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Analysis of center of pressure displacements
and head movements triggered by a visual stimulus

created using the virtual reality technology

PIOTR WODARSKI*, JACEK JURKOJĆ, MARTA CHMURA, GRZEGORZ GRUSZKA, MAREK GZIK

Department of Biomechatronics, Faculty of Biomedical Engineering, Silesian University of Technology, Gliwice, Poland.

Purpose: The purpose of the study was to determine how a stimulus presented in the virtual reality environment as a simulation
of a fall off the stairs, triggers a loss of balance. The study also examined if the head movement measurements and the analysis in the
frequency domain could increase the range of interpretation. Methods: 11 healthy individuals were tested, two [A1] were identified
as more susceptible to the introduced disturbance, and one reported having dizziness, car sickness and fear of heights. Measurements
of center of pressure (COP) and head positions were performed in the real and in the virtual environment. The beginning of the simula-
tion was either unexpected or preceded by a signal. The analysis included standard parameters determined in time domain as well as the
amplitude of the first harmonic from the fast Fourier transform (FFT). Results: The analysis did not reveal statistically significant
differences between results obtained: in real and virtual environments, with and without the warning signal. It was possible to notice the
effect of virtual disturbance in the three selected individuals; this was particularly evident in the analysis of the first harmonic of the FFT.
Conclusions: The conducted tests revealed that the limitation of the analyses exclusively to the time domain could be insufficient for
a comprehensive interpretation. The effect of introduced disturbance was particularly noticeable in the analysis of the first harmonic for head
movement. The application of this parameter could enable a more accurate investigation of a strategy aimed at maintaining balance.
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1. Introduction

The ability to maintain balance is important in
enabling independent life, the performance of every-
day activities and in allowing individuals to work at
heights or partake in competitive sports. Disturbed
balance may indicate diseases of the nervous system
or be the result of ageing. Difficulty in maintaining
balance could lead to falls resulting in injuries, which
may further worsen health conditions [4], [22]. It is
estimated that falls may impact 30% of people older
than 65 who live independently at home and more
than 50% of people in retirement homes [17]. Since
society is aging, the number of people at risk of falls
could be expected to grow [11]. However, the risk of

falling does not only affect the elderly and has par-
ticularly serious consequences for people working at
heights. A fall from height is one of the most frequent
reasons for injuries (48%) and death (30%) among all
incidents occurring during work at heights [23]. Apart
from irresponsible behavior and inexperience, an in-
creased risk of falling from a height is connected with
age, fatigue, insufficient sleep, and poor health [23].
All of these factors adversely affect concentration and
may lead to disturbed balance, increasing the risk of
falling.

Problems with balance can be permanent and can
be manifested by noting changes in the values of pa-
rameters that indicate the ability to maintain balance.
These can be verified in tests involving regular
standing with eyes open or closed, as well as during
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gait [2], [3], [10], [31], [33]. However, there are cases
when problems with balance are caused by specific
conditions in the environment or from specific be-
haviors. For instance, American football players de-
veloped problems with balance after quick right- and
left-head movements [7]. The detection of such less
obvious balance disturbances requires the extension of
standard balance measurements to include simulations
of events connected with work or the introduction of
additional factors that could disturb balance. The in-
formation delivered to individual senses responsible
for balance may be diversified during a conflict of
sensory stimuli. This is why balance-related tests are
increasingly performed using virtual reality technol-
ogy, where the scenery and the manner of its presen-
tation are used as balance disturbing stimuli [6], [9],
[16], [19], [20].

The application of virtual reality makes it possible
to simulate the visual conditions of balance loss or to
trigger a balance destabilizing factor. Tests of visual
stimulation and the effect of visual stimuli on posture
control were performed under various conditions. These
included individuals focusing on objects located at
various distances [28] or being exposed to a moving
environment [16], [25], [32]. Virtual reality (VR)
creates an illusion where a test participant has the
impression of being in a place other than where they
really are [18]. The introduction of virtual surroundings
while simultaneously maintaining immovable ground,
exposes a person to sensory conflict. As a result, the
body generates a kinetic response towards the visual
disturbance. The analysis of such a response can be
a valuable source of diagnostic information concern-
ing disturbed balance [9], [20].

