus on the navigation problem; 2) we pay special attention to
the effect of various physical constraints and sensory conflict levels
caused by the body leaning angles on the locomotion methods.

The solutions for reducing sensorimotor conflicts include en-
hancing multi-sensory matching [90], suppressing conflicting sen-
sory signals [13], and using metaphors that fit with daily sports
experience in locomotion methods [46]. It is essential to understand
the importance of sensory stimuli and metaphors of locomotion
methods in the framework of sensorimotor theory, especially the
sensory conflict cases. This knowledge helps providing the theo-
retical basis for interpreting the redirection effects in Study 2. The
methods of reducing sensory conflict inspire novel strategies for
improving the locomotion methods in Study 3.

3 STUDY 1: USER-ELICITED LOCOMOTION
METHODS

This study aims to elicit reclining & lying users with upright redi-
rected views to design ground-based locomotion methods, and
explore users’ preferences and the impact of different reclining &
lying conditions on the design spaces.

3.1 Ethics, Participants, Conditions, and Devices

The experiment obtained ethics approval from a local university.
For participants’ safety and comfort, we did not recruit people with
vestibular disorders or who experienced severe motion sickness
symptoms. After recruitment, participants were required to try a VR
racing game "Mini Motor Racing X" [64] for 15 minutes for further
screening. If no severe motion sickness symptoms appeared accord-
ing to participants’ feedback and our observation, they could sign
the informed consent form and schedule their formal experiment
time (on another day) with us.

We recruited 24 students (10 female, mean age=23.25 (SD=2.13),
age range: 19-28) from a local university. The number of partici-
pants with VR experience of proficiency (often use VR apps), some
proficiency (not often use VR apps), and none were 6, 10, and 8
respectively. To adapt to the commonly used reclining facility (e.g.,
chairs, sofas, beds, etc.) in daily scenarios, we designed 3*2*2=12
conditions: 30°, 60° and 90° reclining angles (Figure 2(a)), move &
swivel and not move & swivel according to the reclining facility’s
DoF (Figure 2(b)), feet on ground and on facility according to the
feet positions (Figure 2(c)). Noticeably, feet on facility implied that
the participants cannot move and swivel the facility, so 3 conditions
were removed and a total of 9 conditions left (i.e., C1-C9 in the
last row of Tables 1 and 2). There are two reasons for not separat-
ing the reclining facility’s moveable and swivelable abilities: First,
separating movable and swivelable abilities may result in too long
experiment time, which may affect the enthusiasm of the partici-
pants. Secondly, this design is to provide more DoF to stimulate the
participants’ imagination, e.g., moving the chair to map the view’s
rotation or rotating the chair to map the view’s movement.
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We used an Oculus Quest 2 [83] as the VR headset. A swivel
chair with an adjustable backrest angle was used to simulate all
conditions. To simulate the feet on facility (e.g., sofas, beds), we used
another chair of similar size for the participants to put their legs/feet
on. It was worth mentioning that in the application scenarios (chair,
sofa, bed, etc.) simulated by each condition, we told the participants
to avoid the gestures being limited to the chair.

(a) Reclining angles (b) Reclining facility’s DoF

(c) Feet positions (d) Experimental scene (e) Wizard-of-Oz

Figure 2: Conditions, scene, and procedure in Study 1

3.2 Interface Design

The virtual scene was composed of town streets with plenty of
upright reference objects, as shown in Figure 2(d). When the partic-
ipants were reclining or lying comfortably in the target positions
and looking forward, a calibration procedure of redirecting the
tilted virtual view to be parallel to the ground was performed. Like
previous user-elicitation studies, we did not render avatars [4], and
the participants could freely imagine themselves walking, driving,
etc. during locomotion.

3.3 Procedure

For each condition, we first controlled the participants’ views to
move (ie., going forward and backward) and turn (i.e., turning
left and right) by the controller, and took these two locomotion
trajectories as referents. We then asked the participants to design
two gestures for each referent using strict think-aloud protocols
[26] in each condition. In this process, the participants were asked
to explain the gestures and describe the gestures’ control meth-
ods (i.e., how to start, continue, stop, and map the speed) and the
design motivations (i.e., inspiration and advantages). The design
principle to follow was their own feeling of being suitable, natural,
intuitive, and comfortable in the conditions. The gestures designed
for different conditions could be repetitive.

Next, the participants were asked to demonstrate the gestures,
and an experimenter adjusted the controller to cooperate with the
views with their actions accordingly, as shown in Figure 2(e). During
the process, we asked the participants to describe their intuitive
feelings, such as self-motion sensation, fatigue, acceptability, etc.
Then, the participants were required to reflect on their favorite
moving and turning gestures for each condition. At the end of the
study, the participants were interviewed and asked to choose their

favorite gestures, reclining angle, foot position, and the reclining
facility’s DoF among all the conditions.

This study used a repeated-measures design. It took about 1.5
hours for each participant to complete the experiment (including
rest and interview). Each participant got about 20$ cash for rewards.

3.4 Measurements of Mitigating Bias

The experiment had 2 experimenters. One was responsible for in-
structing the participants and recording their gestures, feelings,
and preferences, etc. by text and simple diagram, and the other
was responsible for controlling referents and the Wizard-of-Oz.
The experimenters were trained to mitigate the experiment bias,
including proficiency instruction and accurate recording, and profi-
ciency controller manipulation to match the participants’ gestures
in Wizard-of-Oz as fast and accurately as possible. Through the offi-
cial casting function of Oculus [85], a computer real-time displayed
the participants’ view for experimenters.

To eliminate the latent effect and learning effect of repeated
measures, the order for each participant to experience conditions
was randomized with counterbalance. That was, each participant
randomly drew an order without repetition among all possible
combinations of all conditional orders, given that the possible orders
(9!) were far greater than the users (24). Between conditions, we
asked the participants to rest until they had no subjective discomfort
and fatigue feelings (if any) for eliminating the carry-over effect. We
constantly asked them to confirm verbally that they had returned
to their pre-experimental feelings. Otherwise, the next task would
not be started. In this experiment, no one quit the experiment.

3.5 Evaluation Methods

The counts of appearances and preferences for a designed gesture
reflected its intuitiveness and practicality, respectively. We first
classified user-elicited moving and turning gestures, and calculated
the counts of appearances and preferences for each type of gesture
under various conditions.

The classification method was that three of the authors discussed
and determined the main features of the gestures (subject and con-
trolled method) according to the gestures’ actions and the partici-
pants’ descriptions, and the gestures with the same main features
were classified as the same gesture. For example, the subject of the
gesture ’calf tilting’ (Figure 3(a)) was the calf, and the controlled
method was to map the view’s turning speed by the calf’s lean-
ing amplitude. Although calf tilt caused a certain chair’s rotation
in some conditions, it was classified into ’calf tilting’ rather than
chair rotating’ (the chair’s turning speed mapped the view’s turning
speed) due to the different main features.

