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ABSTRACT 
The use of Head-Mounted Displays (HMDs) in Virtual Reality (VR) 
can cause gait disturbance problems for users because they are 
unable to see the real world while in VR. This is particularly chal-
lenging for individuals with mobility impairments who rely heavily 
on visual cues to maintain balance. The limited research that has 
been conducted on this issue has not focused on ways to solve it. IN 
this study, we investigated how diferent visual feedback methods 
afect walking patterns (i.e., gait) in VR. The study involved 50 par-
ticipants, including 25 individuals with mobility impairments due 
to multiple sclerosis and 25 without mobility impairments. The par-
ticipants completed timed walking tasks in both the real world and 
in VR environments that included various types of visual feedback, 
such as spatial, static, and rhythmic. The results showed that static 
and rhythmic visual feedback signifcantly improved gait perfor-
mance in VR for people with mobility impairments compared to no 
visual feedback in VR. The results will help to make more accessible 
virtual environments for people with mobility impairments. 
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1 INTRODUCTION 
Immersive Virtual reality (VR) technology using head-mounted 
displays (HMDs) has many applications, including education, phys-
ical ftness, rehabilitation, and entertainment. However, previous 
research has demonstrated that HMDs may negatively impact the 
walking patterns of users, as they obstruct peripheral vision. This 
is a major accessibility issue for individuals with mobility impair-
ments (MI) [11, 14, 38], because VR exacerbates their balance issues, 
potentially causing falls or injuries. Unfortunately, VR research and 
development have largely overlooked the needs of these individu-
als, resulting in exclusive and inaccessible experiences [3]. Despite 
these challenges, little research has been carried out to address 
these issues. 

VR technologies have previously been used for gait rehabilita-
tion. However, previous research has shown that immersive VR 
environments using HMDs decreased users’ gait stability, leading 
to increased near falls and stumbles [47]. Consequently, HMDs 
are not widely used in rehabilitation programs. Instead, projectors 
and large screens serve as the predominant display medium for 
these programs. However, prior research indicates that HMDs are 
more immersive than projectors and that users may feel a greater 
sense of presence [2]. Theoretically, HMDs could more efectively 
engage participants. Therefore, it is necessary to resolve the gait 
disturbance issues of users while wearing HMDs. 

To tackle these problems, our study explores the potential of 
various visual methods in immersive VR environments for individ-
uals with and without MI. Participants completed walking tasks 
utilizing GAITRite, to quantitatively analyze gait parameters. Our 
study aimed to improve the accessibility of HMD-based immersive 
VR using diferent kinds of feedback and assess its impact on gait 
performance in VR. Our major contributions include the following: 

• We investigated three visual feedback techniques (spatial, 
static, and rhythmic) for gait improvement in VR. A few 
studies investigated only one kind of visual feedback dur-
ing standing balance [10]. To our knowledge, no study has 
analyzed and compared three diferent visual techniques in 
immersive VR for gait improvement. 

• We recruited participants with mobility issues because of 
Multiple Sclerosis (MS), and participants without mobility 
issues. We had 50 people in our study (25 with MI due to MS 
and 25 without MI). 

https://doi.org/10.1145/3597638.3608406
https://doi.org/10.1145/3597638.3608406
https://creativecommons.org/licenses/by/4.0/
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2 BACKGROUND 

2.1 Gait Disturbances in Virtual Reality 
If there are deviations from a person’s baseline walking or gait, 
then those are referred to as gait disturbances. Gait disturbances 
include decreased walking velocity and cadence, asymmetrical step 
and stride lengths, increased step cycle, and swing times [19]. In 
previous research, virtual reality caused instability and gait distur-
bances [28]. In addition, the use of HMDs may cause individuals to 
lose their balance due to end-to-end latency. People can not see real 
world while using HMDs, which contribute to gait disturbances 
[29, 41]. In addition, long-term VR exposure led to postural insta-
bility [32]. Walking in a virtual environment (VE) can result in 
gait instability due to postural and gait instabilities [16]. In addi-
tion, Riem et al. [35] discovered that VR signifcantly altered stride 
lengths compared to baseline settings (p < .05). In other studies [42], 
VR has also been associated with imbalance and gait disturbances. 
Horsak et al. [18] analyzed the disparities in gait of 21 participants 
(male: 9, female: 12, mean age: 37.62 years) while walking in an 
HMD-based VE. Their fndings revealed that the HMD-based VE 
decreased walking pace by 7.3%. Canessa et al. compared real-world 
walking with immersive VR walking while using an HMD in their 
study [5]. Based on their fndings, they determined that walking 
speed was considerably (p < .05) slower in immersive VR than in 
the real world. Martelli et al. [28] used a VR HMD with visual feed-
back to examine how the gaits of healthy young adults are afected 
while walking in an immersive virtual environment. Twelve young 
and healthy adults walked for six minutes on a path in four dis-
tinct environments. Due to the disruption of the visual feld, stride 
length, breadth, and variability were diminished. Despite these gait 
disturbance issues in VR, there have been few attempts to address 
them in the past. Therefore, we focused on these gait disturbance 
issues to improve the immersive VR walking experience. 

