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ABSTRACT

Locomotion is central to human navigation and spatial learning,
with natural walking offering the most effective movement in im-
mersive virtual environments (IVEs) due to its rich proprioceptive
and vestibular feedback. However, space constraints often limit nat-
ural walking in IVEs, prompting the use of omnidirectional tread-
mills. The Cyberith Virtualizer Elite 2 enables users to walk in
place by sliding their feet on a low-friction, tiltable platform while
secured in a harness. It allows control over both tilt angle and walk-
ing speed, offering researchers flexibility in adjusting sensorimotor
cues. In this study, we examined how tilt angle, speed, and training
duration affect distance perception and cybersickness. In Exper-
iment 1, we tested three tilt angles (0◦, ∼8.5◦, ∼17◦) and three
speeds (0.8×, 1.0×, 1.2× treadmill speed) during blind walking.
A slower speed (0.8×) aligned best with natural walking and min-
imized cybersickness; users preferred the ∼8.5◦ tilt. Additional
analysis identified ∼0.7× speed with ∼8.5◦ tilt as preferred. In
Experiment 2, we varied training durations (3, 6, or 9 minutes)
and found that, with the preferred setup, treadmill distance judg-
ments were comparable to natural walking. At least 6 minutes of
training was sufficient for adaptation. These findings offer practi-
cal guidance for configuring treadmill locomotion in virtual reality
research.

Index Terms: Omnidirectional Treadmill, Distance Estimation,
Cybersickness, Natural Walking, Treadmill Walking.

1 INTRODUCTION

Locomotion is fundamental to human navigation, enabling peo-
ple to move through and interact with their surrounding environ-
ment [11, 13, 45, 74]. Active movement supports spatial updating
and the acquisition of spatial knowledge [11, 13]. In virtual real-
ity (VR), preserving this natural experience is important for spa-
tial orientation and immersion. Natural walking is often consid-
ered the most effective locomotion method because it preserves
proprioceptive and vestibular cues critical for accurate spatial judg-
ments [14, 17, 65]; however, it is frequently constrained by limited
physical space.

To support locomotion in large immersive virtual environments
(IVEs) within constrained physical spaces, researchers have de-
veloped alternatives such as steering, teleportation, and redirected
walking [2,20,56,58,72]. These techniques differ in how well they
preserve sensorimotor cues, which can influence spatial learning.
For example, steering provides continuous motion and optic flow
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that can aid spatial updating, whereas teleportation disrupts senso-
rimotor continuity and can impair spatial learning [15, 16, 26, 55].
Redirected walking more closely resembles natural walking and
supports spatial learning [39], but it typically requires at least a 6
m × 6 m area [23, 40], which can be impractical for smaller labo-
ratories.

Omnidirectional treadmills offer another approach by enabling
continuous locomotion in a small physical footprint while allow-
ing exploration of large IVEs [56]. Devices such as the Virtuix
Omni [32], Infinadeck [57], Cyberwalk [67], and Cyberith Virtu-
alizer Elite 2 [10, 27] make such exploration feasible. In this work,
we use the Cyberith Virtualizer Elite 2, where users slide their feet
on a low-friction base platform while secured in a harness. On the
Virtualizer, users do not translate through physical space. Rather,
stepping motions produce foot sliding. Virtual walking speed was
therefore determined by a configurable gain between foot sliding
velocity and virtual displacement. The base platform can also be
adjusted to provide a comfortable platform for the user to slide
their feet on. We want to determine an optimal values for the gain
and tilt that matches user’s perceptual mappings for natural walk-
ing. We therefore adopted a blind-walking calibration procedure
following Rieser et al. [60], since blind walking provides a direct
behavioral measure of internally calibrated locomotion that is inde-
pendent of visual feedback. These methods have been previously
used in VR [49], but here they were used to identify the gain and
tilt mapping such that distances reproduced under Virtualizer loco-
motion matched those during real-world blind walking.

Thus, despite the device’s configurability and its increasing use
in VR research, we still lack clear guidance on which combina-
tions of tilt and walking-speed gain best preserve natural-walking-
like distance judgments while limiting cybersickness. Prior work
suggests both parameters matter, but their individual and com-
bined contributions are difficult to disentangle because most stud-
ies treat them as fixed settings. For example, Chakraborty et
al. [10] compared distance estimation [17, 34] and path integra-
tion [11, 33, 38] between treadmill and natural walking using the
Virtualizer, but used only the steepest adult-recommended tilt by
the manufacturer. While the steep tilt facilitated sliding, it also re-
duced self-movement control, increasing cybersickness and over-
walking. Similarly, Lohman and Turchet [44] reported that walking
at natural speed on the same treadmill can substantially increase cy-
bersickness, suggesting that virtual speed reduction may be neces-
sary [69]. Together, these findings motivate a systematic evaluation
of base-platform tilt and treadmill walking speed as experimental
factors rather than fixed defaults.

Training duration is another unresolved factor. Perceptual-motor
recalibration to treadmill-based locomotion in IVEs develops over
time [48,50], and familiarization can improve spatial accuracy [35].
However, longer exposure may also increase cybersickness, and
most treadmill studies use ∼3–10 minutes of training. Thus, it
remains unclear how much training is needed to reach natural-
walking-like performance—especially under a treadmill configura-
tion optimized for both performance and comfort.
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To address these gaps, we systematically examined how base-
platform tilt angle, walking-speed gain, and training duration affect
distance perception and cybersickness on the Cyberith Virtualizer
Elite 2, relative to natural over-ground walking. In Experiment 1,
we varied base-platform tilt (0◦, ∼8.5◦, ∼17◦) and walking-speed
gain (0.8×, 1.0×, 1.2×) during a blind-walking distance estima-
tion task [10, 17, 35]. Slower virtual walking (0.8×) more closely
matched natural walking performance and reduced cybersickness,
while tilt had limited effects—though participants preferred ∼8.5◦
for better control and reduced strain. Further analysis suggested
that ∼0.7× speed gain with ∼8.5◦ tilt best matched natural walk-
ing. In Experiment 2, we used these preferred parameters and var-
ied training duration (3, 6, and 9 minutes) to test how training time
modulates performance and cybersickness once the treadmill set-
tings are optimized. With the preferred setup, treadmill-based dis-
tance judgments were comparable to natural walking across train-
ing durations, and exploratory analysis suggested that ≥ 6 min-
utes of training is sufficient for users to adapt and achieve natural-
walking-like performance. Collectively, these results provide prac-
tical guidance for configuring treadmill locomotion in VR research.

2 RELATED WORK

A wide range of efforts has aimed to replicate natural walking us-
ing treadmills [4, 19] or alternative locomotion devices [25, 61, 71].
Although some systems have achieved promising results, they often
suffer from high costs and maintenance challenges [50, 67], while
others are limited by their inability to support full-body motion,
particularly due to their linear design [64, 65]. In contrast, omni-
directional treadmills offer both translational and rotational body-
based cues [7, 8, 12, 52], whereas linear treadmills primarily sup-
port translational movement only [64, 65]. Past research suggests
that access to both types of cues is critical for developing accu-
rate spatial knowledge [59, 64, 65]. However, the effectiveness
of omnidirectional treadmills remains debated. For instance, Se-
maan et al. [66] reported substantial differences between treadmill
and natural walking based on “several kinematic, kinetic, and elec-
tromyographic measures,” suggesting that the sensorimotor fidelity
of these systems may be limited. More recently, Homami et al. [29]
reported that although sliding with the Cyberith Virtualizer Elite 2
reduced effort compared to walking-in-place, both techniques were
still less effective than natural walking.

In VR, egocentric distances to objects are often underestimated
when using head-mounted displays (HMDs) [6, 9, 17, 30, 34], par-
ticularly in action space (2–30 m) [18], which was the range used
in our distance estimation task. Blind walking is widely used to
perform distance estimation tasks in IVEs and in real world as it
reliably captures egocentric distance judgments via motoric output
in the real world [6, 36, 46], reflecting a strong perceived-to-acted
distance coupling. However, treadmill walking disrupts this cou-
pling. For instance, Kang et al. [31] and Chakraborty et al. [10]
reported that participants overwalked distances using the Virtuix
Omni and the Cyberith Virtualizer Elite 2 omnidirectional tread-
mills compared to natural walking in both real and virtual settings.
These findings highlight the need for a calibration phase [47, 50],
which we included in our study.

Although our current study focused solely on blind walking for
distance estimation, prior research has employed other tasks involv-
ing a significant number of turns while exploring in IVEs using var-
ious omnidirectional treadmills. For instance, using triangle com-
pletion tasks on the first-generation Cyberith Virtualizer, Harooto-
nian et al. [28] reported that (i) participants underestimated dis-
tances and made larger angular errors during blind treadmill walk-
ing, and (ii) distance errors increased with walking distance. In a
path integration study on the Virtuix Omni, Dorado et al. [21, 22]
found that treadmill walking enabled more accurate path integra-
tion than motion-controller steering. However, other studies have

shown that walking on the Virtuix Omni leads to poorer perfor-
mance compared to natural walking [51], steering [73], and linear
treadmill walking [3]. These mixed findings indicate no clear con-
sensus on whether omnidirectional treadmill walking can reliably
replicate the performance of natural walking.