In tests of maintaining balance, analyzed parame-
ters usually include center of pressure (COP) displace-
ments, including the average COP velocity, the area of
an ellipse, and the range of the COP movements in the
anterior-posterior (AP) and mid-lateral (ML) direc-
tions [5], [12], [14]. Importantly, there are increases in
the values of these parameters under conditions of
conflicting sensory stimuli, however, these changes
are not necessarily connected with disturbed balance
[15], [16]. For this reason, there is a growing demand
for new methods of measurements and analyses. One
of the solutions involves completing a frequency
analysis aimed at observing changes that may be un-
noticeable during a standard analysis using a time
domain [12], [16]. Force platform-related analyses are
limited to the two-dimensional plane under feet. This
is why some tests have involved the use of acceler-
ometers to detect changes in the postural balance
based on movements of the center of mass (COM) or

other segments of the body [20], [21], [34]. This re-
sulted in additional analysis of body movements for
maintaining balance [24], [29].

1.1. Objective of the research

It seems necessary to apply extended methods and
use an advanced mathematical apparatus for measur-
ing the ability to maintain balance. However, this
approach requires that there would be standardized
procedures for such measurements and defined ranges
of parameter values, taking the responses of healthy
and ill individuals to introduced disturbance into ac-
count. For this reason, the purpose of the research
work included the following:
• determination whether a simulated fall off the stairs

may affect the posture,
• determination of whether the extension of analyses

with a frequency-related analysis could increase
the scope of interpretation in relation to analyses
based on the time domain,

• determination of whether measurements of the head
movements could supplement the COP measure-
ments with information regarding the effect of the
introduced disturbance factor on the ability to
maintain balance,

• determination of whether the visual warning signal
preceding the introduction of the balance-disturbing
factor will trigger a change in the head movements
and the COP displacement.

2. Materials and methods

2.1. Study group

The study group consisted of 10 test participants
(7 females and 3 males) at an average age of 25 (SD = 3)
and an average BMI of 23 kg/m2 (SD = 3.3). Inter-
views of participants indicated that none had a history
of an extreme lower limb injury or had any motor
system dysfunction, balance disorder, or any other
problem that could affect their balance.

An additional test participant, designated as pp3
(female, 25 years of age, BMI = 17.3 kg/m2), declared
that she suffered from intense car sickness, a fear of
heights, and dizziness (when her eyes were closed).

Increased values of selected parameters for two
individuals (designated as pp1 and pp2) suggested the
presence of potential problems with maintaining bal-
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ance or, at least, higher susceptibility to the introduced
virtual disturbance. Therefore, these individuals were
excluded from the group of individuals treated as
healthy and were instead the subjects of a separate
case study, along with the person suffering from bal-
ance maintaining problems (pp3).

This study was previously approved by the Ethics
in Research Committee of the Academy of Physical
Education in Katowice (protocol number 5/2020). Each
of the study participants was informed of consent in
accordance with the Ethics in Research Committee, as
well as of the form and the course of the study. In
each case, consent to participate in the study was ex-
pressed in oral form (written consent was not re-
quired).

2.2. Measurement stand

The study was performed using a measurement plat-
form (WinFDM-S, Zebris, sample frequency 100 Hz,
2560 extensometer sensors, sensors area: 34 cm ×
54 cm), and a VR HTC Vive headset. The VR appli-
cation was prepared in the Unity 3D system and con-
sisted of a simple scenery. In the application, the ava-
tar (facing the stairs) was placed on the floor near the
stairs. The scenery is presented in Fig. 1.

