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Abstract: To prevent falls, it is important to devise a safe balance training program that can be easily
performed. This study investigated whether tilting an image in virtual reality (VR) can generate
a center-of-gravity sway. Five men and five women were asked to rest standing upright (control
condition) and to rest standing upright with a head-mounted display showing a tilted virtual image
(VR condition), and changes in their standing balance were observed. Standing balance was assessed
by measuring the distance traveled by the center of pressure (COP) of each of the participants’ legs.
In order to investigate the effects of different tilt speeds and angles on COP, four different images
were displayed in VR: an image tilting to 10◦ moving at a rate of 1◦/s; an image tilting to 20◦ moving
1◦/s; an image tilting to 10◦ moving 10◦/s; an image tilting to 20◦ moving 10◦/s. Change in COP
was significantly greater in the VR than in the control condition (p < 0.01), and a tilt of 10◦ moving
1◦/s showed the greatest change in COP (p < 0.01). Tilting an image in VR while in a resting standing
position can change an individual’s COP; thus, VR may be applied to balance training.

Keywords: rehabilitation; virtual reality; balance training; center of pressure

1. Introduction

Trauma and fractures caused by falls can significantly reduce the activities of daily
living of older adults, making their prevention a global issue [1]. One important factor that
helps in the prevention of falls is the improvement of balance ability [2]. Conventional
exercises using balance discs and balance pads have previously been shown to improve
balance ability. Exercising with these tools activates the postural control response to
maintain the body’s center of gravity within the supporting basal plane on an unstable
surface that tilts back and forth, and left and right. This in turn improves the body’s ability
to balance against external disturbances [3]. This is further challenged with greater center
of gravity sway, which makes balancing even more difficult [4]. However, in reality, for
many older adults it is too hard to maintain a resting standing position, and for some,
balance exercises themselves may be too difficult. Thus, in this study, we propose a new
method of balance training for older adults.

One way to induce center of gravity sway without performing balance exercises is
to use virtual reality (VR) technology [5–7]. VR technology uses a head-mounted display
(HMD) to show 360◦ images and visually place the user in a virtual space. Therefore, we
thought that it would be possible to induce center of gravity sway by having the user
experience a state in which their body is tilted and out of balance in this virtual space,
similar to that in balance exercises using conventional balance tools [8]. If the gravity
center sway is induced by only tilting the VR image, this practice can be applied to balance
training with less difficulty. However, it is unclear to what extent the inclination of the
image in the VR will cause the center of gravity to sway in an individual standing in a
resting position.
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Therefore, the purpose of this study was to investigate whether changes in the center
of pressure (COP), which is considered an index of standing balance, can be induced only
by the tilt of VR images.

2. Materials and Methods
2.1. Participants

Five men and five women were included in the study to measure COP mobility in
both legs. The mean participant age was 21.7 years (SD = 0.9). The mean participant height
was 164.9 cm (SD = 11.0), and the mean weight was 58.1 kg (SD = 10.2). All participants
recruited for this study were students enrolled in Hiroshima University. The inclusion
criteria were being 20 years old or older and having no experience using VR. The exclusion
criteria were having orthopedic diseases of the lower limbs or VR sickness after wearing VR.
This study was conducted in accordance with the guidelines of the Declaration of Helsinki
and approved by the Epidemiology Ethics Committee of Hiroshima University (approval
ID: E-2299). All the participants provided written informed consent before participating in
the study.

The sample size required for the one-way repeated measures (ANOVA) test (effect
size = 0.40 [large], α error = 0.05, power = 0.80) was calculated using the G* power 3.1 [9].
Using this test, we determined a minimum of 10 participants was required for this study.

2.2. Measurement Methods and VR Images

Measurements were taken under two conditions: one in which the participant held
a resting standing posture with eyes open without wearing the HMD (control condition),
and the other in which the participant was in a resting standing posture while viewing VR
images on an HMD (VR condition; Figure 1).

For the tilt of the VR images, we used images of the laboratory landscape taken
beforehand with a 360◦ camera (Key Mission 360, Nikon). In the VR condition, to investigate
the differences due to speed and tilt, we used the following images: 1◦/s, tilted 10◦ (VR1),
1◦/s, tilted 20◦ (VR2), 10◦/s and tilted 10◦ (VR3), and 10◦/s and tilted 20◦ (VR4; Figure 2).
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Figure 2. Content of the virtual reality (VR) videos.