These mixed findings indicate no clear guidance on whether om-
nidirectional treadmill locomotion can reliably replicate the perfor-
mance of natural walking. Importantly, prior studies have also var-
ied in their device settings and protocols. For example, Chakraborty
et al. [10] compared treadmill and natural walking for distance esti-
mation and path integration tasks [11,17,33,34,38], but only tested
the steepest tilt setting, which helped users slide their feet easily
but led to less control over movement, increased cybersickness,
and distance overshooting. Likewise, Lohman and Turchet [44]
showed that walking at natural speeds increased discomfort, sug-
gesting that reducing virtual speed could help. Training duration
is another source of variability: while short familiarization periods
(3–10 minutes) are common [35, 48, 50] longer training may im-
prove accuracy but also raise cybersickness risks.

3 EXPERIMENT 1
This study aimed to identify which (i) tilt angle of the Cyberith Vir-
tualizer Elite 2’s base platform and (ii) virtually controlled walking
speed allowed participants to (a) estimate distances comparable to
natural walking and (b) experience minimal cybersickness. Partic-
ipants performed a blind-walking task [17] to estimate the location
of a virtual traffic cone after walking either naturally in a hallway or
on the treadmill. We tested three tilt angles (0◦, ∼8.5◦, ∼17◦), and
three treadmill walking speeds (0.8×, 1.0×, and 1.2× normal tread-
mill walking speed). Tilt angle was treated as a between-subject
variable, and walking speed as a within-subject variable. Each tilt
group completed the distance estimation task under all three tread-
mill speed conditions, as well as under the natural walking con-
dition in a hallway for baseline comparison. To minimize practice
effects, the order of locomotion methods and walking speeds within
each tilt group was counterbalanced. Participants experienced the
natural walking condition either before or after all treadmill trials.
Treadmill walking speeds were fully counterbalanced across par-
ticipants (see Figure S2 in the supplementary material for an ex-
ample execution sequence). Following Lohman and Turchet [44],
who reported increased cybersickness at natural walking speed on
the device, we tested whether reduced speeds could alleviate cyber-
sickness and improve control. Cybersickness was assessed using
the Simulator Sickness Questionnaire (SSQ) [37], administered be-
fore and after each navigation phase. Our methodology was adapted
from Chakraborty et al. [10], who used a similar blind-walking task
to compare treadmill and natural walking.

3.1 Hypotheses
Previous studies [10, 44] have shown that higher tilt angles of the
base platform of the Cyberith Virtualizer Elite 2 omnidirectional
treadmill can induce severe cybersickness among participants and
their spatial judgments can be misled, leading to overwalking. Sim-
ilarly, walking with normal speed could make people more cyber-
sick on this device [44]. So, based on these findings, we hypoth-
esized that: H1.1: Higher tilt angles and walking speeds increase
cybersickness due to less control on self-motion as well as phys-
ical strain; H1.2: Lower tilt angles and walking speeds improve
distance perception due to better control on self-motion leading to
acquiring better natural proprioceptive cues; and H1.3: Lower tilt
angles and walking speeds reduce cybersickness by reducing sen-
sory mismatch and increasing control on self-motion.

3.2 Participants
We conducted an a priori power analysis in G*Power to estimate
the required sample size. We used a repeated-measures ANOVA
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(a) (b) (c)

Figure 1: The images illustrate key task phases: (a) Learning phase—participants walked on the treadmill at their normal speed toward purple
traffic posts viewed one at a time, which disappeared upon arrival. (b) Treadmill-based distance estimation—participants viewed a virtual
traffic cone, pressed a controller button, and performed blind walking task on the treadmill to estimate the cone’s location. (c) Natural walking
distance estimation—participants completed the same blind walking task as in (b) using natural walking.

(within–between interaction F-test) assuming Cohen’s f = 0.25, α

= 0.05, power = 0.95, three groups (tilt angles), and 12 repeated
measurements (4 walking conditions: three speeds plus natural
walking × 3 actual distances: 4 m, 5.5 m, and 7 m). The analysis
indicated a minimum sample size of 24 participants, consistent with
prior work [10,44,51]. Based on this estimate and prior studies, we
recruited 39 participants. We excluded data from three participants
(2 male, 1 female) due to HMD or treadmill technical issues, leav-
ing 36 participants (19 female, 17 male) aged 19–58 years (M =
28.4 years, SD = 12.5 years). Participants were evenly assigned
to the three tilt groups (12 per group): 0◦ tilt (7 female, 5 male),
∼8.5◦ tilt (3 female, 9 male), and ∼17◦ tilt (9 female, 3 male). The
study was approved by the Vanderbilt University Institutional Re-
view Board (IRB# 221064), and all participants provided informed
consent and received 12 USD compensation.

3.3 Equipment and Design

3.3.1 Hardware and Software

The VR system used in this study included an HTC Vive Focus
3 head-mounted display (HMD) with a resolution of 2448 × 2448
pixels per eye and a 90 Hz refresh rate. It weighs 785 g and has hori-
zontal and vertical field-of-views of 116◦ and 96◦, respectively. The
HMD is equipped with a 120 Hz eye tracking module, which added
an extra 54 g of weight to the HMD, resulting in a total weight of
839 g. All software was developed using the Unity Game Engine
(version 2021.3.27f1).

The Cyberith Virtualizer Elite 2 is an omnidirectional treadmill
that supports natural sliding on a base platform that can tilt to
five angles (0◦, ∼4.25◦, ∼8.5◦, ∼12.75◦, ∼17◦; Tilt 0–4). Man-
ufacturer guidelines recommend lower tilts (1–2) for children and
higher tilts (3–4) for adults. We tested three tilts: 0◦ (Tilt 0), ∼8.5◦
(Tilt 2), and ∼17◦ (Tilt 4). We excluded Tilt 1 (∼4.25◦) because
it is intended for children, and excluded Tilt 3 (∼12.75◦) to (i) in-
clude only one adult-recommended high-tilt setting and (ii) align
with Chakraborty et al. [10], who used Tilt 4. A rotating waist ring
senses walking direction in the IVE, and low-friction shoe covers
(Medium/Large) enable smooth sliding. Users initiate locomotion
by leaning forward against the ring while sliding backward on the
tilted surface; sliding is possible at Tilt 0 but becomes easier as tilt
increases. As with other omnidirectional treadmills, users can move
faster or slower by changing their physical sliding pace, and the
system can also modulate effective walking speed by adjusting the
translation gain between physical sliding and virtual motion (e.g.,
0.8× slower or 1.2× faster while maintaining the same physical
pace; see [48,49]). In our study, participants walked at their natural
sliding pace while we varied this speed gain to identify a setting that
yields body-based translational and rotational cues most consistent

with over-ground walking. Walking speed Gain was controlled in
Unity via the manufacturer package using a ‘speed multiplier’ vari-
able (default = 1.2, i.e., 1.2× of the participant’s natural sliding
speed on the device); we evaluated 0.8, 1.0, and 1.2 of this variable,
corresponding to 0.8×, 1.0×, and 1.2× of each participant’s natu-
ral sliding speed on the device. For additional device details, see
Hager et al. [27].

3.3.2 Virtual Environments
This experiment used two virtual environments: (i) a training envi-
ronment to familiarize participants with the treadmill walking (Fig-
ure 1(a)), and (ii) a test environment where participants performed
the distance estimation tasks using both treadmill and natural walk-
ing (Figure 1(b) and (c)). Both environments used a Voronoi grassy
ground texture. The only objects present were the task-related tar-
gets (i.e., traffic posts in the training environment or a traffic cone
in the test environment). We rendered the default Unity skybox and
enabled object shadows in both environments.

In the training environment, 12 traffic posts appeared sequen-
tially, one at a time. Participants walked toward each post until
collision; inter-post distances ranged from 3.84 m to 12.58 m. The
task lasted ∼3 minutes and helped participants adapt to treadmill
walking while calibrating walking effort on the device to visual dis-
tance, consistent with prior locomotion recalibration studies [1,50].
Training used a veridical 1.0× mapping of each participant’s nor-
mal sliding speed (i.e., no virtual speed manipulation), establishing
a baseline relationship between their natural gait/effort and visu-
ally specified distance. In the subsequent blind-walking distance
estimation trials, we varied the walking speed gain relative to the
1.0× baseline; because optic flow was unavailable, participants had
no visual motion feedback to reveal these changes and continued
walking at their natural pace. This design allowed us to test whether
reducing or increasing walking speed gain on this device yields dis-
tance estimates that better match natural overground walking.

In the test environment, participants judged the egocentric dis-
tance to a virtual traffic cone placed at one of five distances: 4 m,
4.75 m, 5.5 m, 6.25 m, or 7 m. We rendered a horizontal guideline
on the ground that indicated the participant’s starting location for
each trial.