2.2 Gait Improvement After VR Intervention 
Using Visual Feedback 

Higher walking velocity, cadence, step length, stride length, and 
shorter step time, cycle time, and swing time are indicative of en-
hanced gait performance [45]. Walker et al. [46] designed a low-cost 
VR system in enhancing mobility and balance in seven post-stroke 
patients. Participants were able to experience traveling along a city 
street using a television screen while using the treadmill. Position 
sensors afxed to the head were used to capture postural feedback. 
During the investigation, all participants wore an overhead suspen-
sion harness. Participants in the study were within a year of their 
stroke and had previously received conventional rehabilitation, but 
they also had signifcant gait issues. According to their fndings, 
there was a signifcant (p < .05) improvement in balance, walking 
velocity, and gait functionality following the study. They reported a 
10 % increase in Berg Balance Scale (BBS) scores, a 38 % increase in 
walking speed, and a 30 % increase in Functional Gait Assessment 
(FGA) scores. 

Janeh et al. [20] examine the efcacy of a VR-based gait manip-
ulation approach designed to modify stride length to attain gait 
symmetry. Using visual and proprioceptive cues, they were able 
to compare natural gait to walking conditions while engaging in 

VR-based gait activities. VR gait activities increased step width 
and swing time compared to natural gait. Moreover, Janeh et al. re-
ported that experiencing VR may enhance the gait performance of 
individuals with neurological disorders. As a consequence of their 
observations, they emphasized the signifcance of incorporating 
virtual walking techniques into rehabilitation. 

The gait rehabilitation approaches did not, however, employ 
immersive VR techniques with HMDs due to gait disturbance issues. 
In our study, we evaluated visual techniques to solve the issues. 

2.3 Gait Improvement Associated With HMDs 
for Participants With MI 

Winter et al. [48] explored an immersive, semi-immersive, and 
no-VR environment on treadmill training walking. The participants 
began their treadmill training without VR. Participants in the semi-
immersive VR condition used a monitor. Participants utilized HMDs 
to experience the same VR scenario in immersive VR condition. 
Immersive VR during gait rehabilitation increased walking velocity 
signifcantly (p < .001) more than semi-immersive VR and no VR 
conditions for both participant groups. The VR conditions did not 
induce cybersickness or a heart rate increase signifcantly. 

Additionally, Guo et al. [15] investigated the efect of VEs on 
gait in participants with and without MI using HMDs. For par-
ticipants with MI, walking velocity, step length, and stride length 
improved compared to the participants without MI. Other gait pa-
rameters were not substantially diferent between participants with 
and without MI. However, the HMD in their study had the periph-
ery unblocked, which may have made the imbalance efects less 
pronounced. 

Ferdous et al. [11] explored visual feedback to improve postural 
stability for participants with MS. They found balance improve-
ment for participants with MI in their study during standing balance 
activities. However, they did not examine the efect of visual feed-
back on walking patterns. The impact of visual feedback on walk-
ing in immersive VR with HMDs has, therefore, received insufcient 
attention. Prior studies concentrated on individuals without MI 
[9, 17, 24, 36, 39]. We investigated the efect of visual feedback on 
walking in participants with and without MI using immersive VR 
with HMDs. 

To summarize, visual feedback has been largely used in the non-
immersive environment using a mirror or desktop monitor (e.g., in 
the feld of rehabilitation). However, visual feedback methods in 
immersive VR for gait improvement have rarely been considered. 
Thus, we investigated the efect of diferent visual feedback methods 
on gait in immersive VR. 

3 METHODS 

3.1 Study Conditions 
Figure 1 shows the various visual feedback conditions investigated 
in our study. We wanted to see if the static method used in [40] 
works for increasing gait performance in immersive VR. We re-
cruited participants with MS who had less physical functioning and 
were prone to cybersickness with a lot of visual signals [30]. Thus, 
the texture in [40] was suitable for participants with MS as it was a 
simple ‘+’ surrounded by four L-shaped boundaries. That is why 
we decided to select the texture in [40] over other textures. We also 
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investigated the efects of rhythmic and spatial conditions, which 
were not explored in prior works. 

