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Abstract
This study analyzed the effects of walking freely in virtual reality (VR) compared to walking in the real-world on dynamic 
balance and postural control. For this purpose, nine male and twelve female healthy participants underwent standard 3D gait 
analysis while walking randomly in a real laboratory and in a room-scale overground VR environment resembling the real 
laboratory. The VR was delivered to participants by a head-mounted-display which was operated wirelessly and calibrated 
to the real-world. Dynamic balance and postural control were assessed with (1) the margin of stability (MOS) in the anter-
oposterior (AP-MOS) and mediolateral (ML-MOS) directions at initial-contact, (2) the relationship between the mediolateral 
center of mass (COM) position and acceleration at mid-stance with subsequent step width, (3) and trunk kinematics during 
the entire gait cycle. We observed increased mediolateral (ML) trunk linear velocity variability, an increased coupling of 
the COM position and acceleration with subsequent step width, and a decrease in AP-MOS while walking in VR but no 
change in ML-MOS when walking in VR. Our findings suggest that walking in VR may result in a less reliable optical 
flow, indicated by increased mediolateral trunk kinematic variability, which seems to be compensated by the participants by 
slightly reweighing sensorimotor input and thereby consciously tightening the coupling between the COM and foot place-
ment to avoid a loss of balance. Our results are particularly valuable for future developers who want to use VR to support 
gait analysis and rehabilitation.
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1 Introduction

Augmented, Mixed, and virtual reality (VR) technologies 
extend our reality by merging the virtual with the real-world 
to create a fully immersive experience. The global market for 
these technologies was worth approximately $31 billion in 
2021 and is projected to rise to nearly $300 billion by 2024 
with the healthcare sector being most affected by this growth 
(Statista 2021). Of particular interest is the use of VR as a 
tool for gait training and rehabilitation (Canning et al. 2020; 

Janeh and Steinicke 2021). Virtual reality in rehabilitation 
has gained traction due to its potential to enhance motiva-
tion, provide an immersive experience, and target specific 
gait parameters, thereby making it a valuable adjunct to 
traditional therapy approaches (Benham et al. 2019; Chen 
et al. 2021). Indeed, there is a growing application of VR for 
patients with gait and balance disorders such as Parkinson’s 
Disease (Triegaardt et al. 2020; Lu et al. 2021) Cerebral 
Palsy (de Oliveira et al. 2016), stroke (Palacios-Navarro 
and Hogan 2021; Ahn and Hwang 2019; Peng et al. 2021), 
amputation (Darter and Wilken 2011), and healthy aging 
(Lee 2020; Delgado and Der Ananian 2021; de Vries et al. 
2020; Willaert et al. 2020).

In gait rehabilitation, to date, VR is primarily used on 
treadmills with mainly semi-immersive VR setups such as 
screens in front of the patients (Brepohl and Leite 2023). 
However, the rapidly advancing technology of head-
mounted displays (HMD) offer exciting but partly unex-
plored possibilities in using VR to aid gait rehabilitation 
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during overground scenarios. Head-mounted displays allow 
patients to naturally walk and navigate through virtual envi-
ronments without being restricted to treadmills or to seeing 
the VR on a stationary screen. It allows them to explore 
and interact with their virtual environment in a highly real-
istic way where the physical movements (e.g., of the head 
and hands) are tracked and used in real-time for immersion. 
However, before such highly immersive overground VR 
environments can be used as an effective and safe tool for 
populations with gait and balance disorders, it is imperative 
to examine how VR affects dynamic balance while walking 
in healthy adults. This is necessary before VR can be used 
in other populations for testing and training dynamic bal-
ance and postural control. Specifically, to understand what 
the confounding effects of VR are and how they potentially 
alter the way our neuromuscular system maintains balance 
and postural control while navigating overground through 
VR environments.

While walking, balance is threatened as the center of 
mass (COM) is volitionally displaced outside the base of 
support (BoS) during the swing phase to progress forward 
(Winter 1995; Siragy and Nantel 2018). Further, even dur-
ing the double-support phase when the COM is within the 
BoS, balance is challenged as the velocity of the COM 
is redirected laterally from the unloading to the loading 
leg(MacKinnon and Winter 1993; Winter 1995). Thus, 
dynamic balance is defined as the ability to avoid a fall while 
the COM is in a constant state of motion both within and 
outside of the BoS. In this scenario, balance is achieved by 
the neuromuscular system counteracting the gravitational 
and joint reaction forces acting on the sinusoidal trajectory 
of the upper body (head, arms, and trunk) to avoid falling. 
As the trunk is the largest segment in the upper body, which 
accounts for two-thirds of total-body mass, large variations 
in its rhythmic trajectory (hereby termed postural control) 
are closely linked with reduced dynamic balance (MacKin-
non and Winter 1993).