3.4 Procedure
After providing informed consent, participants completed the Sim-
ulator Sickness Questionnaire (SSQ) to obtain a baseline measure-
ment. They then created room-scale boundaries: when standing on
the Virtualizer, participants used the controller to draw a 2m×2m
boundary corresponding to the treadmill area. For natural walking,
the experimenter assisted them in outlining the physical hallway
(13m±2m long and 2.5m±0.5m wide) as the walking area.
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During the distance estimation task, participants first viewed a
virtual traffic cone at a specific distance. They then pressed a button
to black out the HMD screen and walked—either on the treadmill
or naturally—to the estimated location. For natural walking, the ex-
perimenter walked alongside the participants to ensure safety. Upon
reaching the estimated location, the participant pressed the button
again to initiate the return phase, during which the experimenter
guided them back to the starting point. The distance walked before
initiating the return phase was recorded using a tape measure. In
the treadmill walking condition, there was no return phase; the but-
ton press marked the end of the trial, recorded the walked distance,
and started the next trial. Figure S1 in the supplementary material
shows a pictorial overview of the blind walking process.

Participants completed 13 trials for each walking condition (i.e.,
a natural walking condition, and three treadmill walking conditions
with different walking speeds under a tilt group). The first two
were demonstration trials at 4.75 m and 6.25 m. The remaining 11
included 9 data trials (three each at 4 m, 5.5 m, and 7 m) and 2
dummy trials (one each at 4.75 m and 6.25 m). Trials were pre-
sented in a pseudo-randomized order such that (i) no two trials of
the same distance occurred consecutively, and (ii) no dummy trial
appeared at the end. Dummy trials were excluded from analysis
and were included only to minimize learning effects. In total, par-
ticipants performed 52 trials (13 trials × 4 walking conditions) in
the study.

After completing each walking condition, participants filled out
the SSQ again and were offered a short break. They were allowed
to take as much time as they wanted during the break, which typi-
cally lasted 3-5 minutes. Before starting another walking condition,
participants filled out the SSQ once again to record their current
self-reported cybersickness before experiencing the condition. At
the end of all four walking conditions, the experimenter thanked
the participants for their participation and provided them compen-
sation. Figure S2 in the supplementary material shows the overall
distance estimation procedure.

3.5 Results and Discussion
We assessed participants’ performance using two primary outcome
measures: (i) Proportional Distance Error (PDE) to evaluate their
distance perception and (ii) differences between their Post- and Pre-
exposure cybersickness scores (i.e., Post−Pre-exposure scores) cal-
culated from the SSQ questionnaires to measure their cybersickness
between walking conditions. For PDE, we computed each partici-
pant’s mean across trials and screened for outliers, defined as mean
PDE values beyond ±3 SD from the sample mean; no outliers were
identified, so all data were retained. We did not screen SSQ for out-
liers because its scores fall within a fixed, well-defined range (i.e.,
0 - 348.27 for the Total SSQ scores, for example) [37]. We tested
normality (Shapiro–Wilk) and homogeneity of variance (Levene’s)
on our data before performing further statistical analyses. When
assumptions were violated, we applied the aligned rank transfor-
mation (ART) to the data [75]. Finally, we ran analysis of variance
(ANOVA) tests on the transformed or untransformed data using R.
For the transformed data, we report the descriptive statistics of the
untransformed data for ease of understanding. Although we report
all statistical results in the main text, we provide tables of these
results in the supplemental material to aid interpretation.

3.5.1 Proportional Distance Error

Proportional Distance Error (PDE) was computed as the ratio of
the estimated (walked) distance to the actual target distance from
the starting point. A ratio of 1.0 indicates perfect estimation, while
ratios above or below 1.0 signify over or underestimation of per-
ceived distances. Shapiro-Wilk test showed that the data was not
normal (W = 0.9, p < 0.001), and Levene’s test showed that the
data was homogeneous (p = 0.133). Therefore, we transformed the

data using ART and ran a 3 (Tilt Groups: 0◦ (Tilt 0), ∼8.5◦ (Tilt
2), and ∼17◦ (Tilt 4)) × 4 (Walking Conditions: Treadmill walk-
ing with 3 speeds (0.8×, 1.0×, and 1.2×) and natural walking) × 3
(Actual Distances: 4 m, 5.5 m, and 7 m) × 2 (Walking Conditions
Order: Natural Walking First or Treadmill Walking First) mixed-
design ANOVA on the mean PDE across trials of the transformed
data.

The analysis revealed a significant main effect of Walking Con-
ditions on PDEs, F(3, 89) = 14.58, p < 0.001, η2

p = 0.33. Post
hoc Wilcoxon tests with Holm corrections showed that participants
under-walked significantly at 0.8× treadmill speed (M = 0.71, SD =
0.33, SE = 0.03) compared to both 1.0× (M = 0.95, SD = 0.50, SE =
0.05, V = -3.40, pad j = 0.003, r = 0.34) and 1.2× speeds (M = 1.06,
SD = 0.58, SE = 0.06, V = -4.66, pad j < 0.001, r = 0.44). No sig-
nificant difference was found between the PDEs at 1.0× and 1.2×
speeds (V = -1.26, pad j = 0.423, r = 0.13). Similarly, PDEs at 0.8×
treadmill speed did not differ significantly from natural walking (M
= 0.66, SD = 0.23, SE = 0.02, V = 1.03, pad j = 0.423, r = 0.11).
In contrast, both 1.0× (V = 4.43, pad j < 0.001, r = 0.43) and 1.2×
(V = 5.69, pad j < 0.001, r = 0.52) speeds led to significantly more
walking compared to natural walking. These findings are illustrated
in Figure 2(a). There was no significant main effect of Tilt Groups
on PDEs, F(2, 29) = 1.73, p = 0.194, η2

p = 0.11, nor of Walking
Condition Order, F(1, 29) = 0.60, p = 0.44, η2

p = 0.02. However,
a significant main effect of Actual Distance emerged, F(2, 59) =
28.09, p < 0.001, η2

p = 0.49. Post hoc Wilcoxon tests with Holm
corrections revealed that participants under-walked significantly at
4 m (M = 0.78, SD = 0.41, SE = 0.03) compared to 5.5 m (M =
0.86, SD = 0.49, SE = 0.04; V = -4.74, pad j < 0.001, r = 0.53) and
7 m (M = 0.90, SD = 0.48, SE = 0.04; V = -7.23, pad j < 0.001, r
= 0.69), regardless of walking condition. They also under-walked
significantly at 5.5 m than at 7 m (V = -2.49, pad j = 0.016, r = 0.31),
as shown in Figure 2(b).

The main effect of Walking Conditions on PDEs was qualified
by a significant interaction with Tilt Groups, F(6, 89) = 2.29, p =
0.042, η2

p = 0.13. Post hoc Wilcoxon tests with Holm corrections
revealed that in the Tilt 0 group (0◦), participants under-walked sig-
nificantly more at 0.8× speed (M = 0.68, SD = 0.27, SE = 0.04) than
at 1.0× (M = 0.81, SD = 0.40, SE = 0.06, V = -2.17, pad j = 0.033,
r = 0.40) and 1.2× (M = 1.04, SD = 0.63, SE = 0.10, V = -3.33,
pad j = 0.001, r = 0.61) speeds. Compared to natural walking (M
= 0.72, SD = 0.21, SE = 0.03), 0.8× speed did not differ signifi-
cantly (V = -1.24, pad j = 0.863, r = 0.13), but both 1.0× and 1.2×
speeds resulted in significant over-walking (V = 4.43 and 5.69, re-
spectively, both pad j < 0.001, r = 0.56 and r = 0.72 ). In the Tilt 2
group (∼8.5◦), participants again under-walked significantly more
at 0.8× (M = 0.61, SD = 0.37, SE = 0.06) than at 1.0× (M = 0.83,
SD = 0.53, SE = 0.08 , V = -2.38, pad j = 0.021, r = 0.43) and 1.2×
(M = 0.94, SD = 0.60, SE = 0.10, V = -3.02, pad j = 0.004, r =
0.55) speeds. No significant differences were found between the
PDEs with natural walking (M = 0.63, SD = 0.18, SE = 0.03) and at
0.8× (V = - 1.10, pad j = 0.271, r = 0.22) or 1.0× (V = - 1.57, pad j
= 0.117, r = 0.31) speeds. However, at 1.2× speed, participants
over-walked significantly compared to natural walking (V = 4.43,
pad j < 0.001, r = 0.56). In the Tilt 4 group (∼17◦), participants
again under-walked significantly at 0.8× (M = 0.84, SD = 0.30, SE
= 0.05) compared to 1.0× (M = 1.20, SD = 0.47, SE = 0.07, V =
-3.82, pad j < 0.001, r = 0.70) and 1.2× (M = 1.22, SD = 0.47, SE
= 0.07, V = -4.09, pad j < 0.001, r = 0.75) speeds. Again, PDEs at
0.8× speed was not significantly different from natural walking (M
= 0.60, SD = 0.26, SE = 0.04, V = 1.03, pad j = 0.228, r = 0.19).
1.0× speed (V = 2.47, pad j = 0.0039, r = 0.25) and 1.2× (V =
5.69, pad j < 0.001, r = 0.72) speeds resulted in significant over-
walking relative to natural walking. These findings are illustrated
in Figure 2(c).