2.3. Assessment of COP

The participant placed both of their feet shoulder width apart and both of their arms
to their sides (Figure 1). They held this standing position on a center-of-gravity sway meter
(T.K.K. 5810, Takei Instruments) placed on an inclined table.

In the control condition, the distance travelled was calculated from the movement
trajectory of the COP for 10 s (Figure 3). The COP movement distance is defined as the linear
distance between the COP coordinates at the beginning and end of the tilt. Three trials were
conducted for each condition, and the average value was taken as the representative value.

To investigate the amount of COP movement due to differences in the speed and tilt
angle of the VR images, the participants were in the standing position on the center of
gravity sway meter for 10 s in the VR1 condition, 20 s in the VR2 condition, 1 s in the
VR3 condition, and 2 s in the VR4 condition. For each subject, the VR conditions were
performed in random order, randomly assigned by random numbers using a computer.
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Figure 3. Method for measurement of center of pressure (COP) movement.

2.4. Statistical Analysis

SPSS software (version 27.0; SPSS Japan Inc., Tokyo, Japan) was used for the statistical
analysis. The normality of all variables was confirmed using the Shapiro–Wilk test. A
paired-samples t-test was used to compare the control and VR1 conditions. Repeated
measure ANOVA was then conducted among the four conditions of VR1, VR2, VR3, and
VR4 to compare the differences based on the speed and tilt angles of the VR images. A
Bonferroni test was used for post-hoc testing. The significance level was set at 5%. Values
are presented as the mean ± standard deviation.
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3. Results

The mean COP movement distance was 2.2 ± 0.9 mm in the control condition and
9.3 ± 3.6 mm in the VR1 condition, with significantly higher values in the VR1 condition
(p < 0.01). The mean COP movement distances for the different VR images are listed in
Table 1. The results of the multiple comparison test showed that VR1 was significantly
higher than VR2, VR3, and VR4 (p < 0.01).

Table 1. COP movement distance for four types of VR images.

Measurement
Condition

F Value p-Value *
VR1 VR2 VR3 VR4

COP movement
distance (mm) 9.2 ± 3.4 a,b,c 5.4 ± 2.1 3.4 ± 0.9 4.3 ± 2.3 10.3 <0.001

COP = center of pressure; values are presented as mean ± standard deviation; * p < 0.05, considered significant
difference (indicated with bolded font); a significant difference between the VR1 and VR2 (p = 0.009); b significant
difference between the VR1 and VR3 (p < 0.001); c significant difference between the VR1 and VR4 (p = 0.001);
VR2 and VR3, VR2 and VR4, and VR3 and VR4 are not significant difference.

4. Discussion

In the current study, we investigated whether an individual’s COP is impacted by
tilting the floor surface in a VR image. The results show that regardless of gender, COP
is affected when an individual experiences inclination in the virtual space, without truly
experiencing the incline. Furthermore, this is the first study to show that a 10◦ incline
moving at a rate of 1◦/s has the greatest influence on COP in comparison to other variations.

We consider that the amount of COP movement in the control condition (2.2 ± 0.9 mm)
was determined to be valid without significant error compared to a previous study in which
COP movement was measured in healthy subjects (1.4 ± 0.3 mm) [10]. The present study
then showed that participants’ COP shifted more in the VR condition than in the control
condition, indicating that COP shifts when an image is tilted, even in an individual is
in a resting upright position. This phenomenon is known as vection [11]. Vection is a
phenomenon in which an object that is actually stationary is perceived as moving because
of changes in visual information [12,13]. This effect is greater when vision changes occur
across the entire field of view [14,15], as in the VR condition using an HMD in this study. It
is thought that an individual’s COP moves in this case because they visually perceive that
they are tilted. Previous studies have reported that the directional information regarding
one’s entire environment (e.g., the ceiling and floor) affects their inclination of their own
body [16].

Further, previous studies have reported that the vection effect depends on the speed
of the visual stimulus; that is, the faster the video, the larger the vection effect [17,18].
However, in the present study, the VR1 condition (1◦/s) was shown to be the most effective
in terms of the optimal speed and tilt angle needed to induce vection. With respect to
velocity, it has been reported that the center of the retina has superior sensitivity to low
velocity and the periphery to high velocity [19]. Furthermore, when considered in terms
of frequency, it has been shown that lower frequencies (below 1 Hz) result in greater COP
migration [20]. In a study on the perception of gravity by visual stimuli, it was reported
that the vection effect does not increase any further when the tilt angle exceeds 20 degrees,
but rather diminishes [21]. These factors may have caused the VR1 condition (with a tilt
angle of up to 10 degrees at 1◦/s) to have the strongest vection effect, resulting in a greater
degree of COP movement.