One of the primary mechanisms to counteract these 
destabilizing forces and maintain balance is effective foot 
placement (Winter 1995; Bruijn and van Dieën 2018). 
To achieve appropriate and effective foot placement, the 
neuromuscular system predicts the future kinematic state 
of the COM to determine upcoming foot placement at 
initial-contact (Bruijn and van Dieën 2018). In the anter-
oposterior direction, the passive dynamics of the body are 
exploited requiring minimal guiding information from 
automated subcortical and brain stem regions to deter-
mine foot placement (Bruijn and van Dieën 2018; Siragy 
and Nantel 2018; Bauby and Kuo 2000). In contrast, effec-
tive mediolateral foot placement requires active sensory 
information processing from higher-level cortical regions 
(Bruijn and van Dieën 2018). Specifically, in this direc-
tion, the visual and vestibular systems provide information 

about head orientation which is then integrated with pro-
prioceptive input from the trunk (Bruijn and van Dieën 
2018). The culmination of this process provides the neu-
romuscular system with an estimate of the dynamical state 
(position, velocity, and acceleration) of the COM which 
it then utilizes to determine upcoming mediolateral foot 
placement (Bruijn and van Dieën 2018; Hurt et al. 2010). 
Indeed, previous research demonstrates that upcoming 
foot placement is determined by the kinematic state of 
the COM during the preceding contralateral mid-stance 
(Bruijn and van Dieën 2018; Hurt et al. 2010; Wang and 
Srinivasan 2014; Perry and Srinivasan 2017).

However, the use of HMD to project VR environments 
alters the visual input provided to the sensorimotor system 
from that of the real-world. This may create a sensory 
conflict when integrating the multiple inputs necessary for 
stable walking. Specifically, visual input is derived from 
the VR-HMD but the remaining sensory inputs (such as 
vestibular and proprioceptive) stem from the real-world. 
While there are several theories about sensory conflict 
the most recent theory was proposed by Palmisano et al. 
(2023) who showed that during HMD-based VR, display 
lag can results in differences between the virtual and 
physical head pose, a sensory conflict that can also be a 
primary trigger for cybersickness. Although overground 
VR gait studies have yet to quantify dynamic balance and 
postural control, emerging research demonstrates that 
when individuals walk while wearing a VR-HMD, there 
is a decrease in both stride length and gait speed (Martelli 
et al. 2019), an increase in double support time (Janeh 
et al. 2017), a decrease in cadence (Canessa et al. 2019), 
and an increase in step length, width, and time variability 
(Martelli et al. 2019; Yamagami et al. 2020; Horsak et al. 
2021). The culmination of this evidence indicates that 
individuals adopt a “cautious gait” strategy when walking 
with a VR-HMD compared to the real-world (Horsak et al. 
2021). This potentially suggests that when walking with 
a VR-HMD, dynamic balance may be threatened. How-
ever, the current gait kinematics and kinetics reported in 
the literature do not quantify stability while walking. This 
aspect is critical to examine as the use of a VR-HMD may 
increase the risk of falling while walking.

Therefore, the purposes of this study are to assess 
whether walking with VR-HMD affects (1) postural con-
trol, (2) dynamic balance, and (3) the relationship between 
the COM and foot placement compared to walking in the 
real-world. To this end, a secondary analysis was con-
ducted from our recently published study that examined 
gait kinematic and kinetic changes during overground 
walking with a VR-HMD (Horsak et  al. 2021). These 
results will serve as a guide for future researchers wish-
ing to use VR-HMD to assess or train dynamic balance in 
fall-prone demographics.
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2  Methods

2.1  Participants

A convenience sample of 9 males and 12 female healthy 
volunteers (N = 21, age: 37.6 ± 8.6 years, weight: 70.8 
± 14.9 kg, height: 169.6 ± 6.8 cm) was recruited at our 
University’s campus located in St. Pölten in Austria. We 
included healthy volunteers aged between 18 to 65 years 
and excluded participants presenting with any temporary 
or long-term conditions affecting their ability to walk or 
affecting their ability to navigate through the VR (e.g., visual 
impairments). This study was approved by the local eth-
ics committee (GS1-EK-4/682-2020) and was performed in 
accordance with the relevant guidelines and regulations. All 
participants were informed prior to the study and gave writ-
ten informed consent.