2.3. Experimental procedure

Measurements were taken of successive positions
of the center of pressure (COP) (WinFDM-S) and suc-
cessive positions of the head (HTC Vive). For head
movement, the current position of the head was read
directly from the Unity graphics engine from data ob-
tained from the HTC Vive system. The results were
used for a frequency analysis; the average COP ve-
locity and the area of the ellipse containing the COP,
were calculated.

The performance of the tests in the virtual reality
trial was preceded by a trial of standing on the plat-

form, where participants had their eyes open (EO) and
closed (EC) for 60 seconds. Afterward, the partici-
pants took part in tests involving virtual reality (BB).
The first 20 seconds of the tests involved leaning in
the ML direction to synchronize the measurement
systems. From the 20th second onwards, the patients
stood still. At the 30th second, the system showed the
movement of the scenery, simulating the fall off the
stairs. For 20 seconds following the disturbance, the
subject was supposed to stand without moving. In the
subsequent test (BZ), the measurement procedure was
the same as BB, except that participants were exposed
to a visual red signal three seconds before the distur-
bance was triggered. The tests were subsequently
repeated three times, obtaining data designated as
BB1, BZ1, BB2, BZ2, BB3, and BZ3. During each of
the measurements, the participant was supposed to
stand motionless with their arms crossed on their
chest.

2.4. Analysis of results

The positions of the COP and the head on the plat-
form plane and in space were recorded. The analyses
included parameters identified as changes in the di-
rection of the triggered visual disturbance (i.e., AP).

Displacements in the ML direction were only used to
synchronize related courses and were not analyzed. The
values recorded during the first 20 seconds were not
analyzed and were only used for time synchronization of
the results. The analysis involved measuring the changes
of the COP displacements and head movements and
adopting the 20th second (the end of the synchronizing
procedure) as the zero moment of the test.

The analysis of the obtained measurement data
was divided into three stages (Fig. 2).

The first stage involved identifying the effect of
disturbance based on comparison of the average ve-
locity of the COP displacements and head movements
(V), and the area of the ellipse (EA) in relation to the

Fig. 1. The scenery of the test: without and with the warning signal
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COP and the head. The comparison of the test results
included the EO, EC, BB1, BB2, BB3 and BZ1, BZ2,
BZ3 tests.

Fig. 2. Stages of analysis of the results

The second stage involved the analysis of the COP
displacements and head movements in the AP direc-
tion in the time domain and frequency domain. The
aim of the analysis was to identify the impact of the
warning signal (stimulus) on the test participants’
responses to the disturbance. The analysis included
the average velocity, the area of the ellipse, and the
range of movements in the AP direction, for both the
COP and the head. The range of the COP and head
movements was calculated as the difference of the
coordinates of two extreme positions in the AP direc-
tion, within 15 seconds following the introduction of
disturbance (recorded after a three second disturbance).
The displacement values were designated as DAD. The
COP displacement and head movement values in the
AP direction were used for the frequency analysis by
calculating the fast Fourier transform. The first har-
monic amplitude (A1h) was identified from an analy-
sis of the spectrum. Supplementing the analysis in the
time domain with the frequency domain enabled ex-
amination of the periodicity of the movements.

It was necessary to compare values to establish
whether the following results: V, EA, DAD, and A1h,
changed in successive trials (three repeated tests in
relation to BB and BZ). The results revealed statisti-
cally nonsignificant differences between the values of
the parameters in subsequent tests. This result led to
a decision to combine values of the BB1, BB2, and
BB3 tests into one BB group as well as to combine
values of the BZ1, BZ2, and BZ3 tests into one BZ
group. The lack of statistically significant differences
in subsequent measurements (all of the obtained p-val-
ues from the Kruskal–Wallis test were higher than
a confidence threshold of 0.05 in all of the tests) made
it possible to group all of the measurement results into
two sets (BB and BZ) and perform further analyses
taking into account the increased size of the groups.