The main effect of Actual Distances on PDEs was qualified by
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Figure 2: Experiment 1 results. Figure (a) shows the effects of Walking Conditions (0.8×, 1.0×, 1.2× normal treadmill walking speeds and
natural walking (NW)) on distance errors. Treadmill walking at 0.8× speed yielded estimates closest to natural walking. Figure (b) shows the
effects of Actual Distances (4 m, 5.5 m, 7 m), with participants generally underestimating distances across conditions. Figure (c) illustrates
the interaction between Walking Conditions and Tilt Groups (Tilt 0 = 0◦, Tilt 2 = ∼8.5◦, Tilt 4 = ∼17◦), showing that 0.8× speed produced
distance estimates most comparable to natural walking across all tilts. In all plots, the vertical error bars represent standard errors of the
means; horizontal bars marked with *, **, and *** indicate p < 0.05, p < 0.01, and p < 0.001.

significant interactions with both Walking Conditions, F(6, 179) =
3.85, p = 0.001, η2

p = 0.11, and Tilt Groups, F(4, 59) = 3.76, p =
0.009, η2

p = 0.17. However, post hoc Wilcoxon tests with Holm cor-
rections revealed no significant pairwise differences across Walk-
ing Conditions or Tilt Groups (ps > 0.053). Additionally, we ob-
served a significant three-way interaction between Walking Condi-
tions, Actual Distances, and Tilt Groups, F(12, 179) = 2.35, p =
0.007, η2

p = 0.14, as well as a four-way interaction including Walk-
ing Condition Orders, F(12, 179) = 2.12, p = 0.020, η2

p = 0.12.
Nonetheless, post hoc tests for both interactions did not yield any
significant differences between conditions (ps > 0.562 and ps >
0.570, respectively).

These findings suggest that the order of experiencing the natural
or treadmill walking locomotion methods, and the tilt angles of the
base platform had minimal effect on people’s distance perception.
Their overall underestimation of distances decreased with increas-
ing actual distances. However, across all tilt angles, walking at a re-
duced speed of 0.8× the normal treadmill speed resulted in distance
perception closely matching natural walking. In contrast, walking
at a faster speed (1.2×) led participants to significantly over-walk
compared to natural walking estimates. At normal speed (1.0×),
participants also over-walked at both the lowest (Tilt 0 or 0◦) and
highest (Tilt 4 or ∼17◦) tilt angles, but not at a medium tilt (Tilt 2
or ∼8.5◦), where judgments were comparable to natural walking.
This suggests that Tilt 2 enables distance judgment estimates com-
parable to natural walking when walking speed is maintained at or
below normal treadmill walking speed.

3.5.2 Cybersickness

Participants completed the Simulator Sickness Questionnaire
(SSQ) before and after each Walking Condition. The SSQ com-
prises Nausea, Oculomotor, Disorientation, and Total scores1. We
computed the change in cybersickness symptoms as the difference
between post- and pre-exposure scores for each Walking Condi-
tion. Shapiro-Wilk tests indicated non-normality across all score
differences—Nausea (W = 0.585, p < 0.0001), Oculomotor (W
= 0.7551, p < 0.0001), Disorientation (W = 0.744, p < 0.0001),

1Total SSQ score is computed as 3.74× (9.54×N+7.58×O+13.92×
D), where N, O, and D refer to the Nausea, Oculomotor, and Disorientation
sub-scales, respectively [37].

and Total SSQ (W = 0.709, p < 0.001)—while Levene’s tests con-
firmed homogeneity of variances—Nausea (p = 0.294), Oculomo-
tor (p = 0.304), Disorientation (p = 0.772), and Total SSQ (p =
0.449). Therefore, we applied ART to the difference scores and
conducted a 3 (Tilt Groups: 0◦, ∼8.5◦, ∼17◦) × 4 (Walking Con-
ditions: 0.8×, 1.0×, 1.2× treadmill speeds, and natural walking)
mixed-design ANOVA on the transformed data.

We found no significant main effect of Walking Conditions on
Nausea (F(3, 54) = 1.71, p = 0.17, η2

p = 0.09), Oculomotor (F(3,
54) = 0.28, p = 0.84, η2

p = 0.02), Disorientation (F(3, 54) = 1.15, p
= 0.34, η2

p = 0.06), or Total SSQ score differences (F(3, 54) = 0.44,
p = 0.72, η2

p = 0.02). Similarly, there were no significant main ef-
fects of Tilt Groups on Nausea (F(2, 18) = 0.51, p = 0.61, η2

p =
0.05), Oculomotor (F(2, 18) = 0.18, p = 0.83, η2

p = 0.02), Disori-
entation (F(2, 18) = 0.81, p = 0.46, η2

p = 0.08), or Total SSQ score
differences (F(2, 18) = 0.27, p = 0.77, η2

p = 0.03) (see Table S4 and
Table S5 in the supplementary material for descriptive statistics of
the main effects of Walking Conditions and Tilt Groups on the cy-
bersickness scores). Finally, we observed no significant interaction
effects between Walking Conditions and Tilt Groups for any of the
SSQ metrics: Nausea (F(6, 54) = 1.92, p = 0.09, η2

p = 0.18), Oculo-
motor (F(6, 54) = 1.51, p = 0.19, η2

p = 0.14), Disorientation (F(6,
54) = 1.63, p = 0.15, η2

p = 0.25), or Total SSQ score differences
(F(6, 54) = 1.78, p = 0.12, η2

p = 0.17).
Because frequentist statistics cannot confirm the null hypothesis

when results are non-significant, we conducted Bayesian ANOVAs
[62] for the models described above. See Section 8 in the Supple-
mentary Materials for more details. Across all models, evidence
favored the null hypothesis (BF01 range: 4–65), indicating moder-
ate to strong support for the absence of Walking Conditions or Tilt
Groups effects on cybersickness.

3.5.3 Post Hoc Regression Analysis
Across all platform tilts (Tilt 0, 2, and 4), distance estimates were
closest to natural overground judgments at a treadmill walking
speed of 0.8× participants’ normal sliding speed. Because we
tested only three speed gains, the true best-matching value might
lie between them. We therefore fit a linear regression predicting
mean PDE from walking-speed gain, pooling across tilts; tilt was
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excluded because it did not significantly affect distance judgments
or cybersickness. The analysis was statistically significant (F(1,
322) = 28.25, p < 0.01, R2 = 0.078, β = 0.874, 95% CI [0.55,
1.20]), indicating a reliable linear trend. However, the model ex-
plained little variance overall, but we expected this given the noisi-
ness of the distance error data. We overlaid the mean PDE from the
natural walking condition (0.66) onto the regression line and esti-
mated the corresponding treadmill speed using the formula: Esti-
mated speed = (meanPDENW - Intercept) / Slope, substituting val-
ues: (0.66−0.036)/0.874= 0.71. Our purpose with the model was
interpolation rather than broad prediction: it provided an estimate
that ∼0.7× treadmill walking speed would best replicate natural
walking in terms of distance estimation performance. This finding
is illustrated in Figure 3.

3.5.4 Discussion

In this experiment, we examined how variations in treadmill walk-
ing speed and base platform tilt angle influenced participants’ dis-
tance judgment accuracy and cybersickness, compared to their nat-
ural walking performance. Our findings indicate that neither tilt nor
treadmill speed induced severe cybersickness, not supporting our
hypotheses H1.1 and H1.3. This result contradicts prior findings by
Lohman and Turchet and Chakraborty et al. [10, 44], who reported
increased cybersickness at normal treadmill speed (1.0×). One pos-
sible explanation is that our distance estimation task involved walk-
ing in a straight line, minimizing turning. In contrast, prior studies
often employed triangle completion tasks requiring frequent turns,
which can increase cybersickness. Notably, Chakraborty et al. [10]
found significantly higher cybersickness in triangle completion than
in distance estimation tasks (p = 0.02), supporting the idea that turn-
ing increases discomfort.

Across all tilt groups, walking at 0.8× of participants’ normal
treadmill speed yielded distance judgments closely aligned with
natural walking. In contrast, higher speeds (1.0× and 1.2×) at
the lowest tilt (Tilt 0 or 0◦), the steepest tilt (Tilt 4 or ∼17◦), and
1.2× speed at the medium tilt (Tilt 2 or ∼8.5◦) led to overwalk-
ing compared to natural walking, consistent with prior evidence
that locomotion speed influences vection and distance perception
in VR [53, 70]. At Tilt 2, judgments were comparable to natural
walking at both 0.8× and 1.0× speeds. Informal feedback sug-
gested Tilt 2 felt more natural and less physically demanding than
Tilt 0, likely due to reduced effort to overcome friction, whereas
Tilt 4 was often described as more physically demanding, consis-
tent with research linking steeper inclines to increased muscular
effort in VR [10, 24, 54]. Although tilt had no significant main ef-
fect, these condition-specific patterns and subjective reports support
H1.2.