2.2  Procedures

This is a secondary analysis from our recently published 
study that examined gait kinematic and kinetic changes 
during overground walking with a VR-HMD (Horsak 
et al. 2021). All participants underwent standard 3D gait 
analysis in four randomly assigned walking conditions by 
computer-generated numbers: the real laboratory (RLab, 
size: 11.9 × 5.4 m), a virtual laboratory resembling the 
real world (VRLab), and two differently sized versions of 
the VRLab. The latter two were excluded for this study 

because we did not observe any additional findings between 
the normal VRLab condition and the two differently sized 
VRLab versions warranting their inclusion in the current 
analysis (Horsak et al. 2021). Participants wore the HMD 
for approximately 7 ± 1 min per VR condition and approxi-
mately 21 min in total during the entire study.

2.3  Virtual reality room‑scale environment

To fully immerse participants in a first-person view in the 
room-scale VR environment, they wore an HTC Vive Pro 
HMD which was operated wirelessly and calibrated to the 
real-world (Fig. 1). This allowed them to navigate and walk 
freely in the virtual environment. We have used the physi-
cal dimensions of the real laboratory to create a virtual 
3D model of the laboratory and its interior. The Unity3D 
game engine was then utilized to visualize the laboratory. 
We developed a middleware service to combine data from 
multiple sensor input systems, such as a motion capture sys-
tem and HTC Vive 2.0 trackers, and communicate with the 
VR application via the User Datagram Protocol (UDP). One 
HTC Vive 2.0 tracker was strapped to each foot to track and 
display the feet in VR in real-time. This allowed volunteers 
to have a visual indication of their current position in the 
VRLab and their body posture while navigating through the 
VR environment. Five HTC Vive Lighthouses (2.0) were 
used to continuously track the positions of the HMD and 
both trackers in the real-world. The HTC Vive Lighthouses 
did not interfere with the motion capture system.

Fig. 1  The real-world laboratory (RLab) partially superimposed with 
the virtual environment (VRLab) the participants saw. Left: Partici-
pant walking in the laboratory immersed with a head-mounted-dis-
play and equipped with the skin-mounted retroreflective markers for 

motion capturing. HTC Vive 2.0 trackers were used to track the posi-
tions of the feet in real-time and display them in the VR. Right: View 
of the real laboratory and how it looked in the VR. Right image partly 
reused from Horsak et al. (2021)
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2.4  3D gait analysis

A 12-camera motion capture system (Nexus, 2.11, Vicon, 
Oxford, UK) was used to collect trajectory data at 150 Hz 
while one synchronized force plate (Kistler, Winterthur, CH) 
was used for collecting ground reaction force data at 300 Hz. 
Participants walked at self-selected walking speed in all con-
ditions up and down an approximately 7 m long walk way, 
where the force plate was embedded flush with the ground 
(see Fig. 1). To collect participants’ kinematics, the extended 
Cleveland Clinic marker set (Baker 2013) was used for the 
lower extremity and combined with the Vicon Plug-In-Gait 
model for the upper body. To determine the hip joint center, 
the regression equation from Davis et al. (1991) was used. 
Kinetic data were filtered using a 4th-order zero-lag But-
terworth filter with a cut-off frequency of 20 Hz. All raw 
kinematic trajectories were filtered using the Vicon Nexus 
system integrated Woltring filtering routine with an MSA 
value of 15. For the analysis, all available steps including 
the ones before and after the force plate (except those close 
to the end of the walkway), were used. This resulted in 23 ± 
6 steps per participant and body side.

2.5  Outcome parameters

Data were analyzed in custom Matlab (2022b) and Python 
3.8 scripts (using Spyder 4.1.5 within the Anaconda 3.0 
suite). Gait events were determined via the force plate with 
a threshold of 20 N and by using an auto-correlation func-
tion and manual inspection for all steps before and after the 
force plate. All data were time normalized and expressed as 
a percentage of the gait cycle. To mitigate the influence of 
gait direction on our outcome parameters, i.e. walking not 
completely parallel to the anteroposterior axis of the labora-
tory coordinate system, a similar approach to (Kainz et al. 
2016) was chosen. Relevant trajectories for each stride were 
rotated by the angle determined between the gait direction 
and the anteroposterior direction of the laboratory for each 
stride separately. The rotation was then conducted about the 
pelvis center, defined as the mid-point between both hip joint 
center locations.

