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Abstract—In recent years, virtual reality (VR) has been used 

in postural control training; however, its effects on postural 

control have not yet been elucidated. This study aimed to 

examine the effect of maintaining a stationary standing position 

in a virtual space presented using a head-mounted display 

(HMD). Computer graphics were used to create an environment 

identical to the real-time space and were presented to 11 

participants through an HMD. The center of pressure (COP) 

sway was measured while the participants maintained a 

stationary standing position on an unstable support surface in 

real-time and virtual spaces for 30 s. With the participants’ eyes 

closed, the rate of change in COP sway during eye opening was 

determined. A significant increase in total trajectory length, 

forward and backward movement speeds, and average 

movement speed in the virtual space compared with the 

real-time space was observed. We believe that the increased 

instability is due to the depth information simulated in the 

virtual space compared with the real-time space. 

 
Index Terms—VR, postural control, Center of Pressure 

(COP), Head-Mounted Display (HMD). 

 

I. INTRODUCTION 

 The world’s population aged 65 years and above is 

increasing yearly, and rapid increase is expected in the 

coming years  [1]. Healthcare costs are also increasing with 

the increasing aged population [2]. One factor that 

contributes to the increase in healthcare costs among the 

elderly is falls [3]. Falls can cause fractures, activity 

limitations due to fear, reduced quality of life, and death in 

the elderly [4]-[6].  

Postural control in maintaining stability requires complex 

interactions between the musculoskeletal and nervous 

systems [7]. However, age-related degenerative changes 

increase fall risk. 

Mehta et al. investigated visual function as a risk factor for 

falls in the elderly [8]. They interviewed 166 elderly patients 

about their history of falls in the past 2 months and measured 

their visual function, including visual acuity, contrast 

sensitivity, and stereoscopic function. They reported a 

3.5-fold increase in the risk of falling when visual function 

was impaired and a 3.4-fold increase in risk when 

stereoscopic function deteriorated. Various interventions are 
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being implemented to lower the risk of falls associated with 

age-related decline in physical function [9], [10]. Recently, 

virtual reality (VR) is being used for balance training, and its 

effectiveness has been reported [11]-[15]. The advantages of 

using VR include cost-effectiveness [16], adjustment of 

variables important for rehabilitation, such as difficulty and 

motivation [17], [18], and real-time interactive multisensory 

interaction [19], [20]. However, one of its challenges is that it 

is not completely identical to information obtained from 

real-time space. For example, Renner et al. reported a 

tendency to underestimate distance recognition in the VR 

space compared with real time [21]. Postural stability is 

maintained by the integration of inputs from three sensory 

sources including visual, somatosensory, and proprioceptive 

sources [22]. Therefore, postural control in the VR space may 

differ from that in real time. 

Several studies have assessed the differences in postural 

control between VR and real-time spaces. Horlings et al. 

examined differences in body sway in real-time and virtual 

spaces by change the postures and support surfaces [23]. The 

results showed that body movements increased in the VR 

space when a landscape that differs from the real-time space 

was presented using VR glasses. However, they did not find 

any difference in body movements during eye closure and VR, 

suggesting that the instability of visual information may be 

compensated by other senses. Almadjid et al. performed the 

Timed Up and Go Test in real-time and VR spaces to verify 

the effect of wearing a head-mounted display (HMD) on 

dynamic balance [24]. The results showed differences in 

angular velocity, cadence, and execution time of the trunk. 

Morel et al. examined the differences in avoidance behavior 

in real-time and augmented reality (AR) spaces [25]. The 

results showed that ARs have delayed reactions, resulting in 

excessive avoidance behavior. These studies suggest that 

postural instability is likely to increase in VR environments, 

but the effect of VR on postural control has not been 

quantitatively verified in an environment similar to real-time 

space that is reproduced in VR. 

The depth information in VR spaces, such as using an 

HMD, differs from that in real time. Therefore, posture 

stability in the virtual space is expected to reduce. In a 

previous study, the authors reproduced an environment 

similar to real-time space using computer graphics, measured 

reaching movements to a target in real-time space and VR 

using an HMD, and quantitatively analyzed the differences. 

