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Abstract: This paper aims to investigate the differences in standing balance control ability between
freestyle skiing aerials athletes and ordinary graduate students by means of wavelet transform (WT)
and the overall stability index (OSI) and to discover the characteristics of the postural control ability
of dissimilar subjects and appropriate methods to assess the postural control ability of the human
body. Research Methods: In all, 16 subjects were tested, including 8 from the Chinese national team
who had won the world championships of freestyle skiing aerials, with 10+ years of training (age:
23 ± 23.1 years, Height: 176 ± 2.1 cm, and weight: 69 ± 3.5 kg), and 8 ordinary graduate students of
Shenyang Institute of Physical Education (age: 22.6 ± 4.6 years, Height: 179 ± 3.3 cm, and weight:
73 ± 4.1 kg). When performing the tasks, the research subjects were required to stand on the steady
support surface (with eyes closed and legs closed) for 30 s in each testing. The displacement data
of the anteroposterior (AP) direction and the mediolateral (ML) direction of their centre of pressure
(COP) were recorded. Then, WT and OSI were calculated. Two dissimilar methods were compared to
analyse the characteristics of balance ability. Results: (1) The athletes’ WT values in the AP direction
and the ML direction were concentrated in the interval of 22~30 s and 0–8 s, respectively, while the
ordinary graduate students’ WT values in the AP direction and the ML direction were concentrated
in the interval of 10~25 s and 0–7 s, respectively; (2) the WT values of the regular graduate students
in the AP direction and the ML direction were higher than those of the athletes (p < 0.01); and (3) the
OSI value in the AP direction of the athletes was higher than of the ordinary graduate students,
while the OSI value in the ML direction of the athletes was lower than that of regular graduate
students. Conclusion: Compared to the OSI, WT can analyse the characteristics of balance control
ability more effectively. The COP displacement frequencies of the athletes and ordinary graduate
students were concentrated in the low-frequency bands. The athletes had superior adjustment ability
in an imbalanced state and could adjust to the best position without effort. In addition, the athletes
had a stronger adaptive ability. In comparison, the ordinary graduate students had comparatively
poor adaptive ability and weak adjustment ability in the imbalanced state, so it was difficult for them
to attain the best angle after adjustment.

Keywords: overall stability index; wavelet transform; balance control ability

1. Introduction

The ability to control balance is the main component in positional control [1]. Ac-
cording to the conventional view, balance control is the automatic and reflexive procedure
of action adjusted by the brain’s subcutaneous structure, which does not need a sense
of control or input from attention resources [2]. However, a rising number of dual task
studies show that the frontal and parietal lobes [3] are activated during the procedure of
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balance control, which necessitates the participation of attention resources and belongs to
controlled processing. The realistic attention resource allocation of balance control is the
foundation for integrating surrounding stimuli and completing action tasks, particularly in
competitive sports with intense and complex environments [4].

As the primary assessment of balance capability, the displacement of foot COP in X
direction and Y direction was recorded by the Biodex Balance System (BBS), and then the
equivalent OSI was calculated by the equivalent formula. The OSI assesses the quality of
balance capability by combining the tilt degree of the AP direction and ML direction [5].
The score is measured by the average deviation of the centre of gravity swing path around
the zero point, using the unit ◦ [6]. According to one study, based on the results of five tests,
the reliability of the OSI test results is as high as 85% [7].

The foot COP refers to the centre point of the whole pressure on the foot–ground
contact surface. As a comprehensive variable, it reflects limb sway and posture balance
control ability [8]. COP signal is unstable and nonlinear [9].

Linear methods assume that posture sway is steady when evaluating COP signal, so
it can only analyse the change information of COP displacement, yet disregards the time
structure information in the signal [6]. Consequently, it will cause the deviation of the COP
time series and obscure the dynamic characteristics of COP data when the human body
remains stable. Many more studies have shown that postural control is attained by visual,
proprioceptive, and vestibular sensory organs, while the dynamic alterations of the postural
control system cannot be assessed effectively if people only assess the swing amplitude and
disregard the overall change by decreasing the change in postural control. Thus, higher
evaluation methods are required to measure the dynamic changes in the postural control
system [9]. The nonlinear time-domain and frequency-domain method, which is based
on the concepts of chaos, fractals, and complexity [10], has been used to evaluate COP
signals. In recent times, the majority of studies have utilised nonlinear time series analysis
methods to analyse COP. Some researchers instead argue that complex postural control is
more stable and adaptable [9].

WT can examine numerous different time scales at different points in time and offer
pertinent information [11]. Continuous WT and discrete WT have been used to assess the
motion trajectory of COP [12] and decompose the motion trajectory of COP in the time
domain on multiple time scales [13]. By comparing the fast Fourier transform and WT, prior
studies have revealed that the frequency domain range of COP displacement was 0–5 Hz.
Additionally, disproportionate sampling frequency causes additional high-frequency noise,
rather than reflecting the actual fluctuations in posture control [14]. It was established in
one study that discrete WT could be used to analyse COP trajectories in the time domain
on multiple time scales, but not enough decomposition conclusions were reached [15].

In this study, through OSI and WT, two dissimilar analysis methods were utilised to
assess the balance control characteristics of outstanding athletes and ordinary graduate
students under conditions of having closed eyes, closed legs, and a hard cushion. In
addition, the right method applicable to the assessment of balance position control was
analysed. It was clear that: (1) dissimilar subjects showed dissimilar characteristics in
dissimilar time scales and (2) the athletes had more complex sway motion changes than
regular graduate students.