Dynamic balance and postural control were assessed with 
three outcomes: (1) the Margin of Stability (MOS) in the 
anteroposterior (AP-MOS) and mediolateral (ML-MOS) 
directions at initial-contact (Hof et al. 2007), (2) the rela-
tionship between the mediolateral COM position and accel-
eration at mid-stance with subsequent step width (Hurt et al. 
2010), and (3) trunk kinematics during the entire gait cycle.

2.5.1  Margin of stability 

The MOS was calculated bilaterally and defined as the dis-
tance of the extrapolated COM (xCOM) to the heel-marker 

for the AP-MOS or ML-MOS using Eqs. (1 and 2). See 
Fig. 2 for a schematic description.

where vCOM is the velocity of the COM, g is the gravita-
tional acceleration and l is the height of the inverted pen-
dulum which was determined as the distance of the right/
left heel marker to the COM at initial-contact. The position 
of the COM was estimated by using the cumulative mass 
and position of each anthropometric segment based on the 
Cleveland Clinic model  (Baker 2013) and Vicon’s Plug-
In-Gait upper body model. Hof et al. (2007) originally pro-
posed to use the center of pressure as the BoS. However, we 
included all steps during walking along the walkway includ-
ing those without force plate contact, and therefore used the 
position of the heel-marker as an approximation of the COP 
during initial-contact. The MOS calculation is dependent on 
the foot and walking direction. To account for this, we have 
used the (− 1) term to correct for the directions of the BoS 
and xCOM vectors and ensure the MOS is positive when the 
xCOM is medial compared to the BoS or negative when the 
xCOM is anterior to the BoS. If the xCOM would be lateral 
to the BoS a person would have experienced a loss of bal-
ance. Note that a negative AP-MOS indicates that the xCOM 
is progressing forward, which is the goal of forward walk-
ing. Since velocity is taken into account in the xCOM, the 
AP-MOS will lie outside the BoS during initial contact (IC).

2.5.2  Relationship of COM state to step width

To assess the ability of the dynamical state of the trunk to 
determine mediolateral foot placement, we used similar to 
Hurt et al. (2010), a multiple linear regression model to 
relate the trunk COM position and its acceleration at mid-
stance with the subsequent step width. Mid-stance was 
defined as the time point when the frontal velocity of the 
trunk COM was zero. The COM position was defined as the 
horizontal distance between the vertical projection of the 
COM on the ground and the mid-point of the line connect-
ing the heel and toe markers of the stance foot at mid-stance. 
Step width was calculated as the frontal plane distance of 
the mid-point between toe- and heel-markers for both feet 
during two consecutive steps (see Fig. 2). For the regres-
sion analysis, the trunk COM positions and accelerations 
at mid-stance for each left and right step were paired with 
the following step widths for each participant and lumped 
together in one sample. This resulted in a regression equa-
tion as followed for each walking condition. The explained 

(1)xCOM = COM +
vCOM
√

(
g

l
)

(2)MOS = BoS − xCOM
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variance in terms of the coefficient of determination ( R2 ) 
served as the outcome.

2.5.3  Trunk kinematics 

Lastly, to assess postural control we used the AP, ML, and 
vertical kinematics of the trunk to understand the impact of 
the VR on trunk kinematics. The T10-marker, placed right 
above the tenth thoracic vertebra, served as a surrogate to 
describe trunk motion. We have calculated the velocity 
profiles as well as the variability in terms of its standard 
deviation for each individual across the entire gait cycle and 
averaged them between the left and right steps to have robust 
and representative values per person.

2.6  Statistical analysis

Statistical analysis was conducted using SPSS Statistics 27 
(IBM Corporation, NY, USA). Basic features of the data are 
reported as means and one standard deviation (SD), unless 
otherwise stated. Assumption of normality was checked by 
using a Shapiro–Wilk test and by inspecting the histogram 
of each variable.