Consistent with prior studies [6, 10, 31, 36], participants gener-
ally underestimated distances during natural walking. The aver-
age underestimation rate in our study was ∼66%, slightly lower
than Kelly’s meta-analytic estimate of ∼73.48% across HMDs [34],
closely matching Chakraborty et al.’s ∼67% with a similar HMD
[10], and marginally better than Buck et al.’s ∼60% using an older
HTC VIVE Pro model [5]. Differences in eye height, HMD weight,
and field of view likely contribute to this variability [17, 34]. Prior
research has shown that omnidirectional treadmills often lead to
overwalking—e.g., ∼22% on the Cyberith Virtualizer Elite 2 [10],
and ∼56% on the Virtuix Omni [31]—likely due to challenges in
controlling balance and speed [64]. We observed similar trends:
significant overwalking (≥20%) occurred at higher tilt (Tilt 4) and
faster speeds (1.0×, 1.2×). In contrast, walking at 0.8× speed pro-
duced ∼29% underestimation—closely matching the ∼34% under-
estimation observed during natural walking. A regression analy-
sis further estimated that a treadmill speed of ∼0.7× most closely
replicates natural walking on the Cyberith Virtualizer Elite 2. To-
gether, these findings suggest that slower speeds and moderate tilt
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Figure 3: Linear regression of distance errors as a function of tread-
mill walking speeds (0.8×, 1.0×, 1.2× normal speed). The regres-
sion line (black) was fit to treadmill speeds only, with the shaded
region indicating the 95% confidence interval. A vertical purple
line marks the natural walking condition, plotted at 0.7× treadmill
speed, suggesting this speed best approximates natural walking dis-
tance perception in IVEs.

angles can support more naturalistic distance estimation on VR
treadmills.

Finally, although not directly addressed in the present study, par-
ticipants’ adaptation and familiarity with the treadmill may also in-
fluence performance. It is possible that extended training with such
devices could reduce errors in distance estimation or improve other
spatial tasks, which we have explored in the next study.

4 EXPERIMENT 2
Several prior studies show that users can recalibrate distance judg-
ments during natural walking after training on an omnidirectional
treadmill [1, 47, 48, 50]. Building on this work, Experiment 2 ex-
amined how training duration on the Cyberith Virtualizer Elite 2 (3,
6, or 9 minutes) affects the extent to which treadmill walking-based
distance judgments resemble those made during natural walking,
using distance perception and cybersickness as outcomes. Par-
ticipants were assigned to one between-subject Training Duration
group: short (3 min), moderate (6 min), or extended (9 min). Each
participant completed a distance estimation task under both tread-
mill and natural walking conditions (within-subject Walking Con-
dition), with condition order counterbalanced within each duration
group. Unlike Experiment 1, treadmill parameters were fixed for
all participants based on the preferred settings from Experiment
1: walking speed = 0.7× normal sliding speed and base tilt = Tilt
2 (∼8.5◦). Hardware, software, virtual environments, and proce-
dures matched Experiment 1 except that (i) treadmill walking speed
and base-platform tilt were held constant between training and dis-
tance estimation tasks and (ii) training duration varied by group,
i.e., training was time-based: participants repeatedly collided with
posts until a timer expired (3/6/9 min), rather than completing a
fixed number of 12 collisions as in Experiment 1. Similar to Ex-
periment 1, we computed PDEs of the distance estimation tasks for
both walking conditions and administered the SSQ before and after
each condition, using Post–Pre scores to quantify cybersickness.

4.1 Hypotheses
Most previous studies typically provided 3–10 minutes of treadmill
training before engaging participants in experimental tasks [10,68].
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Also, several prior studies have shown that participants can recal-
ibrate their distance judgments during natural walking after brief
training on an omnidirectional treadmill [1,47,48,50]. Building on
this literature, we proposed two hypotheses: H2.1: Higher train-
ing duration on the treadmill will lead to distance judgment perfor-
mance comparable to that of natural walking; and H2.2: Higher
training duration on the treadmill will lead to greater cybersickness
due to prolonged exposure to continuous movement in the IVE.

4.2 Participants
An a priori power analysis was conducted using G*Power to de-
termine the required sample size. We performed a repeated mea-
sures ANOVA with a within-between interaction F-test, assuming
a medium effect size ( f = 0.25), α = 0.05, power = 0.95, number
of groups = 3 (Training Durations), and number of measurements =
6 (2 Walking Conditions × 3 Actual Distances: 4 m, 5.5 m, 7 m).
The analysis indicated a minimum sample size of 36 participants,
consistent with prior studies [10,44,51]. Based on this estimate and
previous work, we recruited 40 participants. Data from four partici-
pants (2 male, 2 female) were excluded due to technical issues with
the HMD or treadmill, resulting in a final sample of 36 participants
(22 females, 14 males), aged 19–35 years (M = 24 years, SD = 10
years). Participants were evenly distributed across Training Dura-
tion groups (3, 6, or 9 minutes), with 12 participants per group:
8 females and 4 males in the 3-minute condition, 5 females and 7
males in the 6-minute condition, and 8 females and 4 males in the
9-minute condition. The study was approved by our institution’s
IRB. All participants provided informed consent and received 12
USD for participation.

4.3 Results and Discussion
Measures and data analysis for the current experiment were the
same as in Experiment 1. Before conducting quantitative analy-
ses, we screened the PDE data for outliers in the similar way men-
tioned in section 3.5. No outliers were identified for PDE, and all
data were retained for analysis. Following Experiment 1, we report
results in text and provide tables in the supplemental material.

4.3.1 Proportional Distance Error
Shapiro-Wilk test showed that the data were not normal (W = 0.985,
p = 0.023), but Levene’s test showed that the data were homoge-
neous (p = 0.953). So, we transformed the data using ART and ran
a 3 (Training Durations: 3 min, 6 min, and 9 min) × 2 (Walking
Conditions: Treadmill walking and natural walking) × 3 (Actual
Distances: 4 m, 5.5 m, and 7 m) × 2 (Walking Conditions Or-
der: Natural Walking First or Treadmill Walking conditions First)
mixed-design ANOVA on the mean PDE of the transformed data.

We found a significant main effect of Training Durations on
PDEs, F(2, 180) = 11.84, p < 0.001, η2

p = 0.12. Post hoc Wilcoxon
tests with Holm corrections showed that participants under-walked
significantly when they were trained on the treadmill for 9 mins (M
= 0.615, SD = 0.194, SE = 0.023) compared to both 3 mins (M =
0.78, SD = 0.27, SE = 0.032, V = 4.87, pad j < 0.001, r = 0.34),
and 6 mins (M = 0.71, SD = 0.24, SE = 0.03, V = 2.50, pad j =
0.026, r = 0.18). Participants also under-walked significantly when
they got a training of 6 mins compared to 3 mins (V = 2.36, pad j
= 0.026, r = 0.17). These results are visualized in Figure 4(a). We
also found a significant main effect of Walking Conditions, F(1,
180) = 11.10, p = 0.001, η2

p = 0.06. Participants under-walked sig-
nificantly more during natural walking (M = 0.644, SD = 0.12, SE
= 0.02) than treadmill walking (M = 0.76, SD = 0.25, SE = 0.04).
Finally, we also found a significant main effect of Actual Distances,
F(2, 180) = 6.27, p = 0.002, η2

p = 0.07. Post hoc Wilcoxon tests
with Holm corrections showed that participants under-walked sig-
nificantly more at 4 m (M = 0.64, SD = 0.20, SE = 0.02) compared
to 7 m (M = 0.76, SD = 0.28, SE = 0.03, V = -3.53, pad j = 0.002, r

= - 0.25). There were no significant difference between the distance
errors at 4 m and at 5.5 m (M = 0.70, SD = 0.23, SE = 0.02, V =
-2.04, pad j = 0.130, r = - 0.15), and at 5.5 m compared to 7 m (V
= - 1.49, pad j = 0.14, r = - 0.11). These results are visualized in
Figure 4(c). We did not find a significant main effect of Walking
Condition orders, F(1, 180) = 1.76, p = 0.186, η2

p = 0.01.
The main effects of Training Durations and Walking Conditions

were qualified by a significant interaction between these two vari-
ables on mean PDEs, F(2, 180) = 3.42, p = 0.035, η2

p= 0.04.
However, Post hoc Wilcoxon tests with Holm corrections found
no statistically significant differences between natural and tread-
mill walking at any of the training durations: at 3 minutes, tread-
mill walking: M = 0.87, SD = 0.30, SE = 0.51; natural walking: M
= 0.68, SD = 0.20, SE = 0.03; V = -1.86, pad j = 0.10, r = 0.137;
at 6 minutes, treadmill walking: M = 0.75, SD = 0.32, SE = 0.05;
natural walking: M = 0.67, SD = 0.13, SE = 0.02; V = 1.65, pad j =
0.15, r = 0.12; and at 9 minutes, treadmill walking: M = 0.65, SD =
0.23, SE = 0.03; natural walking: M = 0.57, SD = 0.14, SE = 0.02;
V = 0.88, pad j = 0.38, r = 0.06.

