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Many users have shown increased postural instability while using Head-Mounted Displays
(HMDs) as HMDs block their real-world vision. People with balance impairments are
especially more affected by this as they depend more on their visual cues to maintain their
balance. In addition, balance is a good indication of cybersickness according to postural
instability theory. In this research, we have investigated how to use additional visual cues to
improve postural stability. Through conducting one user study in Virtual Reality (VR) and
Augmented Reality (AR), we have studied the effect of a Static Rest Frame (SRF) on
postural stability in persons with balance impairments due to Multiple Sclerosis (MS).
Results indicate that an SRF significantly improves postural stability in VR and AR for users
with MS. Based on these results, we propose guidelines for designing more accessible VR
and AR systems for persons with balance impairments.
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1 INTRODUCTION

Many consumer-level head-mounted displays (HMDs) are currently available and/or in
development used by a diverse population, including users with balance impairments. Previous
research has shown that HMDs (e.g., the Oculus, 2020) can potentially hinder the balance of users
with balance impairments while standing or walking as HMDs blocks peripheral vision (Guo et al.,
2014). However, there is not enough research targeted to solve this problem. We aim to improve the
postural stability in Virtual Reality (VR) and Augmented Reality (AR) for persons with balance
impairments in this research.

Many rehabilitation programs use VR to improve balance for people with balance impairments
(Sveistrup et al., 2003; Fulk, 2005; Lozano-Quilis et al., 2013; Nilsagård et al., 2013). However, VR
that uses HMDs often negatively affects the balance of users with balance impairments. Therefore,
HMDs are not popular in rehabilitation programs. Instead, projectors or large screens are mostly
used as display media in these programs. Previous research shows that HMDs are more immersive
than projectors and users may experience a higher presence (Moreno and Mayer, 2002).
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Hypothetically, HMDs could engage participants more
effectively. Therefore, the imbalance problems of users with
balance impairments while wearing HMDs need to be addressed.

Previous research shows that users have decreased postural
stability in an immersive Virtual Environment (VE) that uses an
HMD. Samaraweera et al. (Samaraweera et al., 2015) reported
that participants have increased near falls and stumbles in VR. In
other researches, positive effects of SRF were observed to improve
presence (Prothero, 1998) and depth perception (Jones et al.,
2013) and reduce cybersickness (Prothero, 1998; Chang E et al.,
2013; LaViola, 2000). Based on these previous researches, we
hypothesize that a Static Rest Frame (SRF), a subtle yet effective
visual feedback, can improve postural stability. Baram et al.
successfully demonstrated the positive effect of visual feedback
on improving gait (i.e., walking patterns) for persons with balance
impairments (Baram and Miller, 2006). Their research used a
virtual grid on the floor to show that an additional visual cue,
rendered from the perspective of the users’ view, improved gait in
persons with Multiple Sclerosis (MS). The reason can be that
persons with vestibular (i.e., balance perception in the inner ear)
impairments and neuropathy (e.g., numbness) depend more on
their visual feedback to maintain balance (Corporaal et al., 2013).
Therefore, additional visual cues may improve a user’s postural
stability. Being inspired by the previous work on the perceptual
benefits of SRFs, our first study investigates how an SRF in an
HMD affects postural stability for persons with balance
impairments in VR.

To ensure undisturbed interaction in the VR, we wanted to use
an SRF that minimally blocks the VE. Therefore, our SRF consists
of five small static frames (one cross-hair in the middle and four
L-shaped frames in four corners). Figure 1 shows the static
positioning of the SRF regardless of participants’ left or right
rotation. Figure 1 also shows a dodgeball game used to analyze
the effects of an SRF on the postural stability of persons with
balance impairments.

In this article, we presented two studies to improve postural
stability in VR and AR for persons with balance impairments,
such as users with MS (see Section 3.2.1). The results of the VR
study were published in a previous conference (Ferdous et al.,
2016). The AR study data and results and the comparison
between AR and VR study data are the unique contributions
of this article. The VR study and results are also described in this
article to provide the whole context. That is, Section 4 extends the
published work described in Section 3. For the first study, we
recruited seven users without impairment and seven users with
balance impairments caused by MS to examine the effect of SRF
in VR. We analyzed their Quiet Stance Balance (QSB) and
Functional Balance (FB) while in the VE. QSB is defined as
standing balance on a stable support surface. It is inspired by the
Romberg test (Khasnis and Gokula, 2003). In the Romberg test,
participants have to stand still with their eyes closed, feet together,
and arms at the side while their balances are measured. FB is
inspired by the multidirectional reach test (Newton, 2001). In a
multidirectional reach test, a participant has to reach the front
and back and lean side to side to their maximum reach with his
feet flat on the floor. In our study, we only investigated
participants’ FB for leaning side to side, which was proven to

be an effective means of balance training (Bisson et al., 2007). Our
first study results suggest that participants with balance
impairments have a significantly improved balance in VR,
while there is an SRF in the VE.

After discovering an SRF’s benefits to balance in consumer-
level VR HMDs, we hypothesized that an SRF might also have
similar benefits in the latest consumer-level augmented reality
HMDs, such as the Microsoft HoloLens. AR HMDs do not block
the periphery as the VR HMDs do. Therefore, the participants
will get an additional cue from their peripheral vision to maintain
balance in AR HMDs. We ran a follow-up study to determine
SRF’s effect in AR. Additional visual feedback in augmented
reality was useful in improving functional mobility for people
with Parkinson’s disease (Kaminsky et al., 2007). There are
augmented reality cueing devices available for improving gait
in patients with Parkinson’s disease (Espay et al., 2010).
Therefore, our result from the VR study and previous
literature on using visual cues in augmented reality motivated
us to investigate the effect of SRFs in AR. We found that the SRF
improved balance in AR.