(3)
step width = �0 + �1 ⋅ (COM position) + �2 ⋅ (COM acceleration)

2.6.1  Margin of stability 

As initial dependent pairwise tests did not indicate any sig-
nificant asymmetries in MOS variables between the left and 
right side, values of both sides were averaged to have a sin-
gle robust representation of each individual. Then, depend-
ing on the normality of the data either dependent t-tests or 
Wilcoxon signed rank tests were used to evaluate if a signifi-
cant difference exists in the mean or median of the AP-MOS 
and ML-MOS for walking in RLab compared to walking in 
the VRLab. Due to the explorative character of this study 
and the small number of family-wise tests conducted we 
refrained from using Bonferroni-corrections to avoid high 
Type II errors. Alpha level was set to 0.05.

2.6.2  Relationship of COM state to step width

 Regarding the assumptions for the regression analysis, a 
Durbin-Watson test was used to check for potential auto-
correlation. Values in the range of 1–3 were interpreted as 
acceptable. Visual inspection of the histograms as well as 
skewness and kurtosis were used to test if residuals were 
approximately normal, the Goldfeld–Quandt test was used 
to test for homoscedasticity, and lastly the variance inflation 
factor (VIF) was used to gauge multicollinearity between 
predictors. Variance inflation factor values of greater than 

Fig. 2  Schematic depicting some of our outcome variables relevant 
for this study. Left image: the margin of stability (MOS) was calcu-
lated for the mediolateral (ML-MOS) and anteroposterior (AP-ML) 
directions as the distance between the base of support (BoS) repre-
sented by the heel-marker at initial contact and the extrapolated 
center of mass position (xCOM). Right image: regarding the multiple 

linear regression, the mediolateral center of mass (COM) position and 
its acceleration during mid-stance were used to predict the subsequent 
step width. The COM position was defined as the horizontal distance 
between the vertical projection of the COM on the ground and the 
mid-point of the line connecting the heel- and toe-markers of the 
stance foot at mid-stance
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2 were interpreted as a presence of moderate to strong 
multicollinearity.

2.6.3  Trunk kinematics

 Lastly, we utilized statistical parameter mapping (SPM) and 
the SPM1D package (v.0.4.2) available for Python (Pataky 
2012) to identify any differences in trunk kinematic velocity 
profiles and their variability between both walking condi-
tions and separately for all three anatomical planes. For this 
purpose we used paired-sampled t-tests, or in case of none-
normality of the data, non-parametric tests. Alpha level was 
set to 0.05.

3  Results

3.1  Margin of stability 

A Shapiro–Wilk test indicated a normal distribution for the 
AP-MOS but a non-normal distribution for ML-MOS. A 
dependent t-test identified a significant difference in AP-
MOS between walking in the RLab (− 179 ± 34 mm) com-
pared to walking in the VRLab (− 158 ± 32 mm), t(20) 
= −4.991, p <.001. A Wilcoxon signed-rank test indicated 
no significant change for ML-MOS between walking in 
the RLab compared to the VRLab (Z = − .886, p =.375). 
Median ML-MOS was 19 mm (IQR: 11 mm) and 20 mm 
(IQR: 11 mm) for walking in RLab and VRLab, respec-
tively. Results of the MOS are visualized in rain cloud box 
plots (Allen et al. 2021) in Fig. 3.

3.2  Relationship of COM state to step width

 Regarding the multiple regression, both variables, medi-
olateral COM position and acceleration, significantly pre-
dicted step width and both variables added significantly to 

the prediction (p < 0.05) in both walking conditions. During 
walking in the RLab both variables accounted for 54% of 
the variance, F(2741) = 434.7, p <.001, R2 =.540. During 
walking in the VRLab, 64% of the variance was explained 
F(2812) = 717.4, p <.001, R2 =.639. Fig. 4 shows a visuali-
zation of the 3D planes created by the regression equation 
for both walking conditions as well as the equation itself. 
From a goodness-of-fit perspective both regression models 
seemed appropriate and showed similar features in quality 
criteria. Durbin-Watson statistics was approximately 1.1, 
indicating moderate but acceptable auto-correlation, resid-
uals were approximately normally distributed, the VIF (< 
1.5) did not indicate high multicollinearity, and the Gold-
feld–Quandt test was not significant (p > 0.6) indicating 
homoscedasticity.