The main effect of Walking Condition was qualified by a signifi-
cant interaction with Walking Condition Order, F(1, 180) = 8.76, p
= 0.003, η2

p = 0.05. Post hoc Wilcoxon tests with Holm correction
revealed that for participants who experienced treadmill walking
first, walked significantly more during treadmill walking (M = 0.83,
SD = 0.31, SE = 0.04) than during natural walking (M = 0.62, SD
= 0.15, SE = 0.02, V = 4.20, pad j < 0.001, r = 0.55). However, for
participants who experienced natural walking first, the difference
in distance estimation errors between treadmill walking (M = 0.69,
SD = 0.26, SE = 0.03) and natural walking (M = 0.67, SD = 0.18,
SE = 0.02, V = 0.82, pad j = 0.41, r = 0.03) was not statistically
significant.

These findings suggest that a treadmill speed of 0.7× and
platform tilt Tilt 2 (∼8.5◦) produces distance judgments that
more closely match natural walking, although both conditions
showed overall underestimation of distances. While longer training
with this setup increased distance underestimation, treadmill and
natural-walking estimates remained comparable across training du-
rations, indicating that these parameters yield natural-walking-like
performance largely independent of prior training time. When dif-
ferences did emerge, participants tended to underestimate distances
less using treadmill walking than natural walking. This is notable
because natural blind walking is typically associated with distance
underestimation [17]; our results suggest that appropriately tuned
treadmill parameters can support recalibration to the virtual loco-
motion mapping in the IVE and improve distance-judgment accu-
racy.

4.3.2 Cybersickness
Shapiro–Wilk tests revealed non-normal distributions for all cyber-
sickness score differences: Nausea (W = 0.932, p = 0.00095), Ocu-
lomotor (W = 0.889, p < 0.001), Disorientation (W = 0.872, p <
0.001), and Total SSQ Score (W = 0.901, p < 0.001). However,
Levene’s tests indicated homogeneity of variances for all score dif-
ferences: Nausea (p = 0.779), Oculomotor (p = 0.758), Disorienta-
tion (p = 0.389), and Total SSQ (p = 0.729). Therefore, we applied
ART transformations to the data and conducted a 3 (Training Du-
rations: 3, 6, 9 minutes) × 2 (Walking Conditions: treadmill and
natural walking) mixed ANOVA on the transformed Nausea, Ocu-
lomotor, Disorientation, and Total SSQ differences.

We found a significant main effect of Walking Conditions on
Nausea differences, F(1, 32) = 4.95, p = 0.033, η2

p = 0.133, with
participants reporting greater nausea during treadmill walking (M
= 6.96, SD = 14.5, SE = 2.39) than natural walking (M = 2.45,
SD = 11.2, SE = 1.89). However, Walking Conditions had no sig-
nificant effect on Oculomotor (F(1, 32) = 0.04, p = 0.84, η2

p =
0.001), Disorientation (F(1, 32) = 0.06, p = 0.81, η2

p = 0.001),
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Figure 4: Experiment 2 results. Figure (a) shows the effect of Training Durations (3, 6, 9 minutes) on distance errors, with longer training
leading to greater underestimation. Figure (b) illustrates the effects of Walking Conditions—Treadmill Walking at 0.7× normal speed with
∼8.5◦ tilt (Tilt 2) vs. Natural Walking—revealing significantly greater underestimation during natural walking. Figure (c) represents distance
errors across Actual Distances (4 m, 5.5 m, 7 m), showing consistent underestimation regardless of locomotion type. In all plots, the vertical
error bars indicate standard errors of the means; horizontal bars marked with *, **, and *** denote p < 0.05, p < 0.01, and p < 0.001.

or Total SSQ score differences (F(1, 32) = 0.01, p = 0.90, η2
p =

0.04). Similarly, Training Durations had no significant effect on
Nausea (F(2, 32) = 0.75, p = 0.48, η2

p = 0.04), Oculomotor (F(2,
32) = 0.34, p = 0.71, η2

p = 0.02), Disorientation (F(2, 32) = 0.17,
p = 0.84, η2

p = 0.01), or Total SSQ score differences (F(2, 32) =
0.14, p = 0.87, η2

p = 0.01) (see Table S9 and Table S10 in the sup-
plementary material for descriptive statistics of the main effects of
Training Durations and Walking Conditions on the cybersickness
scores). No significant interactions were found between Walking
Conditions and Training Durations for Nausea (F(2, 32) = 0.06, p
= 0.94, η2

p = 0.004), Oculomotor (F(2, 32) = 2.32, p = 0.11, η2
p

= 0.13), Disorientation (F(2, 32) = 0.17, p = 0.85, η2
p = 0.01), or

Total SSQ score differences (F(2, 32) = 0.77, p = 0.47, η2
p = 0.05).

Overall, these findings suggest that although participants reported
greater nausea during treadmill walking than natural walking, the
preferred treadmill configuration (i.e., 0.7× normal walking speed,
and ∼8.5◦ base platform tilt or Tilt 2) did not lead to increased
cybersickness over time in the present task, as longer training dura-
tions did not lead to significantly higher Total SSQ scores.

4.3.3 Discussion
In this experiment, we examined how treadmill training duration
affects distance judgments relative to natural walking. Participants
completed 3, 6, or 9 minutes of training before performing the dis-
tance estimation task under both treadmill and natural walking con-
ditions. All participants used the preferred treadmill configuration
from Experiment 1 (0.7× normal sliding speed; Tilt 2, ∼8.5◦), cho-
sen to minimize differences between treadmill and natural walking.
Within each training-duration group, treadmill and natural walking
did not differ significantly. However, longer training led to greater
distance underestimation, contrary to H2.1. A plausible explana-
tion is fatigue: treadmill walking may become more effortful with
longer exposure, and participants also reported higher nausea dur-
ing treadmill walking than during natural walking. This accumulat-
ing discomfort may degrade spatial judgments over time. Despite
this trend, the mean error differences between walking conditions
were small and decreased with training (Mdi f f : 3 min = 0.19; 6 min
= 0.08; 9 min = 0.08), suggesting that 6 minutes of training may be
sufficient for users to achieve treadmill-based distance estimation
comparable to natural walking with this setup.

Interestingly, participants did not report severe cybersickness at

the preferred treadmill speed and platform tilt, regardless of train-
ing duration. This aligns with Mousas et al. [51], who found no
SSQ differences between natural walking and walking on the Vir-
tuix Omni. Although encouraging for the Virtualizer, this pattern
does not support H2.2, which predicted greater cybersickness af-
ter 9 minutes of training. In contrast, participants consistently re-
ported higher nausea during treadmill walking than during natu-
ral walking, independent of training duration, consistent with prior
work [10, 31, 44]. While the treadmill’s sliding may provide useful
body-based translational and rotational cues [63–65], it may also
reduce perceived control, contributing to nausea. Notably, even
with these preferred settings, longer training appeared to worsen
spatial judgments; thus, applications should avoid prolonged fa-
miliarization and instead use brief training—around 6 minutes may
suffice—before the main task.

Similar to Experiment 1 and prior research [6,10,31,36], partic-
ipants in this study also underestimated distances. With the tread-
mill set to the preferred speed (0.7×) and tilt (∼8.5◦), the under-
estimation was ∼76.3%. During natural walking, underestimation
was ∼64.4%, aligning with our previous findings in Experiment 1
(∼66%) and other studies [5, 10, 34]. In contrast to Chakraborty
et al., who observed ∼22% overestimation with a 1.0× treadmill
speed and ∼17◦ tilt (Tilt 4), our findings suggest that slower tread-
mill speeds yield distance judgments closer to those observed dur-
ing natural walking.

5 GENERAL DISCUSSION

Across two experiments, we investigated how treadmill walking
speed, base platform tilt, and training duration influence distance
perception and cybersickness when using the Cyberith Virtualizer
Elite 2 omnidirectional treadmill in IVEs. Our findings provide
clear, practical guidelines for configuring this device to support nat-
uralistic walking. Specifically, Experiment 1 showed that reducing
treadmill walking speed to 0.8× the participants’ normal walking
speed minimized cybersickness and produced distance judgments
comparable to natural walking. Further analysis identified a speed
of ∼0.7× and a moderate platform tilt of ∼8.5◦ (Tilt 2) as the pre-
ferred configuration for the treadmill. Experiment 2 validated this
setup by showing that training duration had no significant effect on
performance. With this setup, participants’ distance judgments dur-
ing treadmill walking were comparable to natural walking. Further
analysis suggested that at least 6 minutes of training is sufficient
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for users to adapt to the treadmill locomotion. Together, these find-
ings provide valuable guidance for researchers seeking to replicate
natural locomotion under spatial constraints using the current om-
nidirectional treadmill.

Previous studies using omnidirectional treadmills typically re-
lied on manufacturer-defined or fixed parameter settings, focusing
on whether treadmill walking improved or impaired performance
relative to other locomotion methods [10, 21, 22, 28, 31, 44, 51, 66].
For instance, Semaan et al. [66] reported substantial differences be-
tween treadmill and natural walking based on “several kinematic,
kinetic, and electromyographic measures,” raising concerns about
the sensorimotor fidelity of such systems. Similarly, Ruddle and
Lessels [64] noted that while omnidirectional treadmills provide
proprioceptive cues for translation and rotation, the vestibular feed-
back involved in rotational balance differs from natural walking.
Despite these insights, few studies have systematically manipulated
the configurable parameters of omnidirectional treadmills to deter-
mine optimal settings for simulating natural walking. In our stud-
ies, we addressed this gap by exploring how adjustments to base
platform tilt and walking speed on the Cyberith Virtualizer Elite
2 impact spatial perception. Our findings offer practical guidelines
for optimizing configurations of this treadmill to better approximate
natural walking on this device.