2 BACKGROUND AND RELATED WORK

2.1 Balance and Multiple Sclerosis
People rely on three inputs for maintaining balance:
proprioception, vestibular organ information, and the major
contributing factor, which is vision (Hansson et al., 2010).
When the vision is limited, postural sway is increased in
people with MS more than people without MS (Van Emmerik
et al., 2010). Moreover, when vision is compromised, people rely
more on proprioceptive feedback, and proprioceptive
impairments often affect balance in patients with MS (Rougier
et al., 2007). Therefore, altering the major contributing factor
(i.e., vision) can potentially affect balance for people with MS.
This also opens the possibility of providing additional visual cues
to improve balance, where visual information is altered or
insufficient.

2.2 Virtual Reality and Rehabilitation
VR is becoming popular in the rehabilitation of balance
impairments. Fulk et al. used VR to improve gait speed, gait
endurance, and balance improvement (Fulk, 2005). Lozano-
Quilis et al. developed REOVIEM, a system that uses VR and
natural user interfaces for motor rehabilitation exercises (Lozano-
Quilis et al., 2013). Nilsagård et al. proved the usability of
Nintendo Wii games for balance and gait rehabilitation
(Nilsagård et al., 2013). Sveistrup et al. showed a comparison
of a VR-delivered exercise program to a conventional exercise
program for the rehabilitation of shoulder joint range of motion
in patients with chronic frozen shoulder and discussed the
possibility of using VR in rehabilitation (Sveistrup et al., 2003).

2.3 Balance in Immersive VR
It is unknown what causes an imbalance in HMDs or how to
mitigate these effects, but it is known that many users often
experience an increased imbalance in immersive VR with HMDs.
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For example, for both persons without impairments and
persons with balance impairments (Guo et al., 2014),
Samaraweera et al. (Samaraweera et al., 2013) found that
most users experienced reduced gait (i.e., walking patterns)
performance; for example, they walked slower and took shorter
strides in VR compared to the real environment. This could be
indicative of more cautious behavior due to increased
imbalance. Kennedy et al. showed that postural instability

due to VR exposure is similar to alcohol-induced ataxia
(Kennedy and Stanney, 1996). They developed an objective
measurement of postural stability based on head movement to
certify a VR system’s safety. Horlings et al. reported that VR
causes an increase in postural sway in amplitude similar to that
caused by closing the eyes (Horlings et al., 2009). The postural
instability can linger even after the completion of VR exposure
(Champney et al., 2007).

FIGURE 1 | A participant playing the dodge ball game and his view in VR with a static rest frame as he shifts his balance to the right or left. The figure shows an
author who is posing as a participant. He gave consent to publish this image.
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2.4 Cybersickness and Balance
The postural instability theory is a widely cited theory that
describes postural instability as a cause of cybersickness
(Riccio and Stoffregen, 1991). Riccio et al. categorized the
environmental situations responsible for postural instability
into four categories: low-frequency vibration, weightlessness,
changing relationships between the gravitoinertial force vector
and the surface of support, and altered specificity. LaViola
et al. suggested altered specificity to be the cause of
cybersickness (LaViola, 2000). In an altered specificity
situation, Riccio et al. described that a person might exert
muscular efforts to resist an optically specified acceleration.
Moreover, overall body posture is strongly influenced by
optical stimulation (Lee and Lishman, 1975). Persons with
MS face more difficulty in muscular movement than persons
without impairment (Bakshi, 2003) and have worse balance in
VR. Thus, persons with MS may be more prone to
cybersickness than persons without impairment.

Kennedy et al. developed the Simulator Sickness
Questionnaire (SSQ) (Kennedy et al., 1993), which is widely
used to measure cybersickness. SSQ measures cybersickness
using three subscales: Nausea, Oculomotor, and Disorientation.
Kennedy et al. reported that disorientation is strongly correlated
with postural stability (Kenney et al., 1997).

2.5 SRF to Reduce Cybersickness
Prothero showed that SRFs could improve persons’ presence and
reduce cybersickness in VEs (Prothero, 1998). He argued that
humans have a strong perception of stationary things (e.g., we
perceive the earth as stationary). He asserted that humans
interpret relative motion to find if an object is moving.
Therefore, humans need a rest frame to imply if the object in
question is moving. In real life, the earth’s surface works as a rest
frame, and we perceive relative motion with respect to the earth’s
surface. Therefore, we hypothesize that additional static rest
visual cues may aid in persons’ balance. Results from
Prothero’s study support the hypothesis that the inclusion of
an SRF improves presence and reduces cybersickness. His
findings of improved presence motivated us to research the
balance of persons in VEs.

Chang et al. demonstrated that an SRF consisting of one or
several frames can be beneficial to lessen cybersickness
indications (Chang E et al., 2013). They presented that the
presence of an SRF changes one’s perception of the VE, and
this change of perception may be the cause of reduced
cybersickness. Therefore, with the change of perception, the
SRF may impact the balance of a person.

2.6 SRF to Improve Depth Perception
Jones et al. showed that applying static white light at the periphery
of the VE display improves a person’s ability to judge distance
(Jones et al., 2013). The static light was also useful when a person
estimates virtual space size using a visual scale task. Distance
judgment ability or depth perception plays an essential role in a
person’s balance (Lord, 2006). Therefore, the finding of Jones
et al. in improving depth perception using a static light may also
be applicable to improve balance. A similar effect may be

achieved using an SRF as it is also static though it uses frames
instead of lights.

All of the works described before in this section successfully
used an SRF in different aspects of VR (e.g., presence,
cybersickness, and depth perception). However, none of these
previous researches focused on the balance of users in VR.
Therefore, the success of previous researches leads us to the
primary research goal of our first study, that is, investigating the
effect of an SRF in VR on QSB and FB of users, primarily focusing
on users with MS.