3.3  Trunk kinematics 

SPM Shapiro-Wilk tests indicated non-normal distributions 
in some variables. Non-parametric paired sample SPM 
t-tests identified a highly significant decrease in absolute 
trunk velocity for the anteroposterior ( −7.2 ± 0.3%, p < 
0.001) and vertical ( −8.3 ± 5.7%, p < 0.001) directions 
and a significantly increased mediolateral trunk velocity 
(5.5 ± 5.6%, p < 0.05) during early stance and early swing 
(p < 0.05) when walking in the VRLab compared to the 
RLab (see Fig. 5). In addition, SPM identified an increased 
variability in mediolateral trunk velocity (+ 25.3 ± 4.1%, 
p < 0.001) in the VRLab compared to RLab. No relevant 
changes in variability were found in the anteroposterior or 
vertical direction.

Fig. 3  Mediolateral margin of stability (ML-MOS) and anteropos-
terior MOS (AP-MOS) at initial contact (IC) for walking in the real 
laboratory (RLab) compared to walking in the virtual laboratory 
resembling the real one (VRLab). The plot shows the data distribu-

tion (probability density function), the jittered raw data, the mean 
(red line), and a box plot showing quartiles where whiskers extend to 
the end of the data distribution except for outliers (diamonds) (color 
figure online)
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Fig. 4  Three perspectives of a 3D visualization of the multiple linear 
regression model with mediolateral (ML) COM position (mm) and 
acceleration (mm/s2 ) as predictors for subsequent step width (mm). 
The upper row (pink) shows the model while walking in the real labo-

ratory (RLab), the lower row (blue) depicts the model while walking 
in the virtual laboratory resembling the real one (VRLab) (color fig-
ure online)

Fig. 5  Kinematic profiles of the trunk velocity (first row) and its 
variability (second row) for the anteroposterior, mediolateral, and 
inferior-superior direction when walking in the real and the virtual 

laboratory. The bar below each graph indicates when the SPM{t} test 
statistic exceeded the critical threshold. Grey bars indicate a p < 0.05, 
black bars a p < 0.001 (color figure online)
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4  Discussion

This study analyzed the effect of walking in an overground 
VR-HMD on postural control, dynamic balance, and the 
coupling between the COM-BoS in healthy young adults. 
Our results demonstrated that walking in VR increases 
mediolateral trunk linear velocity variability, decreases 
AP-MOS, does not change the ML-MOS, and increases 
the relationship between the trunk’s dynamical state and 
subsequent step width compared to walking in the real-
world. These findings are significant as instability and fall 
risk are greater in the mediolateral compared to the anter-
oposterior direction while walking (Winter 1995; Bruijn 
and van Dieën 2018; Siragy and Nantel 2018).

The increase in mediolateral trunk linear velocity vari-
ability may have stemmed from the difference in the vis-
ual scene between the VR and the real-world. Previous 
research demonstrates that mediolateral postural control 
while walking is heavily reliant on the effective processing 
of visual information to maintain stable motion (Bruijn 
and van Dieën 2018; Bauby and Kuo 2000; McAndrew 
et al. 2010, 2011; Osoba et al. 2019). Higher-level cor-
tical structures integrate this input with somatosensory 
and vestibular input to provide information regarding the 
orientation and movement of the head relative to the trunk 
(Bruijn and van Dieën 2018; Bauby and Kuo 2000; Anson 
et al. 2014). In turn, this provides the neuromuscular sys-
tem with an estimation of COM kinematics during walking 
(Bruijn and van Dieën 2018). In our study, the increased 
mediolateral trunk velocity variability may indicate that 
participants had difficulty in effectively integrating the 
visual input from the VR-HMD with the vestibular and 
proprioceptive input that was derived from the real-world. 
As such, a sensory conflict may have arisen which acted 
as a sensorimotor perturbation to destabilize upper body 
posture in this direction. To rule out that the observed 
increased variability is only caused by the reduced walk-
ing speed, as slower walking speed is associated with 
increased kinematic trunk variability (Dingwell and Marin 
2006), we performed additional analysis and used a Pear-
son’s correlation to relate the change in walking speed (in 
terms of anteroposterior trunk velocity) and the increase 
in mediolateral variability of trunk velocity. No signifi-
cant relationship was observed (see Fig. 6) which further 
strengthens the notion that the VR-HMD acted as a senso-
rimotor perturbation to our participants. While our study 
is the first to examine the effect of VR-HMD on postural 
control while walking, previous research has indicated 
that a sensory conflict, between the visual and vestibular 
systems, when using VR can induce postural instability 
during static standing (Chang et al. 2020; Akiduki et al. 
2003). For instance, Imaizumi et al. (2020) evaluated the 

effect of wearing an HMD on standing postural control 
and found an increased body sway while wearing an HMD 
compared to not wearing one during their eyes open con-
dition. They suggested that the HMD changed the visual-
feedback-based postural control by possibly reducing vis-
ual information about the position and motion of the head 
with respect to participants’ surroundings (Imaizumi et al. 
2020). Subsequently, this caused a faster, more variable, 
and more adjustable body sway when wearing the HMD 
during standing.