3.1.1 Non-VR Baseline: We measured participants’ gait while walk-
ing on the real-world GAITRite without any visual feedback for 
this condition. 

3.1.2 VR Baseline: Without any additional visual feedback, partici-
pants completed the virtual walking tasks. However, they could still 
see the VE the entire time. We utilized this to assess how the gait of 
participants is afected in immersive VR without any additional 
visual feedback. 

3.1.3 Spatial Visual Feedback: In order to maintain uninterrupted 
communication within the VR environment, our goal was to utilize 
a texture in the VE that minimizes obstruction to the VE. As a result, 
our texture was composed of fve compact static frames, featuring 
a central cross-hair and four L-shaped frames situated in each of 
the four corners. (Fig. 1(A)). The texture was attached to the front 
wall and did not move with the participant’s view. The texture was 
sufciently large to remain within the participants’ feld of view, 
even if they moved their heads slightly to the left or right. We were 
inspired by a previous study [22] in which the researchers examined 
the visual efect of a texture (a ’+’ sign in front of the participant) 
and optic fow on the participants’ balance. Due to the fact that the 
feedback in their study was a combination of spatial and optic fow, 
it was unclear to what extent spatial feedback afected balance. Also, 
their study was in a real-world environment and investigated the 
balance of the participants. However, we investigated the efect of 
spatial visual feedback on the gait of the participants in immersive 
VR using HMDs which was not the case in the previous study. 

Figure 1: Different visual feedback conditions used during 
walking in the virtual environment 

3.1.4 Static Visual Feedback: We utilized the same virtual static 
frame texture from the spatial condition. The texture was in the 
exact same location and dimension. This time, however, the tex-
ture moved with the participant’s view. For example, when the 
participant’s head tilted to the left or right, the texture also tilted 
to the left (Fig. 1(B)) or right (Fig. 1 (C)) to provide feedback to the 
participants that he was moving to his left or right. It was a form 
of a heads-up display resembling the reticle in popular VR games. 
We followed a prior work by [40] to implement this. However, no 
prior study investigated this kind of visual feedback to solve the 
gait disturbance issues in immersive VR. 
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3.1.5 Rhythmic Visual Feedback: This condition was similar to 
the previous static rest frame condition, except that the virtual 
static frame was displayed every one-second interval instead of 
continuously. We chose a one-second interval for rhythmic con-
ditions because it was efective in previous research on auditory 
feedback for maintaining balance in VR [25]. Previous research in 
VR [25] and non-VR [13] environments indicated that rhythmic 
auditory rhythms contributed to enhancing balance and gait. This 
motivated us to investigate rhythmic visual feedback, which was 
not explored before. 

3.2 HYPOTHESES 
This study investigated the efects of spatial, static, and rhythmic 
visual feedback conditions on gait in an immersive virtual environ-
ment. These approaches had never been directly compared to each 
other before. We were infuenced by prior research on gait distur-
bances in VR, visual feedback in the non-VR and VR environments, 
and three forms of audio and vibrotactile feedback (spatial, static, 
and rhythmic) in VR [25, 27] and non-VR contexts [7, 12, 13, 37, 44]. 
In addition, the following hypotheses were investigated based on 
prior research: 

H1: Unlike non-VR baseline without visual feedback, VR baseline 
without visual feedback will result in gait disturbances. 

H2: Spatial, static, and rhythmic visual methods will be efective 
in enhancing gait performance signifcantly more than the VR 
baseline without visual feedback conditions. 

H3: Static and rhythmic visual feedback will improve gait metrics 
more than spatial visual feedback. 

H4: While experiencing visual feedback in VR, participants with 
MI will experience greater gait improvement (e.g., walking velocity) 
than those without MI. 

3.3 System Description 
3.3.1 Computers, VR Equipment, and Sofware: We developed the 
virtual environments using Unity3D. Our experiment utilized the 
wireless HTC Vive Pro eye HMD, which had a refresh rate of 90 
Hz, a 110-degree feld of view, and a pixel resolution of 2160 x 1200. 
We used a computer with an NVIDIA GeForce RTX 2080 graphics 
card, an Intel Core i7 processor (4.20 GHz), and 32 GB DDR3 RAM. 

3.3.2 Safety Equipment: For the safety of our participants, we 
utilized a suspension walking system from Kaye Products Inc. that 
included a body harness, thigh cufs, and a suspension walker. 