The results showed that reaching movements in the real-time 

space were significantly smoother than those in the virtual 
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space [26]. The reason for this was attributed to be the 

difference in the depth information obtained. The same may 

be true for vision-related postural control. Therefore, this 

study aimed to quantitatively analyze the effects of a VR 

space of the same quality as a real-time space, presented using 

an HMD based on COP fluctuations, on postural control 

during stationary standing. We focused on postural control on 

an unstable support surface and examined the effects of 

disrupting the somatosensory input. This study hypothesized 

that postural stability will reduce in virtual environments, 

where depth information is inferior to that in real-time 

environments.  

II. MATERIALS AND METHODS 

A. Participants 

Eleven young adults without orthopedic or neurological 

disorders participated in this study (ten men and one woman, 

mean age±standard deviation: 21.7±0.5 years). The 

participants received no monetary compensation for their 

participation. They all had normal or corrected-to-normal 

vision. Those with corrected vision used glasses or contact 

lenses. Patients with a history of musculoskeletal or central 

nervous system disorders that could affect postural control 

were excluded from the study. In addition, those who had 

difficulty wearing the HMD due to the use of glasses in their 

daily lives were excluded. All the protocols for this study 

were approved by the Ethics Committee of Hokkaido 

University of Science (Review No. 582). Informed consent 

was obtained from all the participants in accordance with the 

1964 Declaration of Helsinki. 

 

B. Equipment and Environment 

Fig. 1-a shows the measurement environment in real time. 

Measurements were performed in a quiet space (6.0 m long × 

4.0 m wide × 6.0 m high) covered with white cloth in front 

and on the sides. A force plate (Stabilometer C-1425; Kyowa 

Inc., Tokyo, Japan) was placed 5.0 m from the front fabric at 

the midpoint of the left and right sides to measure 

coordination of the center of pressure (COP) in the 

anteroposterior and lateral directions during static standing. 

COP data were recorded at a sampling frequency of 1000 Hz 

(Taneda). A foam pad with a thickness of 6.5 cm 

(AMB-ELETE; Airex AG, Switzerland) was placed on the 

force plate to increase postural instability [27]. A yellow 

sponge ball (7.0 cm diameter) was placed in front of the 

participant as a visual cue. The indicators were presented 

either 1.5 m or 3.0 m in front of the participants, and the 

height of the indicators was at the eye level of each 

participant. The virtual environment was a real-time 

experimental space reproduced using the Unity software 

(Editor version 2020.3.26f1; Unity Technologies, San 

Francisco, CA, USA) and computer graphics (Fig. 1-b). An 

HMD (VIVE Pro; HTC Inc., New Taipei City, Taiwan) was 

used to present the VR environment. The device had two 

3.5-inch (diagonal) active-matrix organic light-emitting 

diode (AMOLED) with a resolution of 1440 × 1600 pixels 

per eye and refresh rate of 90 Hz. The field-of-view of the 

HMD under optimal conditions was 110°. 

C. Procedure 

The participants’ COP during stationary standing were 

measured in real-time and virtual spaces. During the  

 
Fig. 1. Experimental environment. 

 

 
Fig. 2 Experimental posture. 

In the virtual space condition, measurements were taken 

with the head-mounted display attached. 

 

Table 1. Parameters used in the analysis. 

 
measurement, the participant stood on a foam pad with the 

medial part of both feet in contact with each other and the 

upper limbs crossed in front of the chest (Fig. 2). The 

participants were instructed to minimize body sway during 

the measurement and to keep their eyes on the visual target in 

front of them. The participants were placed in the 

measurement position while wearing the HMD for VR 
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measurements. Before these VR measurements, the 

participants were given time to familiarize themselves with 

the virtual environment by viewing a spatial image that was 

different from that of the experimental space. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The influence of two factors on postural control were 

examined. One was the spatial condition (real-time and 

virtual environments), and the other was the visual condition 

(eyes closed, eyes opened with no index, eyes opened with 

index placed 1.5 m in front of the participant, and eyes 

opened with index placed 3.0 m in front of the participant). 

By combining these factors, the measurements were 

performed in eight conditions. The order of measurements 

was fixed for all participants as follows: one measurement 

each in real-time space with eyes closed, eyes opened, eyes 

opened with index placed 1.5 m in front of participants, and 

eyes opened with index placed 3.0 m in front of participants, 

followed by one measurement in the virtual space in the same 

order of visual conditions. The COP during stationary 

standing was measured for 30 s. 

D. Data and Statistical Analysis 

The data measured by the force plate were recorded on a 

personal computer using an A/D converter (Balance Training 

Control Unit C-1415; Kyowa Inc., Tokyo, Japan). The 

measured data on 15 parameters (Table 1) were analyzed 

using software (Kyowa Inc., Tokyo, Japan) equipped with a 

force plate. The rate of change in visual conditions was 

determined in the real-time and virtual space conditions using 

the closed-eye condition as reference.  