We further categorized all the gestures into dynamic (i.e., action
kept moving or rotating in real-time), semi-dynamic (i.e., action
needed to move or rotate when changing the locomotion speed),
and static (i.e., action kept static during the whole virtual locomo-
tion) gestures, to analyze user preferences of control methods. For
example, “foot friction’ (Figure 3(c)) and "hand push-pull’ (Figure
3(d)) were dynamic gestures, because the participants needed to
repeat the friction or push-pull action to maintain view’s move,
and used the action’s speed to map the view’s moving speed. ’Calf
tilting’ (Figure 3(a)) was a semi-dynamic gesture, because when
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the participants’ calves tilt left/right, their view will continue to
turn left/right, and they only need to change the calves’ leaning
amplitude when the view’s moving speed needs to be changed.
"Cross-legged’ (Figure 3(b)) was a static gesture. As the participants
found it difficult to further move their legs to map the view’s mov-
ing speed in cross-legged state, the gesture’s speed mapping method
was usually not designed (i.e., fixed speed).

To assess the agreement degree among gestures elicited from
various participants, we calculated each conditional agreement rate
separately. The agreement rate AR for each referent t was calculated
using Equation (1) [93]:

M;(M; - 1)
ARy = i 1)
() M;M M(M—1)

where M represented the total number of elicited gestures for a
referent, and M; represented the number of a subset i of identical
gestures from M. Qualitative interpretations for agreement rate
were as follows [93]: low (AR < 0.1), moderate (0.1 < AR < 0.3),
high (0.3 < AR < 0.5), and very high (AR > 0.5). The agreement rate
was derived using a gesture set that only considered one gesture
per participant. So we used the per participant’s preferred gesture
to calculate AR for each condition. Finally, we counted overall
preferences of gestures and conditions.

3.6 Experimental Results

3.6.1 User-elicited Locomotion Methods. We collected 24*9*2=432
moving gestures and turning gestures, respectively. After classifica-
tion, there were 51 different moving gestures (i.e., 17 via leg/foot, 27
via arm/hand, 2 via torso, 4 via head, and 1 via hip), and 50 different
turning gestures (i.e., 14 via leg/foot, 30 via arm/hand, 2 via torso,
3 via head, and 1 via hip). The leg/foot gestures had the highest
appearance count (i.e., moving 257, turning 221) and preference
count (i.e., moving 137, turning 127).

Dynamic gestures were the most (i.e., 32 moving gestures, 24
turning gestures), followed by semi-dynamic gestures (i.e., 16 mov-
ing gestures, 24 turning gestures), and static gestures were the least
(i.e., 3 moving gestures, 2 turning gestures). The design of ending
gestures includes those for stopping continuous actions, often af-
filiated with dynamic gestures, and returning to pre-action states,
often affiliated with semi-dynamic and static gestures. For the de-
sign of speed mapping, the action’s amplitude was commonly used
in semi-dynamic gestures, and the action’s speed and frequency
were commonly used in dynamic gestures.

The top 10 moving and turning gestures were presented in Tables
1 and 2, respectively. The data before semicolons represented the
appearance count, and the data after semicolons represented the
preference count of gestures. The agreement rates of each condition
were shown in brackets in the first row, where black, blue, magenta,
and red represented low, moderate, high, and very high agreement
rates, respectively.

3.6.2  Overall Preferences. The number of preferences was sorted
in descending order: tapping (11), leg joystick (3), backstroking (3),
knee tapping (2), foot friction (2), hand push-pull (1), accelerator
pedal (1) and finger pointing (1) for moving gestures; chair rotating
(18), calf tilting (2), torso rolling (1), foot pointing (1), knee pointing
(1), and cross-legged (1) for turning gestures. In terms of reclining

angles, 7 participants preferred 30°, 4 participants preferred 60°,
and 13 participants preferred 90°. For foot positions, 17 participants
preferred feet on ground and 7 participants preferred feet on facility.
For the reclining facility’s DoF, 22 participants preferred move &
swivel, and 2 preferred not move & swivel.

(a) Calf tilting (b) Cross-legged

(c) Foot friction (d) Hand push-pull

Figure 3: Same method’s various forms in various conditions

3.6.3 Comparison of Different Conditions. As shown in Table 1,
for moving gestures, Conditions 1 to 4 and 7 had low agreement
rates, and Conditions 5,6,8, and 9 had medium agreement rates.
As shown in Table 2, for turning gestures, Conditions 1, 2, and 5
had low agreement rates, Conditions 4, 7, and 8 had medium agree-
ment rates, Condition 6 had high agreement rate, and Conditions
3 and 9 had very high agreement rates. The appearance counts of
the torso, head, arm/hand related gestures were the highest under
30° condition (75 of moving gestures, 85 of turning gestures), and
on the contrary, were the least under 90° condition (46 of moving
gestures, 56 of turning gestures). For leg/foot-related gestures, their
appearance count was the highest in feet on ground-move/swivel
condition, whilst the least in feet on facility-not move/swivel con-
dition. Noticeably, the same locomotion methods had distinctive
forms and features under different conditions (Figure 3).

3.7 Discussion

Overall, various conditions had different design features and prefer-
ences due to the effects of interacting postures and view redirection.

First, it was found that physical constraints under different con-
ditions affected the gesture designs. The feet-on-facility condition
limited the leg/foot action, resulting in the least leg/foot gestures.
Yet we found that many users in this condition elicited similar foot
gestures as feet-on-ground condition, when their knees were bend-
ing (Figure 3(c)). In the 30° condition, the participants could easily
perform various actions with different body parts, leading to more
diverse gestures but with low agreement rates. For the 60° and 90°
conditions, the torso, head, and arms needed to exert more effort
when acting, the gestures of which were thus fewer. In arm/hand
gestures of 90° condition, most participants tended to place the rear
arm on the chair and used only the forearm or hand to perform
actions to reduce the gorilla arm effect (Figure 3(d)).