3.3.3 Gait Analysis: Using the GAITRite walkway system, we col-
lected participants’ gait parameters. The system consists of a 12-
foot portable pressure sensor pad capable of measuring participants’ 
gait metrics during a walking test. The GAITRite walkway system is 
able to collect both spatial and temporal gait data from participants. 

3.3.4 Environment: During the investigation, a controlled labo-
ratory environment was utilized (>600 square feet). In order to 
minimize noise and any other disturbances from the adjacent envi-
ronment, the experimenter and the participant were allowed inside 
the room. The walking task environments in the real world and in 
VR have been shown in Figure 2. 
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Figure 2: Timed walking task: real environment (left) and 
virtual environment (right) 

3.4 Participants, Selection Criteria, and 
Screening Process 

Based on the study design and correlations found in previous studies 
[25, 26], we conducted a power analysis with a =.05, at 80% power, 
and an expected medium (.5) efect, which indicated that 44 partici-
pants will be required. To make up for any potential withdrawals, 
we recruited 50 participants from the local area. 25 people (male: 
12; female: 13; age range: 40-50) were afected by MS-induced MI. 
The remaining 25 people (male: 12; female: 13; age range: 40-50) did 
not have MI, or MS, and were comparable to the MI group in terms 
of age, weight, and height. 34.1% participants with MI were White, 
33.4% percent were Hispanic, and 32.5% were Black. There were 
33.4% White, 33.3% Hispanic, and 33.3% African Americans in the 
without MI group. Table 1 displays the participants details for those 
with and without MI. Each person could walk without assistance. 
We recruited people from MS support organizations, rehabilitation 
centers, hospitals, and local communities. The primary recruitment 
methods were telephone calls, email lists, websites, and fyers. 

Table 1: Participants details for both groups 

Participant 
Group 

ParticipantsAge (years)Height (cm)Weight (kg) 
Male Female Mean SD Mean SD Mean SD 

MI 12 13 45.3 5.0 163.97 4.32 78.19 4.99 
Without MI 12 13 44.87 4.6 163.74 4.18 79.03 4.86 

Screening Procedure: First, we conducted a phone interview with 
each potential participant to determine their eligibility for this 
study. To assess their cognitive abilities, for example, we asked 
them a few simple queries, such as the year and date, as well as 
demographic information. Those who labored to comprehend the 
queries or lacked English profciency were not selected. We then 
inquired as to the causes of their mobility impairment issues. In 
addition, we ensured that the participants in both categories were 
comparable in age, height, and weight. Participants who required 
assistance to stand or who were taking medications to improve 
their mobility impairment issues were excluded from the study. 

3.5 Study Procedures 
Institutional Review Board (IRB) at The University of Texas at San 
Antonio approved the study. Participants performed a COVID-19 

symptom screening questionnaire at the beginning. We informed 
the study procedure to the participants, and their consent was 
obtained. 

3.5.1 Pre-Study Qestionnaires. Participants completed an Activities-
specifc Balance Confdence (ABC) form [34] and an SSQ ques-
tionnaire [21] initially. Participants were required to remove any 
footwear that could impede the GAITRite apparatus. 

3.5.2 Real World Walking. A GAITRite walkway was used to mea-
sure gait metrics in this investigation. Participants were attached to 
safety harnesses. Then they started walking on the GAITRite with 
their comfortable speed. In addition, that had to take 180-degree 
turns at both ends. Participants step of the platform between trials, 
as the system cannot assess turns accurately. Three timed walking 
trials [43] were conducted for each participant, which were mea-
sured by the GAITRite software. 

Figure 3: Comparison between real environment walking 
(left) and virtual environment walking (right) for the timed 
walking task. 

3.5.3 Virtual Environment Walking. People walked on the virtual 
GAITRite using HMDs, which was overlaid on the physical GAITRite. 
HMDs were used to observe the VE and visual feedback. There 
were three trials for all visual conditions (e.g., spatial, static, and 
rhythmic) and a no-visual in VR condition. All study participants 
experienced the fve conditions in a counterbalanced order. They 
used the same harness as in the real environment. Figure 3 de-
picts a comparison of the participants’ walking in real and virtual 
environments. 

3.5.4 Post-Study Qestionnaires. Participants completed the same 
SSQ form as well as a demographic form at the end. All participants 
were paid $30/hour compensation and a parking validation permit. 