2.7 Augmented Reality and Rehabilitation
In general, showing additional visual cues in AR can help improve
the mobility of people with mobility impairments. For example,
AR was found to be useful in improving functional mobility for
people with Parkinson’s disease (Kaminsky et al., 2007). The
authors used virtual cueing spectacles to mimic kinesia
paradoxa—a sudden, brief period of mobility under certain
circumstances (Banou, 2015). Kaminsky et al. used spectacles
that consist of a light-emitting diode that generates a series of
horizontal lines, and the lights are reflected off a lens into the
wearer’s eye. Other types of AR cueing devices have also been
used to improve gait in people with Parkinson’s disease (Espay
et al., 2010). These authors used visual cues that mimic a life-size
virtual checkerboard-tiled floor. These checkerboards have a
similar impact as earth-stationary cues (i.e., a real tiled floor)
for improving gait. Rather than gait, our research specifically
investigates balance in AR and the effects of SRFs.

3 EFFECT OF STATIC REST FRAME IN
VIRTUAL REALITY

As the first step of our investigation, we focus on improving
accessibility in VR. Inspired by the background works described
in Section 2, we aimed to investigate our hypotheses with the help
of a game we designed. The following subsections will describe
our VR study in detail.

3.1 Hypotheses
The goal of this research is to improve the postural stability in VR
and AR for persons with balance impairments. We broke down
our research goal into two parts and conducted two studies: a VR
study and an AR study. As a part of the VR study, we need to
analyze each person’s QSB and FB in VR and find out the effect of
the SRF on balance. Based on the known advantages of SRFs from
the literature, the following hypotheses are to investigate the
effects of SRFs on balance in VR:

H1: An SRF will significantly improve balance in VR for users
with balance impairments.
H2: The balance of persons with balance impairment will be
more affected by VE than that of persons without balance
impairments.
H3: Persons with balance impairment experience different
levels of severity of cybersickness compared to persons
without impairments.
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3.2 Methods
3.2.1 Participants and Selection Criteria
For the first study, we recruited seven participants without
impairment and seven participants with MS to investigate the
effect of the SRF while in VR on their QSB and FB. All
participants were informed of the study procedure, and they
provided written consent in accordance with the Institutional
Review Board of the University of Texas at San Antonio (UTSA
IRB #14–095). The experimental group consisted of persons with
MS, and the control group was comprised of persons without any
balance impairment. The participants without impairment came
from a similar demographic background and had similar height
and weight to the participants with MS. Every participant had a
normal or corrected to normal vision. To keep the level of
disability for the persons with MS homogeneous, we recruited
persons who had an Expanded Disability Status Scale (EDSS)
(Kurtzke, 1983) between 3 and 4.5. EDSS is measured from 0 to
10, where 0 means normal neurological state and 10 means death
due to MS. Any person with severely blurred vision, vestibular
diseases (non-MS related), psychiatric disorders, cognitive
impairment, or cardiovascular and respiratory disorders were
excluded from the study.Table 1 shows the mean (SD) age, EDSS,
and other detailed information about the participants.

3.2.2 Study Conditions
QSB and FB in VR are the conditions that we examined in this study.
QSB data were assessed with the SRF (QSB-SRF) and without the
SRF (QSB-NoSRF) in the VE (see Section 3.2.4). FB data were also
measured with the SRF (FB-SRF) and without the SRF (FB-NoSRF).
The order of the subconditions (with or without the SRF) was
counterbalanced and assigned randomly among the participants. In
addition to these conditions, there were two baseline conditions in
our study: Eyes Open (EO) balance and Eyes Closed (EC) balance.
We compared the data from QSB-SRF and QSB-NoSRF conditions
with the baseline conditions. Berg Balance Scale (Berg et al., 1989)
and Tinetti Performance-Oriented Mobility Assessment (Tinetti,
1986) showed that EO andEC are effectivemeasurements of balance.

We developed a virtual representation of the physical room
where the experiment took place. Participants experienced the
virtual representation in QSB-SRF and QSB-NoSRF conditions
while their balances were being measured. In FB-SRF and FB-
NoSRF conditions, they played a VR game where a virtual
bowling machine shot tennis balls toward their heads and they
dodged the balls by moving their head from side to side.

3.2.3 System Description
We designed a system with a Nintendo Wii Fit Balance Board to
measure the participants’ balance in different study conditions as

described earlier (see Section 3.2.2). Many studies showed the
validity and reliability of theWii balance board as an effective tool
to measure balance (Clark et al., 2010; Chang WD et al., 2013).
We supported all the participants with a harness attached to a
partial weight-bearing support system to prevent them from
sudden falls as half of our participants have mobility
impairments. Both the harness and the suspension system
were from (Kaye Products Inc, 2020).

The VR system was designed using Unity 5, a multiplatform
game development system from Unity Technologies. The fully
immersive VEs were rendered using an Oculus Rift DK2, an
HMD developed by Oculus VR. The Oculus Rift DK2 has a
resolution of 960 × 1,080 pixels per eye with a refresh rate of
60 Hz and a 100° field of view (FoV). Microsoft Kinect 2V tracked
the movement of the participants using the depth sensor. Kinect
2V has a depth resolution of 512 × 424 pixels with a 30 Hz refresh
rate and 70 × 60 FoV.

A high-performance computer generated the VEs and
recorded the data of the experiment. The system was equipped
with Intel Core i7 processor (2.50 GHz), 16 GB DDR3 RAM,
NVIDIA GeForce GTX 860M graphics card with 2 GB of
dedicated video memory, and a Windows 8.1 Pro operating
system.

3.2.4 Virtual Environment
We developed a VE that was a virtual representation of the room
where the experiment took place. According to previous studies,
participants feel a higher presence in a VE if the VE is similar to
the surrounding physical room (Bouchard et al., 2006). Figure 2
shows the VEwith the SRF. In our VR system, participants moved
their upper body to move an avatar’s upper body in the VE.
Participants’ joints from the hips up were tracked by a Kinect
depth sensor, and the avatar’s respective joints replicated the
participants’ movement. As the participant’s lower body
remained in a fixed position during the game and the Kinect
joint data for the lower body were less accurate, the lower body
from the hips down was not tracked. Figure 3 shows a
participant’s view when he looks down to see his body and
extends his arm to experience the responsiveness of the
avatar’s hand movement.