Second, upright redirection interfered users’ original consistency
in multi-sensory perception of body orientation, resulting in extra
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Table 1: User-elicited Moving Gestures and Their Counts of Appearances & Preferences (Top 10 Sorted by Appearance Count)

Gestures C1 C2 C3 C4

C5 Cé C7 C8 C9

(AR) (0.062) (0.058) (0.069) (0.098) (0.101) (0.138) (0.072) (0.101) (0.127) Total

foot tapping 53 7;5 9:;5 7;4 11;6 14;8 8;5 1156 13;8 85;50
finger pointing 8;4 6;2 6;3 6;5 4;2 5;1 4;3 42 5:3 48;25
accelerator pedal 3;2 4;2 7;1 5;4 6;4 5;4 6;2 6;4 3;2 45;25
leg joystick 1;1 3:1 3;2 1;1 3;2 4;3 4;2 5;2 7:3 31;17
backstroking 4;2 3:2 4;2 5:3 2:1 2:2 2:2 3:0 1;1 26;15
walking-in-place 2:1 4;1 3;2 0;0 5;1 4;0 10 2;1 4;1 25;7
knee tapping 53 2;1 1;0 5;1 2;2 1;1 4;3 2;2 1;1 23;14
foot friction 1;0 3:2 3;2 0;0 2:1 1;1 2:0 3:2 3:1 189
hand push-pull 2;1 2;2 2;1 4;1 3;1 0;0 351 1;0 0;0 17,7
chair moving 0;0 0;0 42 0;0 0;0 6;3 0;0 0;0 5:1 15;6

C1: 30-F-N| C2: 30-G-N| C3: 30-G-Y| C4: 60-F-NJ C5: 60-G-N| C6: 60-G-Y| C7: 90-F-N| C8: 90-G-N| C9: 90-G-Y
30,60,90: various reclining angle| F: feet on facility| G: feet on ground| N: not move&swivel| Y: move&swivel

Table 2: User-elicited Turning Gestures and Their Counts of Appearances & Preferences (Top 10 Sorted by Appearance Count)

Gestures C1 C2 C3 C4 C5 Cé6 C7 C8 C9 Total
(AR) (0.047)  (0.036) (0.764) (0.105) (0.036) (0.391) (0.112) (0.138) (0.630)
chair rotating 0;0 0;0 24;21 0;0 0;0 20;15 0;0 0;0 23;19 67;55
foot pointing 7:4 6;3 3;0 87 5:4 3;1 8:;5 10;3 7;0 57,28
finger pointing 5;1 4;3 2;0 4;3 5;1 3;0 5;1 5;2 3;0 36;11
torso rolling 4;2 1;0 2;0 5;2 4;2 1;0 54 3;2 3:1 28;13
cross-legged 3:2 3;1 1;0 2;2 3:2 1;1 6:4 6;1 2;0 27:13
calf tilting 2;0 5;2 3;2 0;0 3;0 3:3 0;0 2;2 4;3 22;12
knee pointing 1;1 2;0 1,0 3;1 3;2 4,0 2;2 33 1;0 20;9
steering wheel 3:3 5:2 4:1 3;0 2:0 0;0 1;0 0;0 0;0 186
take a step 2;1 2;1 0;0 1;0 2;1 1;1 4;2 3;0 1;0 16;6
hand swiping 3;1 31 1;0 3;1 1;1 1;1 2;2 1;1 0;0 15;8

C1: 30-F-N| C2: 30-G-N| C3: 30-G-Y| C4: 60-F-N| C5: 60-G-N| C6: 60-G-Y| C7: 90-F-N] C8: 90-G-N| C9: 90-G-Y
30,60,90: various reclining angle| F: feet on facility| G: feet on ground| N: not move&swivel| Y: move&swivel

sensorimotor conflicts that influenced the gesture design. Most
participants (23 people, 95.8%) suggested they could accept these
settings of upright redirected locomotion. However, many partic-
ipants (18 people, 75%) reported that they had various levels of
upright locomotion feelings, while they still felt their body leaning
backward, which was incongruent and negative to their immersion.
They described their locomotion feelings as strange, confused, and
sometimes dizzy. Interestingly, although the participants were in
their comfortable reclining & lying positions, they did not tend to
design relatively effortless gestures. Rather, they preferred semi-
dynamic or dynamic gestures with locomotion metaphors to match
their upright locomotion views. This suggested gestures that pro-
vided strong vestibular or proprioceptive stimuli, especially with
motion metaphors in daily life, were beneficial to natural locomo-
tion feelings and good immersion in upright redirection.
According to the participants’ experience in Wizard-of-Oz, the
natural self-motion sensation was one of the key factors for the
participants to like the gesture. Dynamic gestures with daily loco-
motion metaphors were generally thought to enable them to be
more adaptive upright locomotion while ignoring physical body

posture to a certain extent. Typical metaphors included walking
(e.g., foot tapping, walking-in-place), driving (e.g., accelerator pedal,
steering wheel), swimming (e.g., backstroking), skiing (e.g., calf
tilting), etc. In contrast, the participants thought the self-motion
sensation and immersion of some static and semi-dynamic gestures
without locomotion metaphors were less, and the motion sickness
was stronger, although the gestures were effort-saving, e.g., fin-
ger/foot pointing, leg joystick, cross-legged, etc. Considering most
participants’ experiences, preferences, and the redirection effects,
it can be seen that maintaining the users’ self-motion sensation
and immersion under the sensorimotor conflict was the primary
priority. As a result, we recommended using top-ranked gestures
with locomotion metaphors and strong sensory stimulation for
reclining & lying VR users.

"Tapping’ and ’chair rotating’ had the most counts of appear-
ances and preferences among all the gestures. "Tapping’ provided
the participants with a good balance of natural self-motion sensa-
tion and effort-saving compared to *walking-in-place’ and ’finger
pointing’, and could be applied to all the conditions. ’Chair ro-
tating’ shared the same benefits because it had the most natural
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vestibular-proprioception stimulation. Moreover, “tapping’ repre-
sented a class of strong proprioceptive stimulation methods with
moving metaphors, which included backstroking, walking-in-place,
knee tapping, foot friction, etc. ’Chair rotating’ represented a class
of vestibular & proprioceptive stimulation methods with turning
metaphors, such as torso rolling, head left/right-leaning, torso
left/right-leaning, etc. Therefore, they could be used as representa-
tives in further studies for measuring the general effects of posture
and upright redirection.

Moreover, half of the participants (12 people, 50 %) reported
that they felt more upright under the 90° condition, which was the
largest redirected angle we experimented with. Some participants
(10 people, 42 %) described "an easier experience" in performing
leg-related gestures, e.g., actions of ’chair rotating’, "'walking-in-
place’, ‘cross-legged’ etc., at 90° condition than other conditions.
These results indicated that participants’ locomotion general per-
formances related to their body’s reclining angle, which required
further explorations.

4 STUDY 2: PERFORMANCES OF 'TAPPING’
AND 'CHAIR ROTATING’

As a first exploration, there were a rich set of conditions and elicited
locomotion methods in Study 1. This study aims to investigate the
performances of representative locomotion methods, and measure
the general impacts of posture and redirection. We believe that body
angle is the most closely related to the reclining postures’ features
and redirected sensory conflict among all conditions. So we select
to investigate the performances of ’tapping’ and ’chair rotating’ at
feet on ground-move/swivel (i.e., users’ favorite condition) with
different reclining angles conditions.