Prior studies have compared treadmill walking with popular vir-
tual locomotion methods such as steering, teleportation, and walk-
in-place [21,22,31,51]. In contrast, our work focused on optimizing
treadmill walking to achieve spatial knowledge acquisition com-
parable to natural walking, while minimizing cybersickness. Our
studies build upon work by Chakraborty et al. [10], who similarly
investigated treadmill and natural walking but did not explore pa-
rameter optimization. While a potential limitation of our approach
is the lack of direct comparison with other locomotion techniques,
as done in earlier studies, our findings provide baseline optimized
values for treadmill parameters that closely simulate natural walk-
ing. These values offer a solid foundation for future research to
compare optimized treadmill walking with other virtual locomotion
methods directly.

In Experiment 2, we used the preferred treadmill configuration:
a walking speed of 0.7× and a platform tilt of ∼8.5◦. The average
PDE was ∼0.76 across training duration groups. However, based
on the regression model from Experiment 1, this setup was expected
to yield a lower PDE of ∼0.66. The observed value was more
consistent with the prediction for a slightly faster speed (0.8×) in
Experiment 1. Despite this, the treadmill PDE in Experiment 2
was not significantly different from that of natural walking (overall
M = 0.64) within each training group, indicating that the prediction
was still reasonably accurate. One explanation for the discrepancy
is that the Experiment 1 model included data from all tilt levels,
whereas Experiment 2 used only Tilt 2. Notably, a model trained
solely on Tilt 2 data from Experiment 1 predicts a faster preferred
speed (closer to 0.9×).

These findings highlight that distance estimation is highly sen-
sitive to treadmill calibration. This fact was observed in the real
world by Reiser et al. [60] for distance estimation, and studied for
linear treadmills by Mohler et al. [48, 50] in VR. Our results gen-
eralize these results to omnidirectional treadills and emphasize that
developers should carefully consider how programmable parame-
ters such as speed and tilt interact to influence spatial perception.

Thus, beyond offering optimized parameters for the Cyberith
Virtualizer Elite 2, our findings carry broader implications for the
design of omnidirectional treadmills. The principles identified here
are likely generalizable to other omnidirectional treadmills such as
the Virtuix Omni, Kat Walk, or Infinadeck. These devices also rely
on sliding or stepping mechanisms that can benefit from careful pa-
rameter tuning, such as walking speed manipulation. Our findings,
therefore, offer broader guidance for designing naturalistic virtual

locomotion systems that support accurate spatial updating, mini-
mize cybersickness, and better replicate natural walking.

In summary, while prior studies have questioned whether tread-
mill walking can match the performance of natural walking, our
two studies challenge this view. By systematically optimizing key
parameters of an omnidirectional treadmill—walking speed, base
platform tilt, and training duration—we found that participants
could adapt effectively, resulting in distance judgments comparable
to natural walking while experiencing minimal to no cybersickness.
These findings offer valuable guidance for future researchers aim-
ing to achieve naturalistic locomotion using a Cyberith Virtualizer
Elite 2 omnidirectional treadmill in IVEs.

6 LIMITATIONS AND FUTURE WORK

One limitation of our study is the minimal rotational movement
by participants, as the blind-walking task required them to walk
straight toward targets. Prior work with greater rotational demands
on omnidirectional treadmills has reported higher cybersickness
[10,21,22,31,44], which may also affect spatial judgments. Future
work should therefore test whether users remain minimally cyber-
sick during rotation-heavy tasks (e.g., path integration [11, 33, 38])
under the preferred configuration identified here (i.e., ∼0.7× speed
and ∼8.5◦ platform tilt; Tilt 2). Another limitation is that these
preferred settings are specific to the Cyberith Virtualizer Elite 2.
Because many commodity-level omnidirectional treadmills lack a
tilt-able base, the optimal tilt may not transfer across devices. How-
ever, translation gain is adjustable on most systems, so future work
should test whether a similar gain (e.g., ∼0.7× of a user’s nat-
ural device-specific sliding/walking speed) can produce distance-
judgment performance comparable to natural over-ground walking
on other treadmills. We also did not evaluate Tilt 1 (∼4.25◦) or
Tilt 3 (∼12.75◦), and Experiment 1 tested only three speed gains
on the Virtualizer; broader sampling of speeds and tilts is needed.
Finally, we did not display a self-avatar during treadmill training.
Prior work suggests that a self-avatar can improve spatial percep-
tion in IVEs [41, 42]; examining this factor in our setting could be
interesting for future work.

7 CONCLUSION

Across two studies, we investigated the preferred walking speed,
base platform tilt, and training duration for effective adapta-
tion to the Cyberith Virtualizer Elite 2 omnidirectional treadmill
in distance estimation tasks. In Experiment 1, we found that
virtually reducing treadmill walking speed to 0.8× the normal
pace—regardless of tilt—reduced cybersickness and yielded dis-
tance judgments comparable to natural walking. Further analysis
suggested that a speed of ∼0.7× combined with an ∼8.5◦ platform
tilt (Tilt 2) would best match natural walking distance judgments.
With the preferred treadmill setup, Experiment 2 found that partici-
pants’ distance judgments during treadmill walking were compara-
ble to natural walking, regardless of training duration. Exploratory
analysis further indicated that at least 6 minutes of training suf-
fices for users to adapt to the treadmill locomotion method. These
findings provide practical guidelines for configuring the Virtualizer
treadmill in future research aiming for achieving comparable natu-
ral walking performance.
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SUPPLEMENTARY MATERIALS TO CAN TREADMILL WALKING REPLICATE NATURAL WALKING? OPTIMIZING SPEED, PLATFORM
TILT, AND TRAINING DURATION ON A CYBERITH VIRTUALIZER ELITE 2

Figure S1: Illustration of the blind-walking procedure used in the distance estimation task: (a) Participants viewed the initial position of
a virtual traffic cone. (b) After pressing a button on the controller, the HMD turned black. (c) Participants then walked naturally or on
the treadmill to the estimated location of the cone, with the HMD remaining blacked out throughout the walk. In the treadmill condition,
participants pressed the button again upon reaching their estimated location to record the data and initiate the next trial. In the natural walking
condition, the experimenter measured the walked distance of the participant using a tape measure and then guided them back to the starting
position while the HMD remained black. After returning to the starting location, participants pressed the same button on the controller to
start the next trial.

Figure S2: This figure illustrates a possible sequence for a participant in Experiment 1 who completed the treadmill walking phase before the
natural walking phase. After receiving instructions on wearing the specialized low-friction shoe covers and stepping onto the treadmill, the
participant began with a learning phase to acclimate to treadmill walking, followed by a pre-exposure simulator sickness questionnaire (SSQ).
The participant then completed a distance estimation task at one of three treadmill speeds (0.8×, 1.0×, or 1.2×), after which a post-exposure
SSQ was administered. This cycle was repeated for each of the three speeds. Pre- and post-exposure SSQs were collected before and after
each distance estimation task to assess changes in cybersickness. Upon completing all treadmill trials, the participant performed the distance
estimation task under natural walking conditions, again completing SSQs before and after the task. A similar procedure is also followed for
Experiment 2. However, instead of experiencing three different speeds for the treadmill walking, participants experienced only one speed,
i.e., 0.7× times the normal treadmill walking speed. A similar procedure was followed in Experiment 2, except participants experienced only
a single treadmill speed—0.7× their normal walking speed—instead of three varying speeds.
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Table S1: Descriptive statistics for pre-exposure, post-exposure, and their difference scores (Post – Pre) on the Simulator Sickness Question-
naire (SSQ) are shown for each Walking Condition in Experiment 1. The table reports Mean (M), Standard Deviation (SD), and Standard
Error (SE) for Nausea, Oculomotor, Disorientation, and Total SSQ scores.