Interestingly, despite the increases in mediolateral trunk 
variability, no changes occurred in the ML-MOS. Indeed, as 
the trunk accounts for the majority of our total-body mass, 
increases in trunk kinematic variability would disrupt the 
regular and sinusoidal movement of the COM during the 
gait cycle which threatens dynamic balance (Siragy and 
Nantel 2018; Siragy et al. 2020). However, in our preceding 
study (Horsak et al. 2021) on this sample, we observed a 
simultaneous increase in participants’ step width variabil-
ity. Although increased variability is a marker for falls in 
older adults (Verghese et al. 2009; Hausdorff et al. 2001), 
current evidence suggests that increases in spatiotemporal 
variability may also indicate foot placement adjustment to 
support a destabilized upper body in healthy young adults 
(Siragy et al. 2020; Siragy and Nantel 2018). Adjusting foot 
placement, as reflected by increased spatiotemporal vari-
ability, would account for the lack of findings in ML-MOS 
as participants modified their base of support to maintain 
their pre-existing level of dynamic balance in this direction 
(Siragy and Nantel 2018; Siragy et al. 2020; Rosenblatt and 
Grabiner 2010). Adjustment of foot placement to maintain 

Fig. 6  Linear Pearson‘s correlation between the change in mediolat-
eral variability of trunk velocity (y-axis) and the change in anteropos-
terior trunk velocity (x-axis) when walking in the virtual laboratory 
(VRLab) compared to the real laboratory (RLab). Differences were 
calculated as mean velocity during the entire gait cycle as VRLab-
RLab
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dynamic balance would coincide with the observed ”cau-
tious gait” strategy (slower walking speed, longer stride 
time, and increased double support time) implemented by 
our participants (Horsak et al. 2021). When dynamic bal-
ance is threatened, individuals take slower steps to provide 
additional time for the COM to transition from the unloading 
to the loading leg during double-support (Maki 1997; Her-
man et al. 2005). Further, the cautious gait strategy would 
account for the reduced AP-MOS observed during the VR 
condition compared to the real-world condition. Yang and 
King (2016) suggested that individuals implement this strat-
egy to reduce the distance of the dynamic state of the COM 
to the BoS to reduce the likelihood of falling. As the dynam-
ical state of the COM is located ahead of the BoS during 
steady-state walking, reducing the distance of the AP-MOS 
would facilitate the ability of individuals to return it within 
the BoS during a potential loss of balance (i.e. when encoun-
tering an external perturbation). Further, recently Alhirsan 
et al. (2023) have shown that there is a relationship between 
balance confidence and walking speed in virtual environ-
ments. In their study patients post stroke with high balance 
confidence walked faster in VR than patients with low con-
fidence. Thus, in our study, participants may have adopted a 
slower walking speed and a cautious gait strategy to reduce 
the likelihood of a fall while wearing the VR-HMD.

The threat to dynamic balance, and the ensuing strategies 
to mitigate balance loss, would explain the increased R 2 val-
ues during the VR condition. Indeed, we observed that COM 
kinematics (position and acceleration) accounted for 64% 
of the variance in step width during the VR condition com-
pared to 54% during real-world walking. Hurt et al. (2010) 
proposed that a stronger relationship between upper body 
kinematics and step width may indicate increased voluntary 
control to maintain dynamic balance while walking. In our 
study, the increased mediolateral trunk velocity variability 
may have acted as an internal perturbation to our partici-
pant’s dynamic balance. Thus, in addition to the cautious 
gait strategy, our participants may have consciously tight-
ened the coupling between their COM and foot placement 
to avoid a loss of balance. However, it is unclear whether 
the change in magnitude of 10%, compared to a relative 
change of either 15 or 20%, holds a direct implication for 
dynamic balance. Interestingly, Hurt et al. (2010) reported 
that older adults had an approximately 9% increase in this 
coupling compared to the younger adults in their study. This 
might provide an approximate indication as older adults have 
reduced dynamic balance compared to healthy young adults 
(Siragy and Nantel 2018). Hurt et al. (2010), further sug-
gested this increase in older adults was indicative of a more 
active strategy to control gait. However, in their study, a 
treadmill was used to assess gait, and the extent to which 
the relationship between variations in step width and COM 
state differs between treadmill walking and overground is 