An analysis of differences between the range of
the COP displacements and the range of head move-
ments triggered by the visual disturbance was com-
pleted. This was done by comparing parameter values
after the introduction of disturbance, i.e., DAD, and A1h
for the COP and the head, for each of the tests.

The analysis made it possible to establish whether
the visual warning signal/stimulus affected the be-
havior of test participants. The Shapiro–Wilk test was
used for the BB and BZ groups and to perform com-
parative tests. This non-parametric test was conducted
because of the small group size and the lack of a nor-
mal distribution. All calculations were performed
using the Statistica, version 13, software program.

The third stage of analysis encompassed a case
study comparing parameters for the individuals poten-
tially having difficulty maintaining balance with those
of the persons declaring a lack of balance-related
problems.

3. Results

The first stage of the analyses used measurements
in the real environment and involved the calculation
of the average velocity (V) of the COP displacements
and the values of the ellipse area (EA) containing the
COP. The test results are presented in Table 1.

Table 1. Average COP velocity and the area of ellipse
obtained in relation to the EO and EC tests
(in relation to the pp1, pp2, and pp3 tests;

the values indicate the median of 3 measurements)

V [mm/s] Ellipse area COP
[mm2]

EO EC EO EC
Median 11.5 11.6 107 151
Lower quantile 9.3 10.4 76 80
Upper quantile 12.8 14.0 172 196
Minimum 7.9 8.1 67 40
Maximum 14.0 19.8 558 696
pp1 11.2 12.4 406 661
pp2 9.9 9.2 98 107
pp3 16.1 11.1 230 567

The average velocity of the COP and the head, the
ellipse area containing the COP and head positions,
and the ranges of the COP and head movements in the
AP direction (DAD), measured in the virtual environ-
ment were calculated (Table 2). The amplitude of the
first harmonic in the fast Fourier transform (FFT)
spectra was also calculated based on the frequency
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domain; this was obtained from the changes of the
COP and the head in relation to the tests performed
in the real environment. The values are presented in
Table 3.

Table 3. Values of the amplitude of the first harmonic A1h
and the A1h ratio calculated for the head in relation to A1h

calculated for the COP for the BB and BZ tests

A1h [mm] Head_A1h /
COP_A1h

BB BZ

COP Head COP Head BB BZ
Median 10.2 17.2 9.5 15.3 1.5 1.7
Lower quantile 8.8 13.9 7.4 12.8 1.4 1.5
Upper quantile 12.6 18.5 13.4 22.4 1.8 1.8
Minimum 4.9 6.8 4.2 7.6 0.7 1.3
Maximum 14.7 28.0 16.6 28.1 2.9 2.6

29.1 51.6 31.9 58.1 1.8 1.8
15.3 32.7 25.6 48.7 2.1 1.9pp1
36.6 62.2 32.4 72.8 1.7 2.2
12.1 38.5 11.4 31.6 3.2 2.8
11.9 41.0 13.9 15.9 3.4 1.1pp2
17.0 58.1 24.6 85.9 3.4 3.5
18.2 37.6 12.5 29.7 2.1 2.4
22.5 43.7 14.5 38.3 1.9 2.6pp3
13.0 31.0 12.0 18.5 2.4 1.5

The values of V and EA in relation to the EO, EC,
BB and BZ tests revealed statistically nonsignificant
differences (in relation to V: ANOVA KW p = 0.26;

in relation to the ellipse area (EA): ANOVA KW
p = 0.59).

The second stage of analyses involved testing for dif-
ferences between the calculated values of V, EA, DAD

(Table 2) and A1h (Table 3) in relation to the tests with
(BZ) and without (BB) the signal warning disturbance.
There were no statistically significant differences based
on the Wilcoxon signed-rank test ( p p 0.05).

The values of DAD and A1h (Tables 2 and 3) were
compared to examine differences between the dis-
placement of the COP and the movement of the head.
This analysis indicated the existence of significant
differences when comparing DAD and A1h for the group
of healthy individuals ( p ^ 0.05 for the Wilcoxon
signed-rank test).