These results suggest that simply having participants wear HMDs and watching slow
images in VR could be applied to balance training. The intervention using VR images
might be effective in improving the balance ability of elderly people who have difficulty in
controlling their posture beyond the resting position.

One of the limitations of this study was that the participants were healthy university
students. It is unclear whether the results of this study can be directly applied to older
adults with impaired balance abilities. However, since it has been previously reported
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that older adults are susceptible to the vection effect [22], and since it has been reported
that stability in a state using virtual reality is located between the open and closed eye
states [20], the present results may have potential for application. In addition, we did
not measure whether participants’ balance abilities changed before or after viewing the
inclination of the VR image. In the future, it will be necessary to verify the effects of balance
training using VR images.

5. Conclusions

In this study, we examined whether the tilt of the image in VR affects the sway of the
COP in young adults. Our results show that individuals’ COPs changes more when an
image is tilted in VR than when standing at rest. Furthermore, the results of a comparison
of conditions in which the tilt angle and tilt speed of the VR were varied showed that the
COP movement distance was significantly greater in the VR1 condition with a 10◦ tilt at
1◦/s than in the VR2 condition with a 20◦ tilt at 1◦/s, the VR3 condition with a 10◦ tilt at
10◦/s, and the VR4 condition with a 20◦ tilt at 10◦/s. This suggests that simply tilting the
floor surface of the VR image could be used as a way to assist in balance training. Moreover,
its clinical significance for the setting of conditions during VR balance training is presented.

Author Contributions: Conceptualization, Y.U. and K.H.; methodology, Y.U., K.H. and T.T.; software,
K.H.; validation, Y.U., M.K. and N.M.; formal analysis, K.F.; investigation, K.H.; resources, K.H.; data
curation, K.F.; writing—original draft preparation, K.F.; writing—review and editing, K.F.; visualiza-
tion, K.H.; supervision, Y.U.; project administration, Y.U.; funding acquisition, Y.U. All authors have
read and agreed to the published version of the manuscript.

Funding: This work was supported by JSPS KAKENHI (Grant Number 21K11192).

Institutional Review Board Statement: The study was conducted in accordance with the guidelines
of the Declaration of Helsinki and approved by the Epidemiology Ethics Committee of Hiroshima
University (Approval ID: E-2299).

Informed Consent Statement: Informed consent was obtained from all the participants involved in
the study.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the study
design; collection, analyses, or interpretation of data; writing of the manuscript; or decision to publish
the results.

References
1. James, S.L.; Lucchesi, L.R.; Bisignano, C.; Castle, C.D.; Dingels, Z.V.; Fox, J.T.; Hamilton, E.B.; Henry, N.J.; Krohn, K.J.; Liu, Z.; et al.

The global burden of falls: Global, regional and national estimates of morbidity and mortality from the Global Burden of Disease
Study 2017. Inj. Prev. 2020, 26 (Suppl. 1), i3–i11. [CrossRef]

2. Chen, T.; Yoshida, Y. Effects of Power on Balance and Fall Prevention in Aging and Older Adults. Top. Geriatr. Rehabil. 2021, 37,
7–11. [CrossRef]

3. Marquina, M.; Lorenzo-Calvo, J.; Rivilla-García, J.; García-Aliaga, A.; Refoyo Román, I. Effects on Strength, Power and Speed
Execution Using Exercise Balls, Semi-Sphere Balance Balls and Suspension Training Devices: A Systematic Review. Int. J. Environ.
Res. Public Health 2021, 18, 1026. [CrossRef]

4. Sherrington, C.; Michaleff, Z.A.; Fairhall, N.; Paul, S.S.; Tiedemann, A.; Whitney, J.; Cumming, R.G.; Herbert, R.D.; Close, J.C.T.;
Lord, S.R. Exercise to prevent falls in older adults: An updated systematic review and meta-analysis. Br. J. Sports Med. 2017, 51,
1750–1758. [CrossRef] [PubMed]