In FB-SRF and FB-NoSRF conditions, participants played a
dodgeball game. There was a virtual bowling machine that shot
virtual tennis balls toward a participant’s head. Participants lean
on left or right while maintaining their balance to avoid the balls
from hitting them in the face. The virtual bowling machine shot
one ball every 1.5 s, and the ball took 1 s to travel from the
bowling machine to the participant’s head. The game determined
the position of the participant’s head using Kinect at the time of

TABLE 1 | Descriptive statistics for participants’ information.

Participant group No. of
males

No. of
females

Age (Years) Weight (lbs.) EDSS

Mean (SD) Mean (SD) Mean (SD)
Participants with MS 0 7 51 (6.1) 187 (74.4) 4.43 (0.19)
Participants without impairment 2 5 56 (9.9) 193 (39)
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the shooting and shot the ball in the direction of the participant’s
head. As the participant just dodged the previous ball by leaning
on one side (left or right), the next ball will go toward that side
(left or right). Therefore, the participant had to move to the other
side to dodge the next ball. To break this rhythm, after shooting
ten balls, the virtual machine paused for 1 s before shooting
another set of ten balls. Participants heard different auditory
feedback based on hit or miss. Figure 1 shows a participant
playing the game. The game showed the scores (e.g., number of
hits and misses) and information about the game on the wall of
the virtual room. The total duration of the game was 120 balls.We
used tennis balls that were well-textured, randomly rotated
around their own axis, and illuminated using spotlights. This
was done to facilitate depth perception in the game. A real-time
reflection probe in the VE also increased depth perception by
changing the lighting of the floor with the movement of
participants. Participants played the game in two conditions,
with the SRF and without the SRF. Figure 4 shows a virtual

bowling machine, which is shooting tennis balls in a VE without
the SRF condition. The frame rate of the game was approximately
60 FPS.

3.2.5 Study Procedure
The study procedure consisted of the following five
consecutive steps.

3.2.5.1 Consent and Prestudy Questionnaire
A participant started the study by signing a consent form, filling
out an Activities-Specific Balance Confidence (ABC) (Powell and
Myers, 1995) and a SSQ.

3.2.5.2 Baseline Data Measurement
We measured two baseline balance data conditions in the study:
EO and EC. Participants stood quietly on aWii Fit Balance Board,
gazed straight ahead with eyes open. Their balance data were
measured for 40 s. The same process was repeated for the EC
condition. Participants were supported by a harness the whole
time. The order of the EO and EC was counterbalanced. Between
the two conditions, participants were released from the harness,
and they sat for at least 1 min to rest.

3.2.5.3 Quiet Stance Balance Measurement
The process for measuring the QSB is the same as the EO balance.
Instead of observing the real room, participants observed the
virtual representation of the room using an HMD. This process
was repeated with and without the SRF, and their order is
counterbalanced. In these conditions, their balance data were
measured with the Wii balance board for 40 s. Again, they rested
for at least 1 min between the conditions.

3.2.5.4 Functional Balance Measurement
To measure FB, we instructed the participants to play the virtual
dodge ball game (see Section 3.2.2). First, there was a 1min
training mode for the game. The purpose of the game is to make

FIGURE 3 | Participants’ view of their avatar when they look down and
extend their arms to experience responsiveness of the avatar arms with the
movement of their arms.

FIGURE 4 | Bowling machine is shooting balls toward the head of the
participants. This VE does not have the SRF.

FIGURE 2 | The VE observed by the participants through HMD with
an SRF.
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the participants comfortable with the gameplay. Once they were
comfortable with the game, data measurement began while they
played the game for 3 min. This process was repeated with and
without the SRF, and their order is counterbalanced. One-minute
rest was given between the conditions.

3.2.5.5 Poststudy Questionnaire
Participants ended the study by filling out an SSQ followed by an
ABC. They received a payment of $50 after that. The average
duration of the whole study for a single participant was 45 min.

3.3 Metrics
3.3.1 Imbalance Count
Previous studies have shown that to get valid balance data from a
Wii balance board, we should sample the data at 10 Hz (Salavati
et al., 2009). Following this guideline, we obtained pressure data
from four pressure sensors of the Wii balance board at a 10 Hz
sample rate. Calculating the average of these pressure sensors’
data, we got the participants’ weight distribution data. As
participants were instructed to maintain their balance, their
weight in any sample is expected to be within three standard
deviations from the mean, assuming that their weight data are
normally distributed. Moreover, 99.7 percent of the data were
within three standard deviations away from the mean in a normal
distribution. Therefore, if the weight data in any sample are more
than three standard deviations away from the mean, we consider
the participant to be imbalanced. However, if two or more
consecutive sample data points show imbalance (e.g., balance
data are three standard deviations away in both samples from
10.1 s to 10.2 s), we count it as one imbalance as the participant
did not get their balance back in the meantime. The following
equation shows us how to find an imbalance:

Imbalance(i) �
⎧⎪⎨⎪⎩

1 if Weight(i) is 3 SD away fromMean
AND Imbalance(i − 1)≠ 1

0 otherwise
.

(1)

The total count of these imbalances gives us a measurement of a
participant’s balance in VR. The following equation shows how to
calculate an imbalance count for a participant:

Imbalance Count � ∑165

t�15Imbalance(t) (2)

The imbalances were counted for 150 s (from 15th second to
165th second). The first 15 s and last 15 s of each session were
excluded from the result as data can be more error-prone at the
beginning and the end of the study. Participants were fit enough
to work for a full day and rested well between conditions.
Therefore, the imbalance count was minimally affected by fatigue.

3.3.2 Center of Pressure Path
Center of Pressure (COP) was calculated from four weight
sensors in the Wii board using the following equation
developed by Young et al. (2011):

COP(X,Y) � ∑ 4
i�1Weighti*(xi, yi)
∑ 4

i�1Weighti
, (3)

where (xi, yi) is the coordinates of the pressure sensor i,Weighti is
the weight or pressure data on ith sensor, and COP(X,Y) is the
coordinates of the COP.