SPSS software (version 28; IBM, Chicago, IL, USA) was 

used for statistical analysis. A multiple-measures two-way 

analysis of variance was performed for each parameter. When 

significant differences were observed, the Bonferroni 

post-hoc method was applied for multiple comparisons. The 

significance level was set at p = 0.05. 

III. RESULTS 

The results of this study are presented in Table 2. The main 

effects of spatial condition were observed for total trajectory 

length (F1, 10= 8.919, p=0.014, ηp
2= 0.471), average speed (F1, 

10= 8.947, p=0.014, ηp
2= 0.472), maximum speed (anterior 

direction: F1, 10= 6.606, p=0.028, ηp
2= 0.398;  posterior 

direction: F1, 10= 15.214, p=0.003, ηp
2= 0.603), speed 

standard deviation (F1, 10= 12.611, p=0.005, ηp
2= 0.558), and 

speed standard deviation in the anteroposterior direction (F1, 

10= 16.745, p=0.002, ηp
2= 0.626). In both cases, instability  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

increased in the virtual space compared with that observed in 

the real-time space (Fig. 3). 

The main effects of the visual condition were significantly 

different between the spaces for amplitude standard deviation 

(mediolateral direction: F2, 20= 4.998, p=0.017, ηp
2= 0.333; 

anteroposterior direction: F2, 20= 4.344, p=0.027, ηp
2= 0.303) 

and velocity standard deviation (mediolateral direction: F2, 

20=6.198, p=0.008, ηp
2= 0.383).  The velocity standard 

deviation in the mediolateral direction was more stable in the 

1.5 m visibility condition than in the open-eye condition and 

in the 1.5 m visibility condition than in the 3.0 m visibility 

condition. Regarding the amplitude standard deviation in the 

anteroposterior direction, more stability was observed in the 

open-eye condition than in the 3.0 m visual field condition. 

The multiple comparisons test showed no significant 

differences in the amplitude standard deviations in the 

mediolateral direction (Fig. 4). 

No interaction between the spatial and visual conditions 

was observed. 

IV. DISCUSSIONS 

This study examined the effect of virtual space 

presentation on postural control by comparing parameters 

related to COP variability when the participants were asked to 

maintain a stationary standing position on an unstable support 

surface in real-time and virtual spaces. For the virtual space, 

an environment similar to real-time space was constructed 

using computer graphics and presented using an HMD. The 

results showed significant differences in the total trajectory 

length and movement velocity of the COP, especially in the 

parameters related to forward and backward movement 

Table 2. Comparison of COP parameters measured in two spatial and three visual conditions. 

EO/EC EO1.5/EC EO3.0/EC EO/EC EO1.5/EC EO3.0/EC Space Visual Space × Visual

total trajectory length 0.60±0.16 0.54±0.16 0.61±0.18 0.74±0.13 0.69±0.12 0.72±0.19 0.014 0.077 0.732

maximum amplitude (ML direction) 0.84±0.35 0.64±0.13 0.84±0.28 0.85±0.24 0.79±0.20 0.86±0.41 0.318 0.091 0.308

maximum amplitude (AP direction) 0.74±0.26 0.80±0.23 0.91±0.30 0.83±0.26 0.90±0.30 0.92±0.38 0.424 0.077 0.693

SD of amplitude (ML direction) 0.84±0.29 0.62±0.09 0.90±0.30 0.85±0.21 0.81±0.22 0.85±0.31 0.412 0.017 0.050

SD of amplitude (AP direction) 0.82±0.31 0.95±0.21 1.13±0.41 0.88±0.17 0.97±0.28 0.94±0.26 0.509 0.027 0.114

rectangular area 0.68±0.47 0.52±0.22 0.81±0.44 0.75±0.48 0.72±0.36 0.92±0.97 0.368 0.105 0.644

mean velocity 0.60±0.16 0.54±0.16 0.61±0.18 0.74±0.13 0.69±0.12 0.72±0.19 0.014 0.077 0.723

maximum velocity 0.53±0.44 0.42±0.32 0.42±0.30 0.66±0.24 0.65±0.29 0.65±0.29 0.084 0.601 0.792