Walking Condition Condition Nausea (M (SD, SE)) Oculomotor (M (SD, SE)) Disorientation (M (SD, SE)) Total SSQ (M (SD, SE))

0.8× Treadmill Walking
Pre-Exposure 6.81 (14.82, 3.23) 13.36 (27.74, 6.05) 15.25 (35.46, 7.74) 13.36 (28.74, 6.27)
Post-Exposure 6.36 (17.42, 3.80) 14.80 (33.34, 7.28) 19.89 (45.65, 9.96) 15.14 (35.05, 7.65)
Difference -0.45 (5.62, 1.23) 1.44 (10.34, 2.26) 4.64 (16.67, 3.64) 1.78 (9.87, 2.15)

1.0× Treadmill Walking
Pre-Exposure 5.00 (13.02, 2.84) 11.19 (26.43, 5.77) 15.91 (37.68, 8.22) 11.75 (28.07, 6.13)
Post-Exposure 7.27 (19.06, 4.16) 13.72 (34.04, 7.43) 21.21 (54.91, 11.98) 15.32 (38.41, 8.38)
Difference 2.27 (8.48, 1.85) 2.53 (9.69, 2.11) 5.30 (17.87, 3.90) 3.56 (11.50, 2.51)

1.2× Treadmill Walking
Pre-Exposure 1.82 (3.84, 0.84) 7.22 (10.85, 2.37) 11.27 (21.84, 4.77) 7.30 (10.48, 2.29)
Post-Exposure 5.91 (12.97, 2.83) 11.55 (21.25, 4.64) 16.57 (33.70, 7.35) 12.47 (23.99, 5.23)
Difference 4.09 (11.90, 2.60) 4.33 (15.64, 3.41) 5.30 (35.07, 7.65) 5.16 (21.04, 4.59)

Natural Walking
Pre-Exposure 5.45 (18.98, 4.14) 10.11 (27.26, 5.95) 17.90 (43.61, 9.52) 11.93 (32.16, 7.02)
Post-Exposure 2.27 (4.16, 0.91) 6.86 (10.14, 2.21) 10.61 (15.19, 3.31) 7.12 (9.67, 2.11)
Difference -3.18 (17.15, 3.74) -3.25 (20.42, 4.46) -7.29 (35.39, 7.72) -4.81 (25.92, 5.66)

Table S2: Descriptive statistics for pre-exposure, post-exposure, and their difference scores (Post – Pre) on the Simulator Sickness Question-
naire (SSQ) are shown for each Tilt Group in Experiment 1. The table reports Mean (M), Standard Deviation (SD), and Standard Error (SE)
for Nausea, Oculomotor, Disorientation, and Total SSQ scores.

Tilt Group Condition Nausea (M (SD, SE)) Oculomotor (M (SD, SE)) Disorientation (M (SD, SE)) Total SSQ (M (SD, SE))

Tilt 0 (0◦)
Pre-Exposure 6.16 (17.43, 2.52) 12.48 (29.06, 4.20) 18.56 (43.10, 6.22) 13.56 (32.29, 4.66)
Post-Exposure 7.15 (17.98, 2.60) 14.37 (32.24, 4.65) 20.01 (48.55, 7.01) 15.27 (35.57, 5.13)
Difference 0.99 (14.89, 2.15) 1.90 (18.20, 2.63) 1.45 (33.76, 4.87) 1.71 (22.86, 3.30)

Tilt 2 (∼8.5◦)
Pre-Exposure 1.70 (3.72, 0.70) 4.06 (6.01, 1.14) 6.96 (14.92, 2.82) 4.54 (6.22, 1.18)
Post-Exposure 1.70 (3.72, 0.70) 4.33 (6.66, 1.26) 8.45 (13.84, 2.61) 5.08 (5.95, 1.13)
Difference 0.00 (0.00, 0.00) 0.27 (3.85, 0.73) 1.49 (9.54, 1.80) 0.53 (4.16, 0.79)

Tilt 4 (∼17◦)
Pre-Exposure 7.15 (8.46, 2.99) 20.84 (24.23, 8.57) 22.62 (27.78, 9.82) 19.17 (22.48, 7.95)
Post-Exposure 8.35 (12.94, 4.57) 21.79 (25.44, 9.00) 29.58 (39.68, 14.03) 21.97 (27.59, 9.75)
Difference 1.19 (11.89, 4.20) 0.95 (16.43, 5.81) 6.96 (33.28, 11.76) 2.81 (20.75, 7.34)

Table S3: Descriptive statistics for pre-exposure, post-exposure, and their difference scores (Post – Pre) on the Simulator Sickness Ques-
tionnaire (SSQ) are shown for each Training Duration group in Experiment 2. The table reports Mean (M), Standard Deviation (SD), and
Standard Error (SE) for Nausea, Oculomotor, Disorientation, and Total SSQ scores.

Training Duration group Condition Nausea (M (SD, SE)) Oculomotor (M (SD, SE)) Disorientation (M (SD, SE)) Total SSQ (M (SD, SE))

3 minutes
Pre-Exposure 3.18 (8.75, 1.79) 3.79 (7.41, 1.51) 7.54 (13.60, 2.78) 5.14 (8.88, 1.81)
Post-Exposure 9.94 (16.99, 3.47) 12.63 (15.91, 3.25) 17.40 (26.68, 5.45) 14.80 (19.50, 3.98)
Difference 6.76 (9.94, 2.03) 8.84 (14.60, 2.98) 9.86 (21.12, 4.31) 9.66 (14.83, 3.03)

6 minutes
Pre-Exposure 8.74 (11.22, 2.29) 6.63 (8.46, 1.73) 11.60 (20.39, 4.16) 9.82 (12.02, 2.45)
Post-Exposure 13.12 (12.52, 2.56) 12.63 (11.54, 2.36) 14.50 (17.65, 3.60) 15.27 (12.47, 2.55)
Difference 4.37 (15.40, 3.14) 6.00 (14.31, 2.92) 2.90 (21.32, 4.35) 5.45 (16.58, 3.38)

9 minutes
Pre-Exposure 13.91 (24.03, 4.91) 19.27 (34.70, 7.08) 16.24 (30.63, 6.25) 19.32 (33.01, 6.74)
Post-Exposure 17.09 (24.20, 4.94) 25.27 (44.41, 9.06) 27.26 (45.43, 9.27) 26.49 (41.53, 8.48)
Difference 3.18 (13.69, 2.79) 6.00 (17.02, 3.47) 11.02 (29.88, 6.10) 7.17 (19.26, 3.93)

Table S4: Descriptive statistics for pre-exposure, post-exposure, and their difference scores (Post – Pre) on the Simulator Sickness Question-
naire (SSQ) are shown for each Walking Condition in Experiment 2. The table reports Mean (M), Standard Deviation (SD), and Standard
Error (SE) for Nausea, Oculomotor, Disorientation, and Total SSQ scores.

Walking Condition Cybersickness Nausea (M (SD, SE)) Oculomotor (M (SD, SE)) Disorientation (M (SD, SE)) Total SSQ (M (SD, SE))

Tredmill Walking
Pre-Exposure 11.66 (20.79, 3.47) 15.79 (29.29, 4.88) 15.47 (27.99, 4.67) 16.52 (28.12, 4.69)
Post-Exposure 13.51 (20.57, 3.43) 21.06 (38.31, 6.39) 20.88 (38.88, 6.48) 21.30 (35.75, 5.96)
Difference 1.86 (12.66, 2.11) 5.26 (18.73, 3.12) 5.41 (28.87, 4.81) 4.78 (19.70, 3.28)

Natural Walking
Pre-Exposure 5.56 (10.04, 1.67) 4.00 (6.14, 1.02) 8.12 (15.02, 2.50) 6.34 (9.50, 1.58)
Post-Exposure 13.25 (16.49, 2.75) 12.63 (10.87, 1.81) 18.56 (24.00, 4.00) 16.41 (15.97, 2.66)
Difference 7.68 (13.06, 2.18) 8.63 (10.59, 1.76) 10.44 (18.93, 3.16) 10.08 (13.13, 2.19)

13



Accepted at IEEE VR 2026

8 EXPLORATORY BAYESIAN ANALYSIS FOR CYBERSICK-
NESS IN EXPERIMENT 1

Frequentist statistics allow us to reject the null hypothesis in favor
of the alternative when significant effects are found. However, a
non-significant result does not provide evidence for the null hypoth-
esis. To evaluate whether no effect exists for Walking Conditions
and Tilt Groups on SSQ score differences, we conducted Bayesian
ANOVAs following Rouder et al. [62] (For ease of interpretation,
the same analysis was not conducted separately for Nausea, Oculo-
motor, and Disorientation score differences). In this analysis, Bayes
Factors (BF01) provide an odds ratio indicating support for the null
over the alternative hypothesis. A BF01 of 1 implies equal support
for both hypotheses (50%), whereas values greater than 3, 10, or
30 suggest ‘somewhat,’ ‘moderate,’ or ‘strong’ evidence in favor of

the null hypothesis. Given the sensitivity of Bayes Factors to prior
odds [43], we set prior odds to 1, ensuring no bias toward either
hypothesis [6].

Bayesian ANOVA revealed BF01 = 65.4 (± 1.08%) when com-
paring the full model including Walking Conditions, Tilt Groups,
and their interaction to the null model (random intercepts only), in-
dicating very strong evidence in favor of the null hypothesis. The
additive model (Walking Conditions + Tilt Groups) also showed
strong support for the null, with BF01 = 18.3 (± 1.56%). Main
effects models showed BF01 = 3.79 (± 0.49%) for Walking Con-
ditions and BF01 = 4.94 (± 0.73%) for Tilt Groups, both indicat-
ing moderate evidence for the absence of an effect. Overall, these
findings suggest that neither Walking Conditions nor platform tilts
influenced cybersickness in Experiment 1, and provide quantitative
support for the null hypothesis across all tested models.
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