COP was sampled at 10 Hz, and it may change from one
sample to the next consecutive sample. The Euclidean distance
between one sample’s COP to the next sample’s COP is called a
path. Taking the summation of all of these paths derived from all
of the samples gives us the COP path. COP Path is calculated
using the following equation:

COP Path � ∑n−1
i�1







































(COPi+1X − COPiX)2 + (COPi+1Y − COPiY)2

√
,

(4)

where COPiX and COPiY are the X coordinate and Y coordinate
of COP at ith second, respectively.

3.3.3 Simulator Sickness Questionnaire
Simulator Sickness Questionnaire (SSQ) is a sixteen-item
questionnaire where each item asks about participants’
different physiological discomfort (Kennedy et al., 1993). Each
item can be rated fromNone to Severe, whereNone quantifies as 0
and Severe quantifies as 3 toward the calculation of SSQ. SSQ has
three subscales of scores: Nausea, Oculomotor, and
Disorientation. This SSQ score is calculated from these three
subscales. The following equations are used to calculate the
SSQ score (Kennedy et al., 1993):

Nausea Sum � Q1 + Q6 + Q7 + Q8 + Q9 + Q15 + Q16 (5)

Nausea Score � Nausea Sump9.54 (6)

Oculomotor Sum � Q1 + Q2 + Q3 + Q4 + Q5 + Q9 + Q11 (7)

Oculomotor Score � Oculomotor Sump7.58 (8)

Disorientn Sum � Q5 + Q8 + Q10 + Q11 + Q12 + Q13 + Q14

(9)

Disorientn Score � Disorientn Sump13.92 (10)

SSQ Sum � Nausea Sum + Oculomotor Sum

+ Disorientn Sum
(11)

SSQ Score � SSQ Sump3.74, (12)

where Q1 is the score of question 1.

3.3.4 Activities-Specific Balance Confidence Scale
Activities-Specific Balance Confidence Scale (ABC) is a sixteen-item
questionnaire where each item asks about participants’ confidence
in doing a specific daily life activity (Powell and Myers, 1995). Each
item can be rated from 0% to 100%, where 0% is no confidence and
100% is complete confidence. The average of the ratings of these
sixteen questions generates the total ABC score.

3.3.5 Hit Count (Game Performance)
Hit count denotes how many times any participant failed to
dodge the ball while they were playing the game.

3.4 Statistical Analysis
We compared the FB-NoSRF data with the FB-SRF data of both
groups. We also compared both groups’ QSB-SRF and QSB-
NoSRF data with EO baseline data. For FB data, we only
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considered the data for 150 s (from 15th second to 165th second),
whereas for QSB data, we considered the data for 30 s (from the
5th second to 35th second). All the statistical analyses were
performed using IBM SPSS version 19. We used a Mixed
Model ANOVA and then used one-tailed paired sample t-tests
with p values adjusted with Bonferroni correction as needed for
post hoc analysis of within-group comparisons. For between-
group comparisons, we used independent sample t-tests.

3.5 Results
3.5.1 Imbalance Count
We ran a paired sample t-test between the Imbalance Count of
FB-SRF and FB-NoSRF conditions for both participants with MS
and participants without impairments. For participants with MS,
the result shows a significantly improved balance in FB-SRF (M �
11.28, SD � 2.62) to FB-NoSRF (M � 14.57, SD � 2.99) condition;
t(6) � 2.02, p � 0.045. However, for participants without
impairment, there is no significant difference between FB-SRF
(M � 14.57, SD � 4.85) and FB-NoSRF (M � 12.42, SD � 3.90)
conditions; t(6) � 1.205, p � 0.137. It is worth mentioning that the
imbalance count of participants without impairment is not
negligible as all of them are elderly persons, and postural
instability increases with age (Abrahamova and Hlavacka, 2008).

Figure 5 shows the change of imbalance count of participants
with MS in FB-SRF and FB-NoSRF conditions. Most of the
participants with MS showed improvement in their balance in
the FB-SRF condition.

3.5.2 Center of Pressure Path
We ran an independent sample t-test on participants’ QSB-
NoSRF COP path and baseline EO COP path. The between-
group results show that participants with MS (M � 36.83, SD �
16.79) do not have a significantly different EO COP path
compared to the participants without impairment (M � 24.37,
SD � 6.63) (t(12) � 1.82, p � 0.093). However, participants with
MS (M � 42.87, SD � 21.56) have a significantly more deficient

QSB-NoSRF than that of participants without impairment (M �
23.69, SD � 5.93) (t(12) � 2.27, p � 0.043).

Figure 6 shows that the mean COP path of QSB-NoSRF is
larger in participants with MS than that of participants without
impairment. However, the mean COP path from EO to QSB-
NoSRF increased more for the participants with MS compared to
the participants without impairment.

3.5.3 Simulator Sickness Questionnaire
We ran an independent sample t-test on different SSQ subscales
and total SSQ scores between groups. The results show that only
the postexposure disorientation score is significantly higher (t(12)
� 2.34, p � 0.04) in participants with MS than that of participants
without impairment. Table 2 shows the mean (SD) and the
significance level of pre- and postexposure SSQ subscales and
total score for participants with MS and participants without
impairment.

3.5.4 ABC Questionnaire
For participants with MS, the paired sample t-test shows a
significant improvement from preexposure ABC (M � 67.27,
SD � 19.57) to postexposure ABC score (M � 70.71, SD �
19.93) (t(6) � 2.81, p � 0.015). However, for participants
without impairment, we did not notice any significant
difference from preexposure ABC (M � 96.25, SD � 3.49) to
postexposure ABC score (M � 96.07, SD � 3.65) (t(6) � 1.55, p �
0.086).

3.5.5 Hit Count (Game Performance)
Paired sample t-test between the hit count with the SRF and
without the SRF in the VE shows that hit counts do not have
a significant difference between with the SRF and without the
SRF conditions for both participants with MS (t(6) � 0.927, p
� 0.39) and participants without impairment (t(6) � 0.717, p
� 0.5). Table 3 shows the mean (SD) and the significance
level of hit count with the SRF and without the SRF
conditions for participants with MS and participants
without impairment.