4 METRICS 

4.1 Gait Metrics 
In our study, we investigated the following gait metrics: 
- Walking Velocity: The distance traveled (cm) divided by ambula-
tion time (sec). 
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- Cadence: The number of steps taken per minute. 
- Step Time: The amount of time (sec) between the initial contact 
points of the opposite foot. 
- Step Length: The distance (cm) between the centers of the heels of 
two consecutive steps taken by opposing feet. 
- Cycle Time: The time (sec) between the initial contact points of 
the same foot’s two consecutive steps. 
- Stride Length: The distance (cm) between the steps of the same 
foot. 
- Swing Time: The time (sec) between a foot’s fnal contact point 
and its initial contact point. 
- Stance Time: The time (sec) between the initial and fnal contact 
points of a single footstep. 
- Single Support Time: This is the time (sec) between the fnal contact 
of the current footfall and the frst contact of the following footfall 
of the same foot. 
- Double Support Time: The time (sec) when both feet are on the 
ground. 
- Base of Support: The width between one foot and the progression 
line of the opposing footstep. 
- Toe-In/Toe-Out: The angle (degrees) between the progression line 
and the footprint’s midline. 

Relationship Between Gait Metrics: Walking velocity is the most 
important gait metric, as all other gait metrics are dependent on 
it. Gait disturbance occurs with a decrease in cadence, step length, 
and stride length and with an increase in step time, cycle time, 
and swing time, resulting in a decrease in walking velocity. Gait 
improvement occurs when cadence, step length, and stride length 
increase while step time, cycle time, and swing time decrease, re-
sulting in an increase in walking velocity. The GAITRite manual 
provides additional information on gait metrics, their relationships, 
and measurements [1]. 

4.2 Activities-specifc Balance Confdence (ABC) 
Scale 

It was used to evaluate the balance, mobility, and physical function-
ality of the participants. This questionnaire uses sixteen items to de-
termine whether an individual is capable of conducting daily tasks 
without losing balance [34]. Participants rated their confdence for 
a specifc activity on a scale ranging from 0% (not confdent) to 
100% (most confdent). The ABC Scale scores are computed by di-
viding the total number of ratings by 16. Below 50 on the ABC scale 
indicates limited functioning. In addition, scores between 50 and 80 
on the ABC indicate moderate levels of functioning, and if the score 
is above 80, then that is considered a high level of functioning. 

4.3 Simulator Sickness Questionnaire (SSQ) 
Using the Simulator Sickness Questionnaire (SSQ) [21], the cy-
bersickness of the participants due to exposure to a virtual envi-
ronment was evaluated. The SSQ assesses participants’ physical 
discomfort due to cybersickness using 16 symptoms organized into 
three distinct categories (disorientation, vertigo, and oculomotor 
disturbance). 

5 STATISTICAL ANALYSIS 
For each gait metric examined, the Shapiro-Wilk test (p >.05) and 
histograms revealed data normality for both participants with and 
without MI were normally distributed. Then, we conducted a 2�5 
mixed-model ANOVA in order to identify any signifcant diferences 
between study conditions where participants with and without MI 
are two between-subject factors and study conditions (non-VR base-
line, VR baseline, spatial, static, and rhythmic) are fve within-
subject factors. For post-hoc analysis, t-tests were conducted to 
determine the specifc diferences between the two study condi-
tions. For cybersickness analysis, we also conducted t-tests for both 
groups. In addition, we compared the ABC scores of both partici-
pant groups using t-tests to determine the diference in participants’ 
physical ability. We also applied Bonferroni corrections for multiple 
comparisons. 

6 RESULTS 
Among the twelve gait metrics studied, three gait metrics (walk-
ing velocity, step length, and stride length) improved signifcantly 
under static and rhythmic visual feedback conditions, whereas the 
remaining nine gait metrics did not signifcantly improve for the MI 
group. Gait metrics also varied signifcantly based on the conditions 
of visual feedback. We noticed no signifcant diference for without 
MI group. In addition, data for both the left and right legs were 
evaluated. There was no statistically signifcant diference between 
the left and right leg data. Thus, we averaged both legs data for the 
sake of simplifcation. 

We found a statistically signifcant diference in walking velocity 
from the ANOVA, F (4,119) = 56.26, p < .001; and efect size, �2 = 0.08. 
In addition, we discovered a statistically signifcant improvement 
in step length and stride length (p < .001). Then, we performed post 
hoc two-tailed paired t-tests for within-group comparisons and two-
tailed independent sample t-tests for between-group comparisons 
in order to identify diferences between specifc study conditions. 