maximum velocity (right direction) 0.72±0.56 0.54±0.33 0.56±0.28 0.70±0.30 0.60±0.19 0.55±0.19 0.886 0.063 0.833

maximum velocity (left direction) 0.71±0.82 0.41±0.22 0.45±0.28 0.78±0.26 0.81±0.30 0.76±0.49 0.099 0.295 0.317

maximum velocity (anterior direction) 0.44±0.21 0.52±0.40 0.49±0.33 0.84±0.56 0.81±0.51 0.91±0.68 0.028 0.821 0.776

maximum velocity (posterior direction) 0.47±0.24 0.36±0.19 0.36±0.16 0.75±0.49 0.75±0.30 0.82±0.56 0.003 0.684 0.541

SD of velocity 0.54±0.12 0.48±0.13 0.56±0.16 0.74±0.16 0.69±0.15 0.73±0.28 0.005 0.130 0.111

SD of velocity (ML direction) 0.65±0.16 0.57±0.15 0.66±0.19 0.75±0.14 0.68±0.12 0.71±0.21 0.092 0.008 0.443

SD of velocity (AP direction) 0.54±0.15 0.51±0.17 0.55±0.17 0.73±0.15 0.69±0.13 0.73±0.21 0.002 0.265 0.974

Mean (SD) is given for each parameter.

EC: eyes closed, EO: eyes opened, EO1.5: eyes opened + visual target 1.5m, EO3.0: eyes opened + visual target 1.5m

2way repeated measure ANOVA (p-value)
COP Parameters

Real-Time Space Virtual Space

 
For each participant’s data, the mean and standard deviations were obtained by calculating the ratios for the eyes opened, 

eyes opened + visual target 1.5 m, and eyes opened + visual target 3.0 m conditions, based on the values measured with eyes 

closed in each space. 
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speeds, indicating that instability is enhanced in the virtual 

space. 

The results obtained in the virtual condition suggested an 

increase in instability with respect to the anteroposterior 

component of the mean COP velocity. No significant 

differences were found between the real-time and virtual 

spaces in the mediolateral component. One reason may be the 

difference in depth information between the two spaces. 

Humans use two factors including psychological and 

physiological factors, to perceive the depth of space [28], 

[29]. Psychological factors, which are used to represent depth  
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b) mean velocity 
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c) maximum velocity (anterior direction) 

 

 

 

 

 

 

 

 

 

 

in two-dimensional planes, such as paintings and televisions, 

include perspective, shading, skin texture gradient, and 

motion parallax. Physiological factors include binocular 

disparity, adjustment, and convergence. In a 3-D space, both 

psychological and physiological factors are considered. We 

examined the effects of the differences in these two factors on 

behavior. Using 2-D and 3-D displays, the effects of 

differences in depth information on the reaching motion of a 

target displayed in a virtual space were verified [30]. The 

results showed that the smoothness of the reaching motion 

decreased and the execution time increased in the 2-D VR 

display owing to the effect of depth perception in the 

anteroposterior direction. In addition, the authors reported a 

decrease in smoothness in the virtual space when younger 

participants were asked to reach out to a target placed at the 

same distance as that in the real-time space [26]. Both studies 

showed that the reduced operation performance in the VR 

space was due to the depth information. Renner et al. also 

reported a tendency to underestimate distance recognition in 

VR spaces compared with real-time space [21]. The HMD  
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d) maximum velocity (posterior direction) 
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e) SD of velocity 
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f) SD of velocity (anteroposterior direction) 

 
Fig. 3 Multiple comparison tests results in spatial conditions. 
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used in this study presented images to the left and right eyes 

considering binocular disparity. However, because the 

position of the display built into the HMD is fixed, the depth 

information obtained from the convergence angle differed 

from that in the real-time space. In this study, the visual 

information obtained through the HMD did not accurately 

determine the distance to the visual targets, which may be the 

cause of the increased average COP velocity in the virtual 

space. The soft foam used in this study disrupted 

somatosensory perception, which is predicted to increase 

reliance on vision as a source of information about body 

motion. Pieto et al. compared parameters related to COP 

during stationary standing between older and younger 

patients and reported that the older group had significantly 

larger mean COP velocity and mean COP velocity of the 

anteroposterior components [31]. They reported that this was 

due to age-related degeneration, which results in decrease in 

visual function. Lord et al. measured center of gravity sway 

during 30 s of stationary standing and performed visual 

function tests (visual acuity, contrast sensitivity, depth  
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a) SD of amplitude (mediolateral direction) 

0.00

0.10

0.20

0.30

0.40

0.50

0.60

0.70

0.80

0.90

1.00

1.10

1.20

EO EO1.5 EO3.0

N
o
rm

al
is

ed
 V

al
u
e

p = 0.033
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c) SD of Velocity (mediolateral direction) 

Fig. 4 Results of multiple comparison tests in visual 

conditions. 