5. Sheehy, L.; Taillon-Hobson, A.; Sveistrup, H.; Bilodeau, M.; Yang, C.; Finestone, H. Sitting balance exercise performed using
virtual reality training on a stroke rehabilitation inpatient service: A randomized controlled study. PM&R 2020, 12, 754–765.
[CrossRef]

6. Prasertsakul, T.; Kaimuk, P.; Chinjenpradit, W.; Limroongreungrat, W.; Charoensuk, W. The effect of virtual reality-based balance
training on motor learning and postural control in healthy adults: A randomized preliminary study. Biomed. Eng. Online 2018,
17, 124. [CrossRef] [PubMed]

7. Feng, H.; Li, C.; Liu, J.; Wang, L.; Ma, J.; Li, G.; Gan, L.; Shang, X.; Wu, Z. Virtual reality rehabilitation versus conventional
physical therapy for improving balance and gait in parkinson’s disease patients: A randomized controlled trial. Med. Sci. Monit.
2019, 25, 4186. [CrossRef] [PubMed]

http://doi.org/10.1136/injuryprev-2019-043286
http://doi.org/10.1097/TGR.0000000000000296
http://doi.org/10.3390/ijerph18031026
http://doi.org/10.1136/bjsports-2016-096547
http://www.ncbi.nlm.nih.gov/pubmed/27707740
http://doi.org/10.1002/pmrj.12331
http://doi.org/10.1186/s12938-018-0550-0
http://www.ncbi.nlm.nih.gov/pubmed/30227884
http://doi.org/10.12659/MSM.916455
http://www.ncbi.nlm.nih.gov/pubmed/31165721


Healthcare 2022, 10, 680 6 of 6

8. Klochkov, A.S.; Khizhnikova, A.E.; Fuks, A.A.; Kotov-Smolenskiy, A.M.; Suponeva, N.A.; Piradov, M.A. Rehabilitation of elderly
patients at risk of falling: The value of psychophysiological parameters and cognitive-motor training using virtual reality. Ann.
Clin. Exp. Neur. 2020, 14, 66–74. [CrossRef]

9. G*Power 3.1. Available online: http://www.gpower.hhu.de/en.html (accessed on 10 December 2021).
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20. Wodarski, P.; Jurkojć, J.; Gzik, M. Wavelet Decomposition in Analysis of Impact of Virtual Reality Head Mounted Display Systems

on Postural Stability. Sensors 2020, 20, 7138. [CrossRef] [PubMed]
21. Negishi, I.; Kaneko, H.; Mizushina, H. Effects of visual tilt, kind of images and body orientation on the perception of gravitational

orientation. Jpn. J. Opt. 2009, 38, 266–273.
22. Haibach, P.; Slobounov, S.; Newell, K. Egomotion and vection in young and elderly adults. Gerontology 2009, 55, 637–643.

[CrossRef] [PubMed]

http://doi.org/10.25692/ACEN.2020.4.9
http://www.gpower.hhu.de/en.html
http://doi.org/10.5277/ABB-01082-2018-02
http://www.ncbi.nlm.nih.gov/pubmed/31197287
http://doi.org/10.1037/h0025893
http://doi.org/10.1068/p020287
http://www.ncbi.nlm.nih.gov/pubmed/4546578
http://doi.org/10.1016/S0079-6123(08)60820-1
http://www.ncbi.nlm.nih.gov/pubmed/551426
http://doi.org/10.1068/p060365
http://www.ncbi.nlm.nih.gov/pubmed/917725
http://doi.org/10.1016/0042-6989(90)90074-U
http://doi.org/10.1068/p230753
http://www.ncbi.nlm.nih.gov/pubmed/7845767
http://doi.org/10.3758/BF03206804
http://www.ncbi.nlm.nih.gov/pubmed/7651813
http://doi.org/10.1068/p5037
http://www.ncbi.nlm.nih.gov/pubmed/12785485
http://doi.org/10.3390/s20247138
http://www.ncbi.nlm.nih.gov/pubmed/33322821
http://doi.org/10.1159/000235816
http://www.ncbi.nlm.nih.gov/pubmed/19707011

	Introduction 
	Materials and Methods 
	Participants 
	Measurement Methods and VR Images 
	Assessment of COP 
	Statistical Analysis 

	Results 
	Discussion 
	Conclusions 
	References