4.1 Implementation

According to Study 1, 'tapping’ forward was designed as the forefeet
tapped on the plane alternately while keeping the heels on the plane,
and ’tapping’ backward was the opposite: the heels tapped on the
plane alternately while keeping the forefeet on the plane. To track
the actions of the feet, we fastened two IMUs (Wit-motion Wireless
IMUs (type: BWT61CL) [84]) to users’ shoes with straps.

We designed an algorithm to identify the beginning, continua-
tion, and stop of ’tapping’ by angle and time. The method of speed
mapping adopted the design from Study 1, which mapped the feet’s
angular speed to the moving speed of views, as shown in Figure
4(a). For ’chair rotating’, the physical turning process was approx-
imate to the user’s HMD revolving around the center axis of the
chair (multi-axis revolution with arc-shaped displacement), and
the corresponding virtual view in VR was a self-centered turning
(single-axis yaw turning without displacement). We used an IMU to
track the chair’s swiveling to distinguish head-turnings and chair-
turnings. We mapped the multi-axis revolution of the HMD to the
self-centered turning of virtual views, as shown in Figure 4(b).

4.2 Experiment Tasks and Interface Design

Users’ estimations of locomotion distance and angle were important
for the formation of accurate space awareness (i.e., path integration
and self-location by processing sensorimotor cues), without which
it was easy to get lost in VR. Such estimations were often used as

(a) The implementation of ’tapping’ (b) The implementation of "chair rotating’

(c) Input distance (d) Moving to target (e) Input angle (f) Turning to target

Figure 4: Implementation and experimental tasks

tasks in studies involving sensory conflict [6, 15, 40, 71]. Moreover,
the ability of users to reach targets accurately was seen as an im-
portant metric when evaluating the accuracy & controllability of
locomotion methods [30, 31]. Inspired by these, we designed two
tasks for the two locomotion methods, respectively.

This experiment contained 3 virtual scenes whose size propor-
tions were consistent with the real world: practice scene, moving
task scene, and turning task scene. The practice scene was town
roads with signs of distances or angles for the participants to prac-
tice the two locomotion methods. The moving task scene was an
infinite road with upright walls on two sides. The turning task
scene was an indoor lawn in a cylindrical building. The two task
scenes’ textures were randomly generated for preventing count-
ing strategies based on visual referents [40] during the locomotion
process. Each task was repeated 6 times, 3 times each for moving
forwards and backwards, or 3 times each for turning left and right.

Task 1 - Distance Perception in Moving: This task was modified
from Campos’ study [15]. The participants were first asked to use
‘tapping’ to move forwards or backwards in the moving task scene
for a predetermined distance (random between 3m to 10m) which
was unknown to the participants. Then, the participants were tele-
ported to the practice scene, and asked to estimate the distance they
walked by adjusting the ego-to-target distance of a target object
there, as shown in Figure 4(c). Once the participants were satisfied
with the target position, they pressed a button to confirm. The pur-
pose of these designs was to prevent participants from estimating
the distance through visual inspection in advance, and to reduce
the visual memory retention of the task scene.

Task 2 - Accuracy & Controllability in Moving: This task was
modified from Gao’ study [30]. In the moving task scene, a random
translucent red cylindrical target (radius was random between 0.2m
to 0.5m) was placed at a random distance of 3-30m in front of or
behind the participants’ current position [31]. When the partici-
pants were 2m away from the target, a prompt text appeared to
indicate the participants to stop. The participants needed to control
the view to stop in the target area and press the button to confirm,
as shown in Figure 4(d). If succeeded, a next random target would
appear.

Task 3 - Angle Perception in Turning: This task’s design was similar
to Task 1’s. The participants were first asked to virtually turn left or
right in the turning task scene until they reached a predetermined
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Table 3: Five Single-item Scales

Scales Question Scores & Labels
Upright Motion Sense How much do you feel you are in upright locomotion now? 0: not at all
Presence How much do you feel you really exist in this virtual world now? 1: not so much
Ease of Control How easily do you feel you can control the locomotion method now? | 2: so-so 3: a little
Fatigue How tired do you feel now? 4: quite a lot
Motion Sickness How much do you feel your symptoms of motion sickness now? 5: very much

angle (random between 20° to 180°) which was unknown to them.
Meanwhile, the locomotion was forced to abort and a disc appeared
on grey background. As shown in Figure 4(e), the disc had an hour
hand fixed at 12 o’clock and a minute hand. The participants needed
to adjust the minute hand to the left or right until the angle between
it and the hour hand was the same as the view-turned angle.

Task 4 - Accuracy & Controllability in Turning: This task was sim-
ilar to Task 2’s. In the turning task scene, a red cube was generated
7.5m in the chair’s facing direction and rotated with the chair. A
green cylindrical target was placed at the 7.5m distance from the
view’s current position and the angle between it and the view’s
facing was random. If the target was in the view, it could cover a
certain view angle (random between 5° to 15°). The participants
needed to control the red cube to stop in the target area and pressed
the button to confirm, as shown in Figure 4(f).

4.3 Participants, Conditions, and Devices

We recruited a new group of 20 students as participants (8 female,
mean age=22.5 (SD=1.91), age range: 18-27) from a local university.
The number of participants with VR experience of proficiency, some
proficiency, and no were 5, 8, and 7 respectively. For the reclining
angle, we divided the angle (i.e., 0° to 90° relative to the gravity
direction) into 5 equal angular divisions, resulting in: 0°, 22.5°, 45°,
67.5°, and 90° reclining & lying conditions. Among them, the 0°
sitting position without upright redirection was used as a control
condition to measure the potential effects of posture and sensory
conflict on locomotion methods’ performances. The other setup
was the same as Study 1’s.

4.4 Procedure and Measurements

This study used a repeated measures design. First, we asked the
participants to get familiar with the two locomotion methods and
the spatial relationship during locomotion in the practice scene.
Among them, the participants needed to choose a position where
their feet were comfortable to go forward and backward during
‘tapping’, and put their feet in this position during subsequent
moving tasks. Then, the participants were transported to the formal
experimental scene and asked to complete the 4 tasks in random
order as accurately as possible. After completing each condition,
the participants were interviewed for their subjective feedback.
The measurements of ethics & safety, mitigating repeated mea-
sures’ effects were the same as Study 1’s. No one quit in this ex-
periment. Each participant took about 2 hours for the experiment
(including rest and interview) and got about 30$ cash for rewards.

4.5 Evaluation Methods

For perception tasks of distance and angle, we used the deviation
percentage (i.e., the ratio of the difference between perceptive dis-
tance/angle and actual distance/angle to actual distance/angle) as
the perceptive metrics. For the two accuracy & controllability tasks,
we used the overshoot number as a functional metric, which was
defined as the number of times that the participants entered the
target area and then left it without confirming, following the same
approach of previous work that measured the controllability and
accuracy of the locomotion method [30, 52, 101].