2. Materials and Methods
2.1. Research Objects

In all, 16 subjects were selected as research subjects and tested, including 8 first-class
freestyle skiing aerials athletes from the Chinese national team with 10+ years of training
(age: 23 ± 23.1 years, height: 176 ± 2.1 cm, and weight: 69 ± 3.5 kg) and 8 ordinary
graduate students of Shenyang Institute of Physical Education (age: 22.6 ± 4.6 years,
Height: 179 ± 3.3 cm, and weight: 73 ± 4.1 kg), according to the sample size of Gpower
3.1 software (Informer Technologies, Inc., Los Angeles, CA, USA). Each of the research
subjects signed informed consent forms prior to performing physical activity tests at least
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three times per week. In addition, they all completed a questionnaire of their medical
history to verify the lack of musculoskeletal, neurological, or other impairments that would
affect their balance. The outcome of this investigation revealed that none of them had
experienced any lower limb injury in the last 6 months. The experiment had the approval
of the Ethics Committee of Shenyang Institute of Physical Education.

2.2. Test Method

The test was conducted in the Sports Biomechanics Laboratory of Shenyang Sport
University. COP movement throughout the standing procedure of subjects was recorded
with a portable balance instrument (Humac Balance, American, sized at 65 cm × 40 cm).
The pertinent parameters were analysed by software. At the sampling frequency of 100 Hz,
the test was carried out in a quiet room with external interference and noise minimised.
To ensure the subjects were relaxed and did not suffer from fatigue during the test, the
test was arranged to be held on their adjusted rest day when they did not have training.
Throughout the test, the subjects were asked to take off their footwear and stand on a
65 cm × 40 cm balance board (Humac Balance, American) “keeping their trunk as stable
and motionless as possible”. The athletes were required to complete the balance test (with
closed legs, closed eyes and hard cushion) on the stable plane for 30 s each time [11]. The
subjects were asked to try and maintain their balance. Their COP change in both the AP
and ML directions were recorded. Everyone remained quiet during the entire test process
to ensure the subjects had a comparatively silent environment for testing and to decrease
the interference of noise on their balance capability. According to the standard test scheme,
the bottom of the second metatarsal bone of subjects’ feet was aligned with a mark on the
floor. All subjects had to keep their eyes tightly closed and avoid any other movements. All
subjects were given 30 s of sitting rest between the two tests. During the entire experiment,
the subjects had to close their eyes, keep their hands at their sides and their bodies in a
neutral position.

2.3. Data Processing
2.3.1. OSI

All data were analysed by utilising SPSS 26.0 and tested through COP dissimilarities
between groups. All the test levels were set to 0.05 as important dissimilarities. The
diversities between dissimilar populations were identified by using a paired sample t-test.
Results are expressed as mean (M) and standard deviation (SD). In addition, the effective
size was calculated using Cohen’s D method. If the value was <0.2, it signified a small
effect size; if the value was close to 0.5, it signified a moderate effect size; if the value was
>0.8, it signified a large effect size. Between them, OSI is the overall stability index; APSI is
the anteroposterior stability index; MLSI is the mediolateral stability index. SI signifies the
stability of the human body in maintaining balance. The closer the SI comes to 0, the better
the balance ability [13]:

APSI =

√
∑(0− y)2

#samples
(1)

MLSI =

√
∑(0− x)2

#samples
(2)

OSI =

√
∑(0− x)2 + (0− y)2

#samples
(3)

2.3.2. Wavelet Transform

The COP was recorded with a sampling frequency of 100 Hz and a sampling time of
30 s. The information estimated through the COP was completed in Matlab 2021b.

WT is a signal analysis technique in the area of frequency research. From a mathemat-
ical perspective, WT is the wavelet convolution of the time series signal with dissimilar
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scales (a) and translation (b). The transform changes the real-time sequence signal s(t) into
a two-dimensional real space with variables a and b. The wavelet coefficients (WC) at time
scale a and time b are estimated using Equation (4) [9]:

WC =
∫ +∞

−∞
s(t)ψ∗a,b(t)dt, (4)

where s(t) represents the time series signal; “*” represents the complex conjugate; and ψ is
the wavelet function. The ‘child wavelet’ derived from the ‘mother wavelet’ is as shown
in Equation (5):

ϕa,b(t) =
1√
a

ψ

(
t− b

a

)
, (5)

The above is a function of time scale “a”, and the mathematical similarity with the
short-time Fourier transform (STFT) could be seen close to time “b”. Nevertheless, the
results achieved by WT describe “a” and “b” in space rather than in time and frequency
space. In the case of discrete wavelet transform (DWT) for signal digital processing, the
values “a” and “b” are shown as in Equation (6):

a = 2j Λ b = 2jk, (6)

where j = 1 . . . ; j is the discrete level of time scale, k = 0 . . . ; the range of time scale k (j) is
shown in Equation (7):

tj =

{
22j−1

fs
,

22j

fs

}
, (7)

where is the signal sampling frequency, and k (j) is represented by correlation (8):

k(j) = floor
(

N − 2j

2j

)
, (8)

where the floor function is rounded down to an integer by using Equation (4), and WT
in the discrete space transforms the signal s(t) determined for the discrete value t into a
two-dimensional signal DWT in the space of discrete level j and discrete position k.

At each discrete time level, DWT may be utilised to