6.1 Participants With MI: Within-Group 
Comparisons 

6.1.1 Non-VR Baseline vs. VR Baseline. Walking velocity was sig-
nifcantly lower in the VR baseline without the visual feedback 
condition (mean, M = 115.74, standard deviation, SD = 3.22) com-
pared to the non-VR baseline without the visual feedback condition 
(M = 125.75, SD = 3.89); t(24) = 9.64, p < .001; and efect size, Cohen’s 
d = 0.33. We also found a signifcant reduction in step length and 
stride length (p < .001). 

6.1.2 Spatial Visual vs. VR Baseline. There was no signifcant dif-
ference in walking velocity in the spatial visual feedback condition 
(M = 116.83, SD = 3.88) compared to VR baseline without visual 
feedback condition; t(24) = 1.87, p = .07, d = 0.14. There was no 
substantial diference for other gait metrics. 

6.1.3 Static visual vs. VR Baseline. Our results indicated that walk-
ing velocity was signifcantly increased in static visual than in VR 
baseline without visual feedback; t(24) = 10.2, p < .001, d = 0.71. We 
noticed a substantial diference (p < .001) in step length and stride 
length in static condition than VR baseline without visual feedback. 
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Figure 4: Walking velocity for all participants with MI 

Thus, static visual feedback outperformed the VR baseline without 
visual feedback. 

6.1.4 Rhythmic visual vs. VR Baseline. We obtained a signifcant 
increase in walking velocity in rhythmic than VR baseline without 
visual feedback; t(24) = 10.39, p < .001, d = 0.75. For step length and 
stride length, there was also a signifcant increase (p < .001). 

Figure 5: Step length for all participants with MI 

6.1.5 Spatial visual vs. Static visual. Experimental results revealed 
that walking velocity decreased in thespatial visual feedback con-
dition relative to static visual feedback condition; t(24) = 8.1, p < 
.001, d = 0.5. We discovered a statistically signifcant decrease (p 
< .001) in step length and stride length for spatial visual feedback 
condition than static visual feedback condition. 

6.1.6 Spatial visual vs. Rhythmic visual. We noticed a signifcant 
decrease in walking velocity in spatial than rhythmic visual feed-
back (M = 125.88, SD = 3.44); t(24) = 8.24, p < .001, d = 0.5. Also, step 
length and stride length for spatial visual feedback decreased signif-
icantly (p < .001) than the rhythmic visual feedback. The fndings 
showed that rhythmic visual feedback might be more benefcial for 
gait performance than spatial visual feedback. 

6.1.7 Static visual vs. Rhythmic visual. We did not fnd a signifcant 
diference in walking velocity between static and rhythmic visual 
feedback; t(24) = 1.86, p = .08, d = 0.14. We also noticed no signifcant 
diference in other gait parameters between static and rhythmic 
visual feedback conditions. Therefore, the study was equivocal as 
to whether rhythmic or static visual input is more efcient for 
improving gait performance. 

Fig. 4, 5, and 6 depict the comparisons across fve distinct study 
conditions for walking velocity, step length, and stride length, re-
spectively. 

Figure 6: Stride length comparison between study conditions 
for participants with MI 

6.2 Participants Without MI: Within-Group 
Comparisons 

Walking velocity was signifcantly lower in the VR baseline without 
the visual feedback condition (M= 126.375, SD = 3.1) compared to 
the non-VR baseline without visual feedback condition (M= 136.33, 
SD = 3.5); t(24) = 12.35, p < .001; and efect size, Cohen’s d = 0.33. 
There was a signifcant decrease (p < .001) in step length and stride 
length for the VR baseline without visual feedback condition. These 
fndings suggested that participants without MI experienced gait 
disturbances in VR environments. However, there was no signifcant 
improvement for any gait metrics with any of the VR-based visual 
feedback conditions (spatial, static, and rhythmic) for participants 
without MI. 
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6.3 Between Group Comparisons: Participants 
with MI vs. Participants Without MI 

We conducted independent sample t-tests to fnd any signifcant 
diference between the MI and without MI groups. We found a 
signifcant diference in walking velocity (p < .001) between indi-
viduals with and without MI. However, there was no signifcant 
diference in other gait metrics between MI and without MI groups. 

6.3.1 Non-VR Baseline Condition: MI vs. Without MI. Experiment 
results revealed a signifcant diference between non-VR baseline 
conditions for participants with MI (M = 125.75, SD = 3.89) and 
participants without MI (M= 136.33, SD = 3.5); t(49) = 9.91, p < .001. 
The results indicated that participants without MI had signifcantly 
greater walking velocity than participants with MI in the real-world 
environment without any visual feedback. 