The evaluation method of subjective metrics was modified from
Thorp’s study [87]. For each condition, the participants were asked
to fill out 5 single-item scales to evaluate 5 metrics (Table 3) after
each task was repeated twice (i.e., 6 times of moving tasks and
turning tasks respectively), where the 6 times’ median value served
as each metric score. Questions and options were displayed in VR
and chosen by participants. Such fast single-item scale had been
widely used in the evaluation of motion sickness [42], presence [10],
etc. These studies suggested that this method could capture the
moment’s experience more accurately and also was less sensitive to
memory deterioration compared to multi-item scales [87, 91], and
had high correlations with the typical scales, such as SSQ [41], etc.
With a few pilot tests, we found that most participants needed to
spend relatively long time for repeatedly weighing between several
adjacent scores when scoring. Considering that our scales were
more than Thorp’s study, numerous options might cause bias due
to cognitive load, we narrowed the score range from 1-10 to 0-5.

4.6 Experiment Results

According to Shapiro-Wilks tests, some conditions’ metric data were
not normally distributed. Therefore, we used Friedman ANOVAs
with pairwise Wilcoxon signed rank tests with Bonferroni correc-
tion for post hoc comparisons between conditions, resulting in a
new significance level set at p < 0.005 in post hoc comparisons.

4.6.1 Perceptive & Overshoot Metrics. The results showed the re-
clining angle had a significant effect on angle perception ( y?(4) =
12.230, p = 0.016), but had no significant effects on distance per-
ception or overshoot number, as shown in the boxplots in Figure
5(a) and (b). Horizontal lines with p-values between conditions
represented exist significant differences in post hoc comparisons.
Overall, 0° Condition performed best in spatial perception.

4.6.2 Subjective Scales. In the trials where the participants used
‘tapping’ to move, the ratings of Upright Motion Sense(y?(4) =
28.607, p < 0.001), Presence(y?(4) = 22.068, p < 0.001), Ease of
Control(y?(4) = 16.315, p = 0.003), fatigue(x2(4) = 35.574, p <



Exploring Locomotion Methods with Upright Redirected Views for VR Users in Reclining & Lying Positions ~ UIST ’23, October 29-November 01, 2023, San Francisco, CA, USA

(a) Perception metrics

(b) Overshoot metrics

(c) Subjective scale metrics of moving tasks

(d) Subjective scale metrics of turning tasks

Figure 5: The results of the performances of ’tapping’ and ’chair rotating’

0.001), and motion sickness(y?(4) = 38.841, p < 0.001) differed
significantly between the different recline angle conditions. In the
trials where participants used 'chair rotating’ to turn, ratings of Up-
right Motion Sense(y%(4) = 50.611, p < 0.001), Presence( y*(4) =
30.016, p < 0.001), Ease of Control( y?(4) = 23.084, p < 0.001),
fatigue(x%(4) = 26.076, p < 0.001), and motion sickness( y*(4) =
41.037, p < 0.001) differed significantly between the different re-
cline angle conditions. The boxplots of the metrics data and sig-
nificant differences with p-values of post hoc comparisons were
shown in Figure 5(c) and (d). Overall, in natural upright motion
sense, strong presence and low motion sickness, 0° Condition and
45° Condition usually performed the best and the worst respectively.
In ease of control and low fatigue, 90° Condition and 0° Condition
usually performed the best and the worst respectively.

4.7 Discussion

Overall, the participants’ feedback on the two locomotion methods
was positive. Most participants (18 people, 90%) thought the two
methods were effective in the locomotion tasks. Moreover, it was
found that the performances of the two locomotion methods could
be significantly affected by the body angle & redirection angle.

4.7.1 The Effect of Upright Redirection on Perceptive & Experiential
Metrics. Overall, due to sensorimotor conflicts, upright redirec-
tion affected users’ angle perception, upright motion feeling, pres-
ence, and motion sickness. Specifically, during ’tapping’, vision and
proprioception perceived forward/backward motion with variable
speed, but the vestibular sense perceived no motion or tilting up-
ward/downward motion with uniform speed due to that vestibular
sense could perceive body orientation and acceleration but cannot
distinguish between static and uniform motion [7]. During ’chair
rotating’, vision perceived yaw rotation without displacement, but
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vestibular sense and proprioception perceived different direction
revolutions with arc-shaped displacement trajectories.

Interestingly, 45° Condition was generally the worst, and 90°
Condition had the biggest redirected angle yet performed the best
on most metrics in all reclined conditions. According to the knowl-
edge of sensorimotor integration and the fact that body-gravity
angle affects vestibular sensitivity (See Section 2.2), we speculated
that the U-shape between conditions was attributed to the com-
bined effect of two aspects. On the one hand, as the body reclining
angle increased, the redirection angle should cause a bigger senso-
rimotor conflict according to other redirection techniques, and this
should make the sensory conflicts from 0 to 90 degrees increase
sequentially. On the other hand, the increased body reclining angle
inhibited the vestibular sensitivity and decreased its sensory inte-
gration weight [1, 94, 99], and reduced upper-lower body’s bending
that made the proprioception felt more ’upright’, thereby reduc-
ing sensorimotor conflict impacts. The combined effects of these
two aspects made the influence of sensory conflict first increase
and then decrease with the increase of body reclining angle, and
reached the maximum at 45°.

The effects & causes discussed in this section were generally due
to many other locomotion methods having the same sensorimotor
conflict types as these two methods. For instance, walking-in-place,
knee tapping, and foot friction also had multi-sensory moving direc-
tion & acceleration conflicts. Similarly, turning methods like torso
rolling, and head/torso left/right-leaning also had multi-sensory
rotation axes/directions & motion trajectories conflicts. Therefore,
we believed that such difference results between conditions could
be generalized to more conditions and the locomotion methods
with the same types of sensory stimuli & conflicting.

4.7.2  The Effect of Posture on Functional Metrics. Overall, the body
reclining angle was found to affect the controllability and fatigue
of the locomotion methods. We found that the bigger the reclining
angle was, the participants felt less fatigue and easier body control.
On the other hand, many participants (11 people, 55%) reported that
they were more tired to perform heels ’tapping’ and ’chair rotating’
at 0° Condition. We speculated that the entire upper body weight
supported on the waist and hips in the sitting position resulted in
a certain resistance to the thigh movements. With the reclining
angle increased, the pressure and resistance decreased, which made
the legs easier to perform actions such as lifting the thighs during
heels’ "tapping’, and separating the thighs during ’chair rotating’.
We believed the posture’s effects could be generalized to more
leg/foot gestures and conditions.

4.7.3  Other Findings. We found that most participants (19 people,
95%) chose to place their feet in a position where the calves and
insteps presented about 90°. It indicated that this position was a bal-
anced position for controlling forward and backward movements,
which was because bigger angles between the calves and insteps
made it easier for the forefeet to lift higher, but harder for the heels
to lift. It worked oppositely with smaller angles.