presently not known. Thus, future research should examine 
whether relative changes in magnitude affect an individu-
al’s dynamic stability level as well as if treadmills further 
influence the relationship between step width and the COM 
state. Additionally, it is unclear whether and to what extent 
changes in walking speed affect the R 2 values.

4.1  Limitations

Recent research indicates that VR-based exergaming can 
effectively increase balance and reduce the fear of falling 
in elderly individuals (Zahedian-Nasab et al. 2021; Mirel-
man et al. 2010; Lima Rebêlo et al. 2021). Virtual reality 
is also increasingly used in patients with neurological dis-
orders, such as Parkinson’s Disease. A systematic review 
and meta-analysis (Wu et al. 2022) recently confirmed that 
VR-assisted balance training is highly effective in improv-
ing balance in patients with Parkinson’s Disease. While 
to date, the majority of research only uses non-immersive 
VR systems such as Microsoft’s Xbox and its wireless 
Kinect tracking system or non-immersive VR combined 
with treadmill training, the speed at which immersive VR 
technologies are currently developing suggests that there 
might be applications for fall-prevention and functional 
training in near future where highly immersive VR could 
play an important role. However, before such immersive 
VR technologies can serve as purposeful tools, we need 
to fully understand the impact they have on gait mechan-
ics. Unfortunately, as our study sample of 21 participants 
is rather small and only comprised healthy individuals 
aged between 21 and 56 years, our results are limited in 
their generalizability to the elderly population or patients 
with neurological disorders. The study by Yamagami et al. 
(2020) is the only study we are aware of which evaluated 
the effect of VR on gait characteristics in patients with 
Parkinson’s Disease. They investigated whether Freezing-
of-Gait (FoG) provoking VR environments exacerbate 
gait impairments associated with FoG compared to unob-
structed VR and the physical laboratory. They found that 
walking speed was reduced and gait variability increased 
when people with Parkinson’s Disease walked overground 
in all VR environments. While both their and our results 
point in the same direction, there is still a need to better 
understand the impact of immersive VR on gait charac-
teristics in various demographics. This is important in 
order to fully exploit the potential of this rapidly advanc-
ing technology as a supportive tool for research and clini-
cal care. Further, as we did not measure sensory conflict 
directly in our study, it is unclear if and to what extent this 
had an effect on our participants’ sensorimotor control to 
maintain dynamic balance. Lastly, our results need to be 
interpreted with caution when being used to inform the 
planning or development of prolonged exercise sessions 
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using immersive VR as we do not know if the observed 
effects cease over a prolonged use or are independent of 
usage time and experience with VR. This is an important 
question that needs further attention.

5  Conclusion

Recent studies in general observed a consistent pattern of 
gait adjustments when walking in VR overground envi-
ronments compared to walking in reality. Most frequently 
reported effects are reduced walking speed, increased gait 
variability, and step width which all point towards adjust-
ments to a more cautious gait. Our study further underscores 
this idea and is the first to provide an explanation from the 
perspective of dynamic stability and postural control. Our 
results indicate that the VR delivered to the participants 
with an HMD, results in an altered optical flow, indicated 
by increased mediolateral trunk kinematic variability, which 
seems to be compensated by the participants by slightly 
reweighing sensorimotor input. Subsequently, participants 
consciously tightened the coupling between their COM and 
foot placement to maintain their already existing level of 
mediolateral dynamic stability. Although our results show 
some adjustments in dynamic stability and postural control, 
these should not be overestimated as we already showed that 
overall effects on the gait kinematic and kinetic patterns are 
rather small. Immersive VR is a rapidly developing technol-
ogy and it is reasonable to assume that VR and HMDs will 
become even more immersive in the near future thereby fur-
ther reducing the effects they currently have on gait stability. 
Our study should thus be repeated in the foreseeable future 
with updated hardware and with various patient groups to 
support its application as a purposeful tool in healthcare.
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