6.3.2 VR Baseline Condition: MI vs. Without MI. We obtained a 
signifcant diference between VR baseline conditions for partici-
pants with MI (M = 115.74, SD = 3.22) and participants without MI 
(M= 126.375, SD = 3.1); t(49) = 11.64, p < .001. For both participant 
groups, walking velocity was signifcantly decreased in VR baseline 
conditions where there was no additional visual feedback. However, 
participants without MI had greater walking velocity than those 
with MI. 

Figure 7: A comparison of efect size between study condi-
tions for participants with and without MI 

6.3.3 Spatial Visual Condition: MI vs. Without MI. Our experiment 
results revealed a signifcant diference between spatial conditions 
for participants with MI (M = 118.83, SD = 3.88) and participants 
without MI (M= 127.83, SD = 3.75); t(49) = 9.24, p < .001. Similar to 
the VR baseline condition, walking velocity decreased signifcantly 
for both groups and without MI group had greater walking velocity 
than the MI group. Thus, the results indicated that spatial visual 
feedback conditions had no signifcant efect on any participant 
group. 

6.3.4 Static Visual Condition: MI vs. Without MI. We observed a 
signifcant diference between static conditions for participants with 
MI (M = 125.38, SD = 3.39) and participants without MI (M = 129.01, 
SD = 3.39); t(49) = 10.23, p < .001. Therefore, static visual feedback 
conditions improved walking velocity for participants with MI 
signifcantly. However, it had no signifcant efect on participants 
without MI. 

6.3.5 Rhythmic Visual Condition: MI vs. Without MI. Our exper-
iment results revealed a signifcant diference between rhythmic 
conditions for participants with MI (M = 125.88, SD = 3.44) and par-
ticipants without MI (M= 129.61, SD = 3.44); t(49) = 10.06, p < .001. 
Similar to the static condition, walking velocity for participants 
with MI using rhythmic visual feedback improved signifcantly, 
whereas it had no signifcant efect on participants without MI. 

Fig. 7 shows the efect size comparisons for participants with 
and without MI. 

6.4 ABC Scale Results 
Results revealed a signifcant diference between participants with 
MI (� = 69.88, �� = 19.36) and those without MI (� = 94.18, �� 
= 9.42), t(24) = 2.09, p < .001. Participants with MI scored 69.88%, 
indicating the MI participants were with a medium level of physi-
cal functioning. However, without MI participants scored 94.18%, 
confrming their high level of physical functioning. 

6.5 SSQ Results 
We did not notice a substantial diference in SSQ scores for both 
groups. While comparing the pre-study and post-study SSQ scores, 
we obtained t(24) = 1.46, p = .09, d = 0.14 for participants with MI, 
and t(24) = 1.17, p = .04, d = 0.11 for participants without MI. 

7 DISCUSSION 

7.1 Gait Disturbances in VR Without Visual 
Feedback 

Mixed ANOVA and posthoc t-tests for both participant groups re-
vealed that step length, stride length, and walking velocity reduced 
substantially (p < .001) in the VR baseline without visual condition 
compared to the non-VR baseline without visual condition. Thus, 
gait performance decreased without additional visual feedback, 
which supported our hypothesis H1. Previous research has shown 
that VR may produce imbalance, leading to gait disturbances for 
participants [16, 35, 42]. 

7.2 Gait Improvement in VR-based Visual 
Feedback Conditions 

For participants with MI, results revealed that static and rhythmic 
VR-based visual conditions increased walking velocity, step length, 
and stride length signifcantly (p < .001) compared to VR base-
line condition. However, spatial visual feedback conditions had no 
signifcant efect. We hypothesized that because the spatial visual 
feedback was fxed in the same position, it did not provide enough 
visual feedback. However, for static and rhythmic visual feedback 
conditions, the virtual texture moved with the participants’ view, 
which might have been very helpful for the participants to receive 
visual feedback. Thus, our hypothesis H2 was partially supported. 
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In addition, the efect size comparisons (Fig. 7) clearly showed that 
static and rhythmic visual feedback had a medium efect (Cohen’s d 
> 0.5) on participants with MI. For the walking tasks, we instructed 
participants to stay in the middle of the GAITRite and keep walking. 
The texture was set on both sides of GAITRite, aligned with the 
middle line of GAITRite. When participants moved a bit from the 
middle line of the GAITRite to their left or right, the texture also 
moved in the corresponding direction for static and rhythmic con-
ditions. Thus, the texture helped participants keep walking straight. 
When participants walked straight, they had better stride length, 
step length, and step time, which contributed to improved walking 
velocity. That might be another reason that the texture was helpful 
for improving walking performance. However, participants without 
MI experienced a small efect with the VR-based visual feedback 
conditions, and hence there was no signifcant improvement. Prior 
research reported that participants with MI more heavily rely on 
visual cues than the participants without MI [4, 33] which might be 
a reason that the visual cues were very efective for the MI group. 