Most participants (15 people, 75%) liked to tap their feet regularly
and keep at a fixed speed, because they thought it would be more
relaxed, easy to perceive distance, and less dizziness. For some mov-
ing tasks with long distances (e.g., accuracy & controllability task),
half of the participants (11 people, 55%) tended to fast "tapping’, and

then suddenly decelerated when approaching the target. However,
this produced the most overshoots. For ’chair rotating’, the angle’s
overestimation to underestimation ratio for the 0° Condition was
about 1:1 (62:58). However, the participants in 4 reclining & lying
positions tended to overestimate (347:133) and they felt the physical
body turned more than their views. We speculated that this was due
to the vestibular sense perceiving arc-displacement of revolution.

5 STUDY 3: DESIGNING IMPROVED METHODS
OF 'TAPPING’ AND "CHAIR ROTATING’

Although ’tapping’ and ’chair rotating’ were found to be effective,
these two methods had some disadvantages, e.g., the insufficient up-
right motion sense, motion sickness, fatigue, and overshoot caused
by real-time speed control of 'tapping’, angle’s overestimation and
motion sickness caused by revolution arc-displacement of ’chair ro-
tating’, etc. This study aims to upgrade the two methods to further
strengthen the two locomotion methods.

5.1 Improved Method Design

We proposed 4 upgraded methods for "tapping’ and ’chair rotating’.
"Tapping’ with grading & uniform speed: Based on the vestibular
system could only perceive acceleration and could not distinguish
between statics and uniform motion [7], we set the "tapping’ to fixed
speeds. In addition to normal walking speed, paired fast and slow
uniform speeds are also necessary to save time and prevent easy
overshooting in fast speed respectively. We divided tapping into
three forms: when the calves-insteps angles were within 75°, it was
easier to raise the heel and tap which could bring large vibrations
like running, so the heel tapping was set to run forwards at 3.5m/s
[27]. Correspondingly, using the resistance of the forefoot was not
easy to raise at this position, the forefoot tapping was set to slow
walk forwards at 0.5m/s [81], as shown in Figure 6(a). When the
calves-insteps were at other angles, the tapping function was the
same as in Study 2, but the speed is fixed at 1.2m/s [65]. As people
seldom step back with fast speed in daily life, we did not set the
fast speed and corresponding slow speed for going backwards.

"Tapping’ with head shaking: Left/right shaking head [86] showed
an enhanced motion experience due to its similarity with the walk-
ing experience that the view sways with the step of the left and
right legs. We utilized the fact that head shaking in the reclining
& lying positions was easy, and asked the participants to actively
cooperate with the "tapping’ action to shake their heads, as shown
in Figure 6(b).

"Chair rotating” with arc-trajectory: During the turning process,
we directly mapped the HMD’s revolution displacement (arc-shaped
trajectory) to the upright view, so that the upright view changed
from self-centered turning to revolve around the chair’s center axis
for reducing the sensory conflicts, as shown in Figure 6(c).

"Chair rotating’ with turning gain: We mapped the revolution
displacement to the extra turning gain of view. The turning gain for
each condition was set to the median of the perceived deviations
ratio from all overestimated data in Study 2: 0.13 in 22.5° Condition,
0.20 in 45° Condition, 0.16 in 67.5° Condition, 0.15 in 90° Condition,
as shown in Figure 6(d).
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(a) ‘tapping’ with grading & uniform speed  (b) ’tapping’ with head shaking

(c) ’chair rotating’ with arc-trajectory ~ (d) ’chair rotating’ with turning gain

Figure 6: Upgraded methods of tapping’ and ’chair rotating’

5.2 Participants, Conditions, Scenes and Devices

We recruited a different group of 20 students as participants (13
male and 7 female, avg. age=22.2 (SD=1.68), age range: 19-26) to
validate the proposed methods. The number of participants with
proficiency, some proficiency, and no VR experience was 4, 10, and
6 respectively. We chose the condition of 45 ° reclining position
as the experimental posture, the one with the worst performance
but the most worthy of improvement. Six conditions were set up
at this reclining angle: "tapping’ with the same settings of Study 2
(tapping’), ‘tapping’ with grading & uniform speed ('tapping’ GU),
‘tapping’ with head shaking ('tapping’ HS), ’chair rotating’ with
the same settings of Study 2 (’chair rotating’), ’chair rotating’ with
arc-trajectory ('chair rotating’ AT), ’chair rotating’ with turning
gain (’chair rotating’ TG). The design of the VR scenes was the
same as in Study 2.

5.3 Procedure, Measurements, and Evaluation

The tasks, procedure, ethics measurements, and evaluation were the
same as in Study 2. No one quit in this experiment. The experiment
took about 1.5 hours including rest and interview. The participants
got about 20$ cash for rewards.

5.4 Experiment Results

According to a Shapiro-Wilks test, data of some conditions were not
normally distributed. Therefore, we used Friedman ANOVAs with
pairwise Wilcoxon signed rank tests with Bonferroni correction
for post hoc comparisons between conditions, resulting in a new
significance level set at p < 0.0166 in post hoc comparisons.

5.4.1 Metrics of Perception and Overshoot. The results showed
that different methods had significant effects on the perception
tasks of distance (x2(2) = 17.301, p < 0.001) and angle (¥?(2) =
24.644, p < 0.001), the moving accuracy & controllability ( y?(2) =
10.609, p = 0.005), yet no significant effect on turning accuracy
& controllability task (y2(2) = 2.273, p = 0.321). The boxplots of
the perceived deviation percentages data, and the overshoot data
were shown in Figure 7(a) to (d). Horizontal lines with p-values
between conditions represented exist significant differences in post
hoc comparisons. Overall, 'tapping’ GU and ’chair rotating’ TG
performed best in spatial perception, and "tapping” GU performed
best in less overshoot.

5.4.2  Subjective Scales. The results showed that different methods
had significant effects on Upright Motion Sense of moving (x%(2) =
32.000, p < 0.001) and turning (y%(2) = 21.736, p < 0.001), Pres-
ence of moving (y%(2) = 15.647, p < 0.001), Ease of Control of
moving (x%(2) = 13.378, p = 0.001), Fatigue of moving (y?(2) =
10.291, p = 0.006) and turning (¥*(2) = 13.286, p = 0.001), Mo-
tion Sickness of moving (x%(2) = 14.391, p = 0.001) and turning
(x%(2) = 16.593, p < 0.001), while no significant effect on Presence
and Ease of Control of turning. Figure 7(e) and (f) showed the box-
plots of the data and significant differences with p-values between
conditions of post hoc comparisons. Overall, tapping’ HS and ’chair
rotating’ AT performed the best in natural upright motion sense;
‘tapping’ GU and ’chair rotating’ TG performed the best in low
fatigue; “tapping’ GU and ’chair rotating’ AT performed the best in
low motion sickness; tapping’ HS and “tapping’ GU performed the
best in strong presence and ease of control respectively.