(EO: eyes closed, EO1.5: eyes opened + visual target 1.5 

m, EO3.0: eyes opened + visual target 3.0 m) 

 

perception, stereoacuity, and lower visual field), and assessed 

quadriceps muscle strength, intrinsic sensation, and reaction 

time in 156 older adults [32]. The results showed a 

relationship between visual function, quadriceps muscle 

strength, and reaction time during stationary standing on an 

unstable support surface. Furthermore, when the total 

trajectory length of the center of gravity sway was used as the 

dependent variable, contrast sensitivity, stereopsis, and 

quadriceps muscle strength were significant independent 

variables. These results were consistent with those of the 

present study. We assumed that the distance between the 

participants and the visual targets was misperceived in the 

virtual environment and that the COP velocity from the visual 

information to the recognition of body motion increased. 

One possible reason for the increased instability in virtual 

space is the use of HMDs. Information obtained from both 

central and peripheral visions is important for postural 

control [27]. In this measurement environment, the HMD’s 

viewing angle was limited to 110°, so there is a possibility 

that little information was obtained from the peripheral field 

of view. On the other hand, the only parameters related to the 

mediolateral direction of the COP that showed significant 

differences were visual conditions related to the presence and 

position of the visual target, with no main effect of spatial 

conditions. This may be due to the difference in the visual 

information important for body movements in the 

anteroposterior and mediolateral directions. Bronstein et al. 

stated that absolute motion parallax, i.e., when one moves to 

the right, the surrounding environment moves to the left, is 

used for mediolateral posture control [33]. In this study, 

mediolateral displacement was assumed to be controlled by 

this absolute motion parallax. This is expected to reduce the 

influence of the virtual space on mediolateral postural 

control. However, since no objects other than the visual 

targets were used in this study, the information obtained from 

the peripheral vision may have been less. Further verification 

of these findings is required in the future. 

This study has four limitations. The first is the number and 

age range of the participants. Since the number of participants 

was 11, further analysis including more participants with a 

broad age range is needed. The second limitation is the 

reproducibility of the real-time space. It is possible that the 

performance of the HMD and the precision of the computer 

graphics may cause differences in the contrast of the target 

and other factors. In addition, the viewing angle of the HMD 

is limited compared with that of the real-time space. 

Therefore, it is necessary to further verify the effect of VR on 

postural control using an HMD that can present 

high-resolution images with a wider field view. The third was 

the measurement time of COP deviation during stationary 

standing. Since this measurement was performed during the 

COVID-19 epidemic, the experimental time was kept as short 

as possible to prevent infections, but in the future, 

measurements will be performed at the recommended 120 s 

[34]. Fourth, we were unable to verify the degree of 

dependence on visual, somatosensory, and vestibular senses. 

In this study, the effects of VR on postural control were 
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examined using various parameters related to COP deviation 

during static standing. However, the changes in the 

dependence on the three senses has not yet been verified. In 

the future, the measured COP coordinate data will be 

subjected to frequency analysis to verify the difference in the 

dependence on each sense in the two spaces. 

In this study, we measured the COP deviation during static 

standing in real-time and virtual spaces and verified the 

influence of VR on postural control. We created a virtual 

space condition that was space similar to a real-time space 

using computer graphics and presented using an HMD. The 

results showed that postural instability increased in the virtual 

space. This could have been because depth information in the 

virtual space differs from that in real-time space. 

V. CONCLUSIONS 

As VR can create various environments and include game 

elements, it will be widely used in rehabilitation in the future. 

In addition, the COVID-19 epidemic has led to the provision 

of medical services over the Internet, and telerehabilitation is 

expected to spread widely. Therefore, the effects of VR on 

humans must be thoroughly verified. As the physical, 

sensory, and cognitive functions of the elderly and people 

with disabilities deteriorate with age, it is necessary for the 

risks associated with the use of VR to be understood in 

advance. This will ensure the safe and effective use of VR in 

rehabilitation. More studies are needed to examine the impact 

of VR from various perspectives. 
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