Static and rhythmic visual methods were substantially (p < .001) 
better compared to spatial visual feedback conditions, which sup-
ported our hypothesis H3. Additionally, In prior research, static 
visual feedback was shown to be useful in the virtual world for 
improving balance [40]. However, they did not investigate any ef-
fect on gait disturbances. Prior studies reported that better postural 
control contributed to better gait performance [8, 49]. The texture 
used in [40] provided better postural control for participants with 
multiple sclerosis (MS), which might be one of the reasons that it 
provided better gait performance in our study. Also, earlier stud-
ies only examined only a specifc form of visual feedback, while 
this research compared four distinct types of visual feedback in 
immersive VR. 

7.3 Gait Diferences Between Two Groups 
All research conditions revealed signifcant variations in step length, 
stride length, and walking velocity between the two groups. There 
was no signifcant change in other gait metrics which aligned with 
our hypothesis H4 walking velocity, step length, and stride length 
were afected diferently for both groups. However, other gait met-
rics were afected similarly for both groups of participants. The 
fndings match with prior research [15] by Guo et al where they 
investigated the infuence of full-body avatars with canes on gait. 
Thus, they did not investigate the efect of any kind of visual feed-
back. 

7.4 Cybersickness 
No signifcant diference was found in SSQ scores for both groups, 
indicating that participants were not impacted by cybersickness. 
Participants might have been afected by mild cybersickness be-
cause our study consisted of fve conditions for the walking task, 
and three trials for each condition, which took around one and a 
half hours to complete. When engaging in VR activities for more 
than 10 minutes, cybersickness is prevalent [6, 23]. As there was no 
illusory self-motion, our environment was meant to be simple and 
cybersickness-free [31]. Therefore, we reasoned that cybersickness 
had no signifcant impact on the gait data. 

7.5 Practical Implications of the Findings 
As virtual reality technology develops, it provides creative solu-
tions for improving gait therapy and treating a range of locomotor 
problems. Additionally, VR-based gait therapies provide customized 
and fexible training schedules that may be adjusted in accordance 
with each patient’s unique demands and development, producing 
more successful and efcient rehabilitation outcomes. Furthermore, 
the incorporation of biofeedback devices in VR can deliver real-
time data on gait metrics, allowing patients and therapists to track 
progress and make required modifcations during the training pro-
cess. The fndings can thus be applied to enhance the overall quality 
of life for those who have gait abnormalities. If the user tasks were 
changed in our study, such as participants moving laterally, we 
would have got similar results. In any scenario, the visual feedback 
should be visible enough to the participants. 

7.6 Limitations 
In our study, all participants used harnesses for the whole study 
which might have afected gait performance. Thus, studies with no 
harness might fnd diferent results. 

We designed the rhythmic condition at one-second intervals. 
However, conditions for diferent time periods (e.g., two seconds) 
were not examined. Therefore, studies that provide "rhythmic" 
visual input in diferent intervals may fnd diferent results. We 
chose a 1-second interval for rhythmic conditions because it was 
efective in previous research on auditory feedback for balance 
improvement [25]. 

During the VR intervention, we assessed gait performance. We 
did not assess post-study gait efects. 

We recreated our exact real lab in VR to compare the gait perfor-
mance in the real lab with the performance in the same environment 
but in VR. Additionally, we could add a few other types of VR envi-
ronments. However, that would make the study potentially longer, 
and our participants with MS who had less physical ability might 
not be able to complete the study. 

We did not measure if the presented method has an efect on the 
participants’ immersion in the VR environment. 

8 CONCLUSION AND FUTURE WORK 
This study used head-mounted displays to test the impact of several 
visual input modalities (spatial, static, and rhythmic) on gait in 
immersive VR. In our research, static and rhythmic conditions sig-
nifcantly improved walking performance in immersive VR. Static 
and rhythmic visual feedback outperformed spatial condition sig-
nifcantly. There was no statistically signifcant diference between 
static and rhythmic visual feedback. As a consequence of these 
fndings, researchers will be better able to comprehend the various 
types of visual input for improving walking in an HMD-based VE. 
Furthermore, the results of this study may help designers create 
VR experiences that are more usable and accessible for those with 
mobility problems. In the future, we will investigate multimodal 
feedback to make real walking in VR more accessible. 
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