5.5 Discussion

Overall, we were glad to find that the 4 upgraded methods improved
the participants’ locomotion performances.

5.5.1 Analysis of Two Upgraded Methods for "Tapping’. For ’tap-
ping’ GU, since the vestibular system was unable to distinguish
between static and uniform motion, the visual uniform moving less-
ened the sensory conflicts, which improved the distance’s perceived
accuracy and reduced motion sickness. Physically, the participants
needed not to focus on real-time speed control, neither the fast or
slow ’tapping’ actions which were tiring. Many participants (15
people, 75%) reported that the grading speed fulfilled their moving
needs, and it was more natural and interesting. This was because dif-
ferent graded speeds and actions used different sporting metaphors.
That was, when the calves were tilted back at a certain angle, the
heels tapping with big lift height was similar to running, and the
forefoot tapping had the action’s resistance which was similar to
rope bondage or walking in the swamp.

For “tapping’ HS, this method had two advantages. On the one
hand, the head shaking cooperating with ’tapping’ provided a nat-
ural vestibular stimulus, which was more in line with the walking
experiences in life [47], and thus enhanced the upright motion
sense and presence. On the other hand, we found that almost all
participants (18 people, 90%) tended to tap their feet regularly with
the fixed speed for making head-to-foot coordination easier, which
indirectly achieved some benefits of uniform motion, such as im-
proving the accuracy of distance perception. Moreover, since the
chair provided head support, most participants (14 people, 70%)
reported that it was easy and natural to act, so this method did not
produce more fatigue and motion sickness compared to ’tapping’.

5.5.2  Analysis of Two Upgraded Methods for ‘Chair Rotating’. For
"chair rotating’ AT, this method visually matched the perceptive
arc-shaped displacement of other senses, thereby improving the
accuracy of angle perception and reducing motion sickness. Most
participants (16 people, 80%) reported that their feelings were like
upright walking in a circle, and the angle estimation seemed clearer
and easier than ’chair rotating’. This was because sensorimotor
matching further stimulated the upright locomotion illusion.
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(a) Distance perception metrics (b) Moving overshoot metrics

(c) Angle perception metrics (d) Turning overshoot metrics

(e) Subjective scale metrics of moving tasks

(f) Subjective scale metrics of turning tasks

Figure 7: The results of the performances of the 4 upgraded locomotion methods

For ’chair rotating’ TG, we used an extra turning angle to com-
pensate for the revolution displacement. This special virtual-real
mapping method produced the best angle perception accuracy
among the three ’chair rotating’ methods. Although some partici-
pants (5 people, 25%) reported that this method seemed to be dizzier,
there was no significant difference from the previous method. In-
terestingly, the added turning gain in this method resulted in lower
fatigue due to less physical turning and foot actions.

6 GENERAL DISCUSSION

Exploring suitable locomotion methods for reclining & lying set-
tings and understanding the potential challenges and risks caused
by upright redirection are valuable for the emerging and abundant
VR use scenarios. We hope that the locomotion method set & user
preferences (Study 1) and the upgraded strategy (Study 3) can in-
spire more studies on reclining & lying locomotion. Importantly,
researchers can benefit from the general findings (Study 2), not
only for learning the performances of ’tapping’ and ’chair rotat-
ing’, but also having a deeper understanding of how body angles &
redirection angles affect locomotion methods.

6.1 Upright Redirection & Perceptive and
Experiential Metrics

Due to the sensory conflict, we pay special attention to measure the
general impacts of upright redirection on locomotion perceptive
and experiential metrics. Although upright redirection helps users
to get rid of abnormal views and get the feelings of standing in
the scene to move and turn, it leads to sensorimotor conflicts and
results in confused experiences (Study 1), and worse locomotion
perceptive & experiential metrics than sitting position (Study 2).
We found that the 45° reclining position performed worst on users’
perceptive and experiential metrics, and we speculated that this
was due to a combined effect of the redirection angle, the vestibular
physiological features, and the upper-lower body angle (Study 2).
Not limited to ’tapping’ and ’chair rotating’, we analyze that the
impact of upright redirection on the perceptive & experiential met-
rics and the different results among conditions can be generalized
to other similar locomotion methods, as it is critical to design meth-
ods with similar sensorimotor stimuli (Study 1’s Discussion) and
conflict types (Study 2’s Discussion). The perception mechanisms
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based on sensory integration behind the locomotion methods of
the same class are similar.

For improving perceptive & experiential metrics, the design
strategies in Study 3 can be applied to other locomotion meth-
ods as well. For example, we can use uniform motion to reduce
motion sickness and fatigue and improve space perception, and use
grading to switch between various uniform speeds to meet different
navigation needs. We can also use easy head-shaking combined
with other foot gestures that have walking metaphors to improve
the self-motion sensation, and use gain to compensate for spatial
perception deviations caused by sensorimotor conflicts.

6.2 Postures & Functional Metrics

We explored the impacts of reclining & lying positions on functions.
Physical limitations led to difficulty and fatigue in the actions of
body parts (rear arm, head, etc.) due to gravity and friction, resulting
in restricted design space (Study 1). Leg/foot gestures had less
fatigue and better controllability for users in reclining & lying
positions than in sitting positions, as the upper body’s pressure
was dispersed by the reclining facility (Study 1 & 2).

Moreover, we found that many users liked to bend their knees
in the feet-on-facility condition, and they elicited the same foot
gestures as when they were in the feet-on-ground condition, such
as tapping’, "'walking-in-place’, *foot friction’, etc. (Study 1). The
calf-instep angle affected the height of the forefoot/heel lift (Study
2), and this could provide references for setting the best foot place-
ment of other foot gestures with similar actions (e.g., "accelerator
pedal’ [102]). On the one hand, users preferred dynamic locomo-
tion methods (Study 1). On the other hand, most users preferred
regular and fixed-speed actions for paying less effort (Study 2). This
suggests that users liked a balance of self-motion feelings and effort.

For improving functional metrics, Study 3’s design strategy could
be also applied to other locomotion methods. For example, uniform
speed and regular actions could improve dynamic gestures’ con-
trollability & accuracy; applying gain to the gestures could reduce
the time of holding actions to reduce fatigue, etc.

6.3 Suited Locomotion Methods

Suitable locomotion methods should consider user preferences,
various metrics, and application scenarios.