The third stage of analyses involved examining
how the results for the individuals who qualified as
more susceptible to the introduced disturbance could
differ from those in the control group. The V values
for pp1 and pp2 (all measurements) did not deviate
from the medians obtained for the control group. The
velocity was higher only for pp3. However, there were
differences in the ellipse area (EA), with increased
values for pp1 and pp3 for all measurements. There
were increased values of EA for pp2 but only for the
measurements in the virtual environment. The maxi-
mum and minimum values for the group of healthy
individuals were single events, i.e., they appeared for
a given person in one measurement, whereas values of
the remaining measurements were similar to the me-
dian. As a result, the single high value data items could

Table 2. Values of velocity (V), range of movements in the AP DAD direction,
the ellipse area calculated based on the ranges of the COP displacements, and head movements for the BB and BZ tests

(the values indicate the median of 3 measurements in relation to the pp1, pp2, and pp3 tests)

V 25s from the loss of balance DAD [mm] Ellipse area [mm2]

BB BZ BB BZ BB BZ

COP Head COP Head COP Head COP Head COP Head COP Head
Median 12.5 8.7 14.0 8.3 26.8 34.4 23.4 35.9 149 342 148 305
Lower quantile 11.5 8.0 11.7 7.9 18.6 25.8 19.2 27.7 104 242 93 258
Upper quantile 16.0 9.7 14.6 9.2 32.9 46.9 30.8 41.2 230 522 199 469
Minimum 9.2 6.4 9.5 6.8 14.2 19.8 15.7 17.5 54 174 47 159
Maximum 23.6 12.2 20.7 12.5 60.0 82.0 41.5 56.3 487 949 444 891

11.8 10.7 17.7 15.3 34.4 56.9 64.2 94.7 259 898 249 815
15.4 13.1 14.0 11.5 37.6 62.1 46.8 75.7 287 893 535 1317pp1
14.1 12.0 13.1 11.4 49.4 71.9 58.2 109.5 309 1433 388 1505
12.9 15.3 13.4 9.4 25.8 54.2 18.4 41.4 231 2459 335 1049
13.5 11.4 11.1 9.2 27.1 47.9 22.9 26.7 623 841 210 553pp2
20.9 11.7 12.8 10.8 46.1 50.1 28.8 76.7 873 1514 521 2506
18.8 11.7 19.2 12.8 31.5 47.3 54.2 50.7 453 971 1450 1687
13.5 9.2 16.8 11.1 32.5 54.9 35.3 64.3 277 530 628 1282pp3
16.2 10.3 18.5 12.1 22.1 49.6 25.1 38.3 386 733 674 848
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be treated as accidental losses of balance that were
without diagnostic significance.

4. Discussion

Analyses needed to be completed in two directions
to investigate how a simulated fall off stairs could
trigger a loss of balance and whether an analysis of
COP displacements and head movements could enable
the identification of balance-related problems [34].
The first direction analyzed changes in parameters
describing destabilization and postural compensation
for the group of healthy individuals. Similarly to the
research by Huweler [13], the analysis focused on
head movements and COP displacements, and ob-
tained displacement values in the AP direction. Re-
lated comparisons were completed in the real and
virtual environments. To assess the effect of the visual
stimulus (signal) on the COP displacements and head
movements, it was necessary to analyze the average
velocity, the ellipse area of prediction, and the range
of movements after the disturbance. Similarly to the
tests by Alpers [1] and Davis [8], the analysis in the
frequency domain was performed to determine the
amplitude of the first cyclic component of A1h.

The second direction compared results for indi-
viduals diagnosed as experiencing an impact of the
introduced disturbance on balance with those for indi-
viduals who were healthy.

4.1. Analysis of the impact
of the scenery disturbance

on healthy participants

4.1.1. Comparison of the measurements
in the real and virtual environments

The first stage of analyses included the comparison
of the most frequently measured stabilometric parame-
ters [6], namely, the area of ellipse (which made up
95% of the path of support) and the average velocity
of the COP displacements. The comparison was per-
formed on the measurements in the real environment
with the participants having their eyes open and
closed (Table 1), and in the virtual environment using
the additional stimulus triggering the loss of balance
(i.e., simulated fall off the stairs) (Table 2). The sig-
nificant power of the test (>0.8) combined with statis-
tically nonsignificant differences between the results

of the measurements indicated that the introduced
destabilizing stimulus did not affect the behavior of
the test participants. It is possible that the classical
analysis provided insufficient information regarding
if, and how, the introduced visual stimulus affected
changes in postural stability [16], [33]. The results and
interpretative ambiguity should be unaffected by the
small group size because effective statistical analysis
in relation to small groups in similar postural stability-
related tests has previously been well demonstrated by
Keshner et al. [19]. The primary factor of importance
might be that data interpreted in the aforesaid manner
could be sensitive to disturbance (if any) in the form
of losses of balance unrelated to the ability to maintain
balance. This seems to be confirmed by large discrep-
ancies in the values of such parameters in different
research studies. For instance, in the tests performed
by Błaszczyk et al. [2] on a group of approximately
21 year-olds (the use of force-plate posturography),
the average velocity of the COP amounted to 9.8 mm/s
(SD = 1.6) with eyes open and 12.2 mm/s (SD = 2.7)
with eyes closed. In the tests performed by Skalska et
al. [27], the average velocity of the COP amounted to
5.9 mm/s (SD = 2.5) with eyes open and 6.0 mm/s
(SD = 2.2) with eyes closed. In previous tests by other
authors, the average velocity of the COP amounted to
8.1 mm/s (SD =  0.8) with eyes open and 10.5 mm/s
(SD = 2.3) with eyes closed. An even greater diver-
gence could be observed for the ellipse area. In two
independent tests performed by Błaszczyk et al. [2]
and Rocchi et al. [26], the values of the ellipse area for
persons aged 60–70, were 179.5 mm2 (SD = 114.1) and
484 mm2 (range of 197 mm2 to 998 mm2), respec-
tively. Furthermore, previous tests on a group of indi-
viduals who were approximately 21 years of age pro-
vided different values, i.e., 154 mm2 (SD = 94.3) with
eyes open and 174 mm2 (SD = 104.7) with eyes
closed [15]. Such differences and the standard devia-
tions of the COP-related ellipse area (for which the
relative error often exceeded 50% of the average) could
indicate that the analysis is insufficient (particularly
under conditions of conflicting sensory stimuli). There-
fore, it was necessary to extend the above analyses
with parameters to enable a better and more compre-
hensive interpretation of findings.

4.1.2. Analysis of the impact
of the warning stimulus

The use of the signal warning about the simulated
fall off the stairs made it possible for a test participant
to prepare for the situation [34]. This was done to
determine if preparation for an expected disturbance
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would affect the behavior of test participants; to achieve
this it was necessary to analyze parameters identi-
fied after the disturbance, i.e., DAD and A1h (Tables 2
and 3). The HTC VIVE system displaying VR images
was used to identify successive positions of the head
(specifically, the VR headset in space). In this way, it
was possible to extend analyses based on the COP
measurements with analyses based on head movements.

There were no differences in the parameters with
and without the use of the warning signal. Such dif-
ferences are frequently noticeable in cases where ac-
tual stimuli are triggering the loss of balance [1], [5],
and when the preparation (e.g., an impact) could lead
to a delayed reaction. In terms of the tests, the distur-
bance in the form of a simulated fall off the stairs was
purely visual and its effect was probably so strong that
even the information about its appearance and previ-
ous experience of what it would look like did not
change the response of participants.

In addition, the analysis of all obtained results in-
dicated greater head movements. Taking into consid-
eration the movement of the entire body as that of an
upended pendulum, the above phenomenon was natu-
ral and confirmed by results from Wider [30].

The measurements made it possible to identify
three individuals where there was a significant effect
of the introduced disturbance on the ability to main-
tain balance. These three individuals were the subject
of a separate case study.

4.2. Case study

During measurements, it was possible to single out
three individuals (one based on the previous declara-
tion and two based on the measurement results), where
the values of selected parameters differed significantly
from those of the remaining individuals. The recorded
differences could indicate problems with maintaining
balance when events affect the perception of the envi-
ronment (e.g., being at height or an unexpected
movement of the ground) [20], [34]. Particular atten-
tion should be paid to the fact that the greatest differ-
ences were demonstrated in parameters rarely used in
such measurements (i.e., the cyclic components of the
head movements determined using the fast Fourier
transform).

4.2.1. Analysis of average velocity
and the ellipse area of prediction

There were no clear differences between the group
of healthy individuals and the three diagnosed with

increased susceptibility to the introduced disturbance
when examining the average velocity of the COP and
the head (Table 2) (for measurements taken in the real
environment). Although these parameters for the three
individuals were higher than the median for the group,
they were lower than the maximum values for the
group. Thus, the parameters did not explicitly differen-
tiate those individuals who were strongly affected by
visual disturbance; this indicated that further analyses
were needed.

Differences were noticeable when viewing the
COP-related ellipse area (Table 2). All of these values
for the three individuals (during measurements in the
virtual environment) were higher than the upper quan-
tile. In addition, some of the measured values exceeded
the maximum values for the group (for pp1 – one
measurement, and for pp2 and pp3 – three measure-
ments). Furthermore, the ellipse area values (which
were identified for the head movements) for the three
cases (Table 2) were higher than the upper quantile of
the reference group. In half of the cases, these values
were also higher than the maximum values for the
healthy participants. The increased values of the el-
lipse area, particularly those obtained with the head
movements, could indicate that a given participant
found it difficult to maintain balance after experienc-
ing the disturbance. However, such differences were
only observed for some measurements, which could
imply a momentary loss of balance.

The range of the COP displacements and head
movements (Table 2) did not unequivocally indicate the
scale of the disturbance effect on the three individuals.
Only pp1 revealed increased values of the analyzed
parameter. In half of the cases, the values were higher
than the maximum values for the group. For the re-
maining cases, the values were higher than the upper
quantile. For pp2 and pp3, the values varied from
similar to the median to sporadically higher than the
maximum for the group.

These ambiguities could limit the usefulness of such
measurements in diagnosing problems with maintaining
balance. For this reason, it is necessary to find pa-
rameters which could provide the most repeatable
results.

4.2.2. Analysis of the first harmonic
– balance maintaining strategy

The frequency analysis of the tests concerning bal-
ance made it possible to break down the signal com-
posed of changes in the positions of the COP and
those of the head into successive cyclic components,
giving the frequency and amplitude of such move-
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ments [15], [16], [19]. The use of the fast Fourier
transform in the tests revealed that the application of
the destabilizing stimulus (in the form of a simulated
fall off the stairs) triggered the appearance of the cy-
clic component with the highest amplitude of 0.1 Hz
to 0.2 Hz. The analysis of this for the reference group
and pp1, pp2, and pp3 (Table 3) did not reveal differ-
ences between the tests with and without the warning
stimulus. However, there were significant differences
for the three individuals (i.e., pp1, pp2, and pp3),
compared to the remaining participants. These differ-
ences were visible early when comparing the values of
the amplitude of the first harmonic obtained with the
COP displacements, yet the greatest differences were
observed with this parameter in relation to the head
movements. In the second case, only two values (i.e.,
one for pp2 and one for pp3) were lower than the up-
per quantile of the group. The remaining values were
between 1.3 and 3.8 times higher than the upper
quantile and between 1.05 and 3.1 times higher than
the maximum values for the rest of the group. Such
repeatability of increased amplitude of the harmonic
peak was not observed for any other test participant.
Such increased values obtained for other persons were
sporadic results, obtained in single measurements for
a given person.

The above results indicate that, when analyzing
the effect of disturbances due to virtual reality and,
probably in other balance-related tests, it is necessary
to take the COP displacements (which is a certain
standard) and movements of other parts of the body
(e.g., head – as in the case of this study) into consid-
eration. Even when the head movements are taken
into account, an ordinary analysis in the time domain
could be insufficient for detecting differences among
test subjects. For the tests discussed in this article,
only separate analyses of individual cyclic compo-
nents indicated differences that distinguished the three
individuals from the entire group.

Furthermore, the determination of the first har-
monic indicated the strategy adopted by individual
participants to maintain their balance. The proportion
of the first harmonic amplitude for the head and the
COP (Table 3) indicated whether a given person bal-
anced using their entire (stiffened) body (value of the
ratio close to 1) or whether head movements domi-
nated over the COP displacements. The latter case, as
could be surmised (because it was not directly meas-
ured) involved a larger range of trunk movements
combined with the simultaneous flexion/extension of
the hip joint and dorsal/plantar flexion of the ankle.
The appropriate synchronization of movements causes
an increased range of trunk movements and a slight

range in the COP displacements (all in the AP direc-
tion). The tests revealed that the aforementioned strat-
egy dominated in the three individuals as indicated by
increased parameter values. This implies that individu-
als having difficulty maintaining balance will apply the
above strategy of balancing their body in virtually dis-
turbed (i.e., moving) surroundings. This also explains
slight differences in parameters identified on the basis
of the successive COP displacements. The above con-
clusion could be important in diagnosing problems
with maintaining balance, but requires more tests and
verification.

The determination of a coefficient describing the
strategy for maintaining balance should not only in-
clude parameters determined in the time domain (e.g.,
ranges of the COP displacements and head move-
ments), but should primarily include the harmonic of
the FFT that is characterized by the highest amplitude.
Such an analysis could help filter out slight move-
ments, which do not necessarily determine the global
movement strategy.

5. Conclusions

The application of the VR technology along with
the creation of visual stimuli aimed to trigger the loss
of balance could help diagnose balance-related prob-
lems and extend tests of balance involving standing
with one’s eyes open and closed. The VR-aided simu-
lation of phenomena, which could occur in reality,
enables the activation of mechanisms for achieving an
appropriate posture following exposure to distur-
bances. The proper understanding of these underlying
mechanisms could help in the development of systems
and methodology for detecting balance-related prob-
lems. Such problems are manifested by an improper
reaction to the upsetting of the balance of the stabile
posture; these may be undetectable during tests in the
real environment, which is why VR technology can be
helpful.

The results revealed that measurements under con-
ditions of conflicting sensory stimuli required an
extension of the traditional approach for a more
comprehensive analysis of results. The parameters most
commonly analyzed when assessing the ability to main-
tain balance do not provide a full answer as to how the
stimuli introduced to upset balance affects a given
person. Thus, this study recommends the use of analy-
ses in the frequency domain to provide a more com-
prehensive view of how upsetting the balance impacts
individuals. The tests also revealed that measurements
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of the successive COP positions (currently the most
frequent method of assessing the ability to maintain
balance) could prove insufficient in analyzing balance.
Additional measurements with head movements ex-
tended the possibilities of interpreting results obtained
in related balance tests.

The amplitude of the first harmonic, particularly
with respect to the head movements, most repeatedly
differentiated the individuals with the highest suscep-
tibility to the introduced disturbance. It should be
emphasized that such results do not necessarily indi-
cate the existence of health disorders; however, the
increased susceptibility to certain forms of disturbance
could translate into unexpected behavior during work
at heights or when playing sports requiring fast
movements of the head.
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