FIGURE 5 | Imbalance count of participants with MS in FB-NoSRF and
FB-SRF condition in the VR study.

FIGURE 6 | COP path (EO and QSB) comparison between participant
groups in VR.

Frontiers in Virtual Reality | www.frontiersin.org February 2021 | Volume 1 | Article 5821698

Shahnewaz Ferdous et al. SRF to Improve Postural Stability

https://www.frontiersin.org/journals/virtual-reality
www.frontiersin.org
https://www.frontiersin.org/journals/virtual-reality#articles


3.6 Discussion
3.6.1 Effect of SRF on Balance
Results from imbalance count suggest that including an SRF in a
VE can improve the balance of persons with MS while they are
immersed in a VE. Therefore, we can accept hypothesis 1. One
reason for this could be that the SRF improves the depth
perception of some individuals (Jones et al., 2013). Moreover,
some individuals need SRF to make proper judgments of object
movement (Prothero, 1998). Therefore, the presence of an SRF
helps the participants with MS to complement their need for
visual feedback to maintain their balance. However, the SRF may
not improve the balance of the participants without impairment.
The reason for this could be that persons without impairment rely
less on their visual cues than persons with MS to maintain their
balance (Corporaal et al., 2013). Therefore, persons without
impairment may not benefit from additional visual cues.
Adding an SRF that assists the balance of a person with MS
may not affect the functionality of the VE as results from hit count
(game performance) show that there is no significant difference.
This is likely because the SRF takes a tiny portion of the VE and
minimally obstructs participants’ views in the VE (Figure 2).

3.6.2 Balance Comparison Between the Virtual and
Real World
Our results from the COP path show that the participants with
MS have worse QSB-NoSRF than participants without
impairment in VR. The reason for this could be that when
persons with balance impairments wear an HMD, they lose
the visual cues that help them to maintain their balance.
Persons with MS rely more on their visual cues than persons
without impairment to maintain their balance (Corporaal et al.,
2013). Therefore, with the absence of visual feedback, persons
without impairment can maintain their balance using
somatosensory and vestibular feedback that compensate for
visual feedback, whereas persons with MS fail to do so.

Therefore, we can accept hypothesis 2. This finding supports
related works’ previous results (Samaraweera et al., 2013; Guo
et al., 2014). However, the previous works analyzed the gait of
participants as balance measurement, where we analyzed the QSB
and FB. Therefore, our finding provides contributions that
complement previous findings.

3.6.3 Cybersickness
We did not find any significant differences in SSQ result other than
for postexposure disorientation. The participants with MS had a
little high preexposure SSQ (34.19 out of 235.62). It is not surprising
since they are older adults (average age 51) with MS. For all the
participants, the postexposure SSQ is very close to preexposure SSQ,
and the difference is nonsignificant. The reason behind this could be
that the SRF helps to reduce cybersickness in VR (Prothero, 1998;
Chang E et al., 2013). In half of the time of the exposure, the VE had
an SRF and did not generate any cybersickness. Therefore, this
study setup was not suitable to find the effect of MS on
cybersickness, and we cannot accept hypothesis 3. We plan to
investigate hypothesis three in the future with a VE that induces
more cybersickness by producing more sensory conflicts.

3.6.4 Confidence in Balance from VR Game
We have an interesting finding of the significant improvement of
confidence in balance, based on the results from the ABC
questionnaire. Note that this improvement results from
playing the VR game only for 7–8 min. This is a very short
time for actual improvement in balance. This raises the question
of whether their confidence in balance is actually improved or this
is just a temporary improvement after playing the game. A VR
game with 30 min duration has been shown to be effective in
improving short-term balance for persons with MS (Kalron and
Frid, 2012). However, the minimum time required for an
improvement in short-term balance is still unknown. We plan
to investigate this in the future.

TABLE 2 | Descriptive statistics for SSQ.

Subscale Participants with MS Participants
without impairment

Significance level

Mean (SD) Mean (SD)
Nausea (pre) 19.08 (18.26) 4.08 (7.50) 0.07
Nausea (post) 13.62 (13.33) 4.08 (7.50) 0.12
Oculomotor (pre) 37.90 (25.89) 14.07 (22.06) 0.09
Oculomotor (post) 30.32 (17.50) 16.24 (22.92) 0.22
Disorientation (pre) 29.40 (27.22) 7.95 (13.58) 0.09
Disorientation (post) 37.87 (29.76) 7.95 (15.78) 0.04
Total (pre) 34.19 (26.03) 10.68 (17.06) 0.07
Total (post) 30.45 (20.64) 11.75 (18.12) 0.10

TABLE 3 | Descriptive statistics for hit count.

Participant group Hit count without SRF Hit count with SRF Significance level

Mean (SD) Mean (SD)
Participants with MS 15.43 (11.14) 11.28 (8.24) 0.39
Participants without impairment 14.00 (13.76) 10.14 (8.36) 0.5
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3.6.5 Effect of SRF on Game Performance
We did not find any significant difference in the hit counts
between with the SRF and without the SRF conditions for
both participants with MS and participants without
impairment. This suggests that adding an SRF does not affect
the game performance significantly.

4 EFFECT OF STATIC REST FRAME IN
AUGMENTED REALITY

After getting positive results from our SRF in the VR study, we
conducted a follow-up study to investigate the effects of an SRF in
AR. The following subsections describe our AR study in detail.

4.1 Hypotheses
The goal of this study is to investigate the effect of an SRF on
balance in AR. Based on the results we obtained from the previous
VR study and the known advantages of SRFs from the literature,
the following hypotheses are to investigate the effects of SRFs on
balance in AR:

H1: An SRF will significantly improve balance in AR for users
with balance impairments.
H2: Users with balance impairment will have a better balance
in AR than VR.
H3: Persons with balance impairment experience less
cybersickness in AR than VR.

4.2 Methods
4.2.1 Participants and Selection Criteria
We recruited the same seven participants with MS that we
recruited for the VR study described in Section 3.2.1.
However, the AR study was done after the VR study, and
some of the participants had a slightly increased EDSS
(Kurtzke, 1983) score. Therefore, the EDSS range was from 4.0
to 6.0. No participant had any problem in participating in the
study, and nobody reported any fatigue. Table 4 shows the mean,
standard deviation (SD), weight, EDSS, and other detailed
information about the participants.

4.2.2 Study Conditions
The study conditions were similar to the VR study described in
Section 3.2.2. The only difference is that in QSB and FB
conditions, the virtual model of the physical room is removed
from the scene as participants can see the physical room in the AR

simulation. The virtual bowling machine (see Section 3.2.4) was
present in the environment.

4.2.3 System Description
To keep the studies comparable, we used the same hardware that
we used for balance measurement, Nintendo Wii Fit Balance
Board. We also used the same harness that we used in the earlier
study to support the participants. The game was designed using
the same version of Unity. The only difference was instead of
Oculus Rift DK2, we used (Microsoft, 2020) to provide the
augmented reality experience. Microsoft HoloLens has a 30 ×
17.5° FoV (Kreylos, 2017). It has a refresh rate of 60 Hz and a
maximum supported resolution of 1,268 × 720 pixels per eye. The
same configuration computer was used to record the data.

4.2.4 Augmented Environment
The augmented environment is similar to the VE described in
Section 3.2.4. However, as the participant can see the physical
room, the virtual model of the room was not a part of the
augmented environment. There was no avatar in the augmented
environment as participants can see their own bodies in AR. In
short, the only augmented components were the bowling machine
parts, the scores, and the SRF (depending on the study conditions).
Figure 7 shows the augmented environment with the SRF. It may
appear that the FoV in Figure 7 is much smaller than the FoV in
Figure 2. For the VR study (Figure 2), the picture was taken from a
screenshot fromUnity, and for the AR study (Figure 7), the picture
was a screenshot from a video recording using HoloLens. However,
the ball machine’s distance, size, and ball’s speed were the same if
looked through the headsets.

In FB conditions, participants played the same dodge ball game
where they dodge virtual tennis balls coming toward their heads.
Figure 8 shows a participant playing the game in AR. The size and
speed of the balls, the distance from where the balls are coming
from, the interval between two balls, and the pause between sets of
ten balls were the same as in the VR study. The scores were shown
in a similar fashion to the previous study. The audio feedback for
hit or miss was similar to the VR study. Figure 8 shows the virtual
machine shooting virtual tennis balls in AR.

4.2.5 Study Procedure
The study procedure for the AR study was identical to the VR
study with the following five steps:

1. Consent and Prestudy Questionnaire
2. Baseline Data Measurement
3. Quiet Stance Balance Measurement
4. Functional Balance Measurement
5. Poststudy Questionnaire

Please see Section 3.2.5 for more details.

4.3 Metrics
We have used four metrics that are the same as the metrics we
used for the VR study. Please see Section 3.3 for more details. The
metrics that are the same as the VR study are as follows:

TABLE 4 | Descriptive statistics for participants’ information.

Participant
group

No. of
males

No. of
females

Age
(Years)

Weight
(lbs.)

EDSS

Mean (SD) Mean (SD) Mean
(SD)

Participants
with MS

0 7 53 (5.6) 185 (69.1) 4.64
(0.51)
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1. Imbalance Count
2. Center of Pressure path
3. Simulator Sickness Questionnaire
4. Activities-Specific Balance Confidence Scale

In addition to these metrics mentioned above, we have added
the following metrics to compare the impact of VR and AR on
balance:

5. Impact Ratio: Impact Ratio is the quotient between QSB and EO
balance. It is motivated by Romberg ratio, where the quotient
between EO and EC balance is taken as a measurement of visual
dependency of balance (Kalron, 2017). For our study, we have
taken the quotient between QSB-NoSRF and EO balance to
normalize the effect of EO balance on QSB-NoSRF. The
equation for calculating the impact ratio is as follows:

Impact Ratio � QSB − NoSRF COP Path
EOCOP Path

. (13)

4.4 Statistical Analysis
We compared the FB-NoSRF data of participants with MS
with FB-SRF data. We also compared their QSB-NoSRF and
QSB-SRF data with their baseline EO data. Furthermore, to
compare between studies (VR vs. AR), we compared the
impact ratio, SSQ, and ABC data. All the statistical analyses
were performed using IBM SPSS version 19. We used a Mixed
Model ANOVA and then used one-tailed paired sample t-tests
with p values adjusted with Bonferroni correction as needed
for post hoc analysis of within-group comparisons. For
between-study comparisons, we used independent sample t-
tests.

4.5 Results
4.5.1. Imbalance Count
We ran a paired sample t-test and found out that there is a
significant difference in imbalance count for FB-NoSRF (M �
13.71, SD � 6.77) and FB-SRF conditions (M � 10.28, SD � 5.79);
t(6) � 2.58, p � 0.02. Figure 9 shows the change of imbalance
count of participants in FB-NoSRF and FB-SRF conditions. Most
of the participants showed improvement in their balance with the
presence of the SRF.

4.5.2 Center of Pressure Path
We ran a paired sample t-test and discovered no significant
difference in COP path for QSB-NoSRF (M � 36.17, SD � 16.60)
and EO (M � 44.26, SD � 16.60); t(6) � 1.502, p � 0.092. Similarly,
we did not find any significant difference in paired sample t-test
in COP path for QSB-SRF (M � 31.85, SD � 10.75) and EO (M �
44.26, SD � 16.60); t(6) � 1.481, p � 0.094. Figure 10 shows how
mean COP path changes in different study conditions in
augmented reality.

For the between-study comparison, we compared their
impact ratio as we have conducted the study at two
different times and the participants had different EO
balances. The impact ratio normalizes the effect of EO

FIGURE 7 | Bowling machine is shooting balls toward the head of the
participants. This augmented environment has SRF.

FIGURE 8 | A participant playing the dodge ball game and his view in the AR with an SRF as he shifts his balance to the left. The figure shows an author who is
posing as a participant. He gave consent to publish this image.
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balance on QSB. We conducted a paired sample t-test between
the impact ratio of VR and AR study and discovered significant
differences in impact ratio between VR (M � 1.18, SD � 0.29)
and AR (M � 0.85, SD � 0.25) study; t(6) � 2.5, p � 0.023.
Figure 11 shows the comparison of the impact ratio of
participants between VR and AR study.

4.5.3 Simulator Sickness Questionnaire
We ran a paired sample t-test on different SSQ subscales and total
SSQ scores with before and after AR study data. We also ran an
independent sample t-test between VR study and AR study data.
However, there is no significant difference in any of the subscales
or total SSQ scores in any test.

4.5.4 ABC Questionnaire
We ran a paired sample t-test on ABC score with before and after
AR study data. We also ran an independent sample t-test between
VR study and AR study data. However, there is no significant
difference in ABC score within or between study data.

4.6. Discussion
4.6.1. Effect of SRF on Balance
Statistical results from imbalance count also suggest that SRF is
beneficial to improve balance in AR as well as in VR. Therefore,
we can accept hypothesis 1: a SRF will significantly improve
balance in AR for users with balance impairments. The reason
may be similar to the reason for balance improvement in VR that
a person needs an SRF to make proper judgments of object
movement (Prothero, 1998).

4.6.2 Balance Comparison Between Augmented and
Virtual Reality
Unlike VR, participants’ peripheral vision is not blocked in AR.
Therefore, they can see the real world as well as the ball machine
in the scene. The ball machine provides extra visual feedback to
maintain their balance. The reason may be that vision is the most
contributing factor in balance and AR is not blocking the
periphery (Hansson et al., 2010). Moreover, optical see-
through AR does not introduce latency for the real objects.

QSB-SRF is also smaller than EO for all six of the participants
who showed decreased COP path in QSB. However, there were no
significant differences found in this comparison, possibly due to

FIGURE 9 | Imbalance count of participants with MS in FB-NoSRF and FB-SRF conditions in the AR study.

FIGURE 10 | COP path comparison between conditions in AR study.

FIGURE 11 | Impact ratio of participants in VR and AR study.
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our small sample size. Future studies with larger samples are
needed to investigate this.

There is a significant difference observed between the
impact ratio of VR and AR. Therefore, we can accept
hypothesis 2: users with balance impairment will have a
better balance in AR than VR. The reason could be the
presence of peripheral vision feedback from the real world in
AR—vision is the most contributing factor in balance (Hansson
et al., 2010). Unlike VR, participants’ peripheral vision is not
blocked in AR. Therefore, they can see the real world as well as
the ball machine in the scene. Their balances were not affected
by the presence of the ball machine. Their balance is further
improved in the QSB-SRF condition. Therefore, it is possible
that the ball machine and the SRF provided them with more
references that they already had in the real world to improve
their balance.

4.6.3 Cybersickness
There were no significant differences observed in any of the
subscales or the total SSQ score between VR and AR conditions.
One reason can be the VE was simple, and there were not many
changes in the visual information. Another reason can be that the
duration of the VR exposure was short, and it was under the
recommended time of 20 min (Kennedy et al., 2000). Therefore,
for the lack of enough evidence, we cannot remark on
cybersickness, and we cannot accept hypothesis 3: persons
with balance impairment experience less cybersickness in AR
than VR.

4.7 Study Limitations
There are some limitations to our study. There is a difference in
the FoV between Oculus and HoloLens (see Section 3.2.3 and
Section 4.2.3 for more details). The reason for our limitations is
that there was no optical see-through AR display available that
had a comparable FoV to the popular VR HMDs. In the future,
similar studies can be conducted with video see-through HMDs
that have been improving recently.

Another limitation of our study is that all of the participants
withMS were females. The reason for this is thatMS is three times
more common in women than in men (MS-Society, 2020). We
can expect to see similar results if we had male participants since
postural stability does not depend on gender (Hageman et al.,
1995).

We have some nonsignificant results, especially in SSQ. This
can possibly be due to the small sample size. However, the main
objective of this study is focused on postural stability, not
cybersickness. Since our sample size achieved significant
results for postural stability comparison, we did not increase
our sample size. Another reason can be that SSQ is a subjective
measurement and often can be affected by personal preference.
That is, two persons with similar cybersickness may report
differently in their SSQ questionnaire. We plan to include
objective measures (e.g., heart rate variability (Zużewicz et al.,
2011) and galvanic skin response (Kennedy et al., 2010)), in
addition to SSQ, to have a comprehensive set of metrics for
cybersickness analysis in our future studies.

5 CONCLUSION

The objective of our research is to improve the postural stability
in VR and AR for users with balance impairments. To obtain a
feasible solution, we investigated the effect of an SRF on the QSB
and the FB of persons with MS in VR and AR. Our results suggest
that the inclusion of an SRF will improve the balance for persons
with balance impairments, while it has no significant impact on
the balance of persons without impairment. Therefore, an option for
adding an SRF will make VR that uses fully immersive HMDs more
accessible. Our results show both VR and AR benefit from an SRF.

In the future, we plan to investigate how different types of
visual feedback can affect balance and gait in VR and AR. The
scope of this study was to analyze standing balance and
functional balance while standing, as many of the
rehabilitation games (e.g., Wii games) involve playing while
you are standing in the same place. However, some games
involve real walking. In the future, we also plan to investigate
the effect of SRF on persons’ gait and how it differs in persons
with MS. As the SRF blocks a subtle portion of the
environment, it may have some effect on presence. Thus,
we also plan to investigate the SRF’s impact on presence in
the future. There are many VR-based rehabilitation exercises
that are proved to be improving balance (Fulk, 2005; Nilsagård
et al., 2013). It would be interesting to study in the future if
adding an SRF in the VE can make VR rehabilitation more
effective by reducing rehabilitation time.
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