Following the general findings of posture & redirection, design-
ers are suggested to pay more attention to design leg/foot gestures.
On the one hand, leg/foot gestures with daily locomotion metaphors
and natural multi-sensory stimulation are considered to be the most
efficient for reducing the negative impact of redirection (Study 1).
On the other hand, leg/foot gestures can avoid the gorilla arm ef-
fect’s fatigue of moving the rear arms, torso, etc. (Study 1), and
they are easier to move in reclining & lying positions (Study 2).
More importantly, designers shall try to improve the locomotion
methods to make users have natural locomotion feelings & few
motion sicknesses as well as low fatigue & good controllability, or
to reach a good balance between the two aspects for (Study 3).

"Tapping’ and ’chair rotating’ were considered by users to be the
very suitable and preferred moving and turning gestures respec-
tively (Study 1), proved to work effectively by detailed evaluation
(Study 2), and further iteratively upgraded (Study 3). Therefore, if

the conditions allow, we recommend using the upgraded methods
of ’tapping’ and ’chair rotating’ first.

When the conditions for swivelable reclining facility cannot be
met (e.g., sofas and beds), we propose the following suggestions for
different scenarios: We recommend that the feet be placed on the
ground first if the condition allows and use upgraded "tapping’ to
move (Figure 8(a)), and use the ’torso rolling’ to turn (Figure 8(b)).
According to Study 1, ’torso rolling’ is derived from the metaphor
of turning over, and it is the turning method with fourth most
appearances and third most preferences. It is designed that the
torso’s left/right roll magnitude to reflect the view’s turning angular
velocity. We hypothesize that it also has good performances due to
metaphor and natural vestibular-proprioceptive stimuli. When the
feet can only be placed on reclining facility, we recommend using
’tapping’ with head shaking (need to bend knees, as shown in Figure
8(c)) or ’knee tapping’ with head shaking (not bend knees, as shown
in Figure 8(d)) to move and using torso rolling to turning. Under this
condition (C1, C4, C7 in Study 1), the counts of appearances (20) and
preferences (12) for “tapping’ is still the most. 'Knee tapping’(two
knees continue to tap alternately, left knee first tap represents
go forward, and right knee first tap represents go backward) is
the third most appearance count (14) in this condition and also
provided strong proprioceptive stimuli with walking metaphors.
We hypothesize that its performances are similar to "tapping’.

(a) "Tapping’ with grading & uniform speed (b) ’Torso rolling’ to turn

(c) "Tapping’ with head shaking (d) ’Knee tapping’ with head shaking

Figure 8: Our recommended locomotion methods when users
at application scenes with non-swivelable reclining facility

6.4 Combined Locomotion Methods

We did not elicit and evaluate combined moving & turning methods.
Like many other studies, gestures were often proposed and experi-
enced separately for moving or turning in user-elicitation studies
[24, 80]. Moreover, moving/turning methods newly proposed or
compared in new contexts were also often evaluated separately
for measuring their independent performances [31, 68, 78]. In this
paper, we additionally considered three important reasons: 1) Some
VR applications require only moving methods or turning methods
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(e.g., 360° video). 2) *Tapping’ and ’chair rotating’ represent two
classes of locomotion methods with different sensorimotor stimuli
and conflict types, thus it is more appropriate to evaluate them
separately to measure the general effects of posture and redirection.
3) separate evaluation is beneficial to the flexible combination of
these two methods with other methods in more conditions, e.g.,
when reclining facility is non-swivelable.

Interestingly, we observed that some participants could natu-
rally use ’tapping’ and ’chair rotating’ at the same time for curved
walking when they freely practiced the locomotion methods, e.g.,
first taking a step with left/right foot to the left/right (lift heel in
the air and land on heel) to turn the chair towards left/right, then
using the front foot to tap the ground, and repeating the above
actions with the other foot.

Moreover, our tasks and metrics can reflect some performances of
combined locomotion methods. For example, our many metrics are
the same as combined methods’ metrics such as overshoot, fatigue,
motion sensation, etc. [30], this can intuitively reflect the combined
methods’ performances; typical spatial orientation task’s perfor-
mance (when reaching target, the users point out the direction to
the starting position [63, 79, 103]) can be reflected by our distance &
angle perception deviations; overshoot can also reflect other typical
metrics such as environmental collision number [30, 103].

6.5 Limitations and Future Work

In all studies, the participants’ number, uniformly young age, and
university backgrounds may limit the results and findings of this
paper to some extent. In Studies 2 and 3, we only explored typi-
cal locomotion methods and evaluated them on separate tasks &
metrics. In the future, we will further explore more conditions and
more top-ranked or interesting locomotion methods’ performances,
and the combined methods’ performances on more metrics & tasks.
The analyses and inferences about the difference between con-
ditions in Study 2 were based on prior theories without direct
evidence. In the future, we need to find more evidence in the neu-
roscience field through further experiments to make our inferences
more scientific. Some upgraded methods in Study 3 also have some
limitations. For example, ‘tapping’ with the head shaking may make
the user lose the ability to look around during moving. It may be
better to use the power seat to automatically shake the user during
the tapping action. ’Chair rotating’ with a circular trajectory may
increase the collision times with the virtual environment.
Moreover, locomotion in VR often comes with the risk of motion
sickness, even without redirection. As a kind of redirection that can
be perceived by users, upright redirection inevitably causes more
motion sickness. However, due to our ethics and safety measure, all
participants in the experiments did not appear severe motion sick-
ness reactions such as vomiting/profusely sweating/uncomfortable
expressions, etc. According to our post-experiment interviews, the
strongest feelings of motion sickness were often described as the
early stages of motion sickness in cars/boats/roller coasters. In ad-
dition, some upgrades methods such as ’tapping’ GU and ’chair
rotating’ AT significantly reduced motion sickness, which made
most participants have no or only mild motion sickness. In the fu-
ture, we will try more effective strategies to reduce motion sickness
and enhance the user’s upright locomotion illusion, such as using

noise currents to stimulate the vestibular system for reducing the
vestibular reliability & sensory integration weight [61, 82], etc.

7 CONCLUSION

In the paper, we explored the locomotion methods for VR users in
reclining & lying positions with upright redirected views, which
raised challenges of both physical limitations and sensorimotor
conflicts. In Study 1, we constructed a locomotion method set for
different reclining & lying positions with upright redirected views,
and discovered and analyzed the design features and users’ prefer-
ences. In Study 2, by evaluating the two representative locomotion
methods tapping’ and ’chair rotating’, we explored the general
impacts of different postures and corresponding redirection on
perceptive, experiential, and functional metrics. According to the
results, we found the effects of different postures & redirection,
and speculated on the physical and physiological reasons and the
perception mechanism behind them. In Study 3, we improved the
’tapping’ and ’chair rotating’ based on Study 2’s findings and proved
that these upgraded methods were effective in enhancing the users’
performances. We hope this work could inspire more research
efforts on investigating suited interaction techniques for the emerg-
ing and abundant VR use scenarios, with special emphasis on users’
sensorimotor integration and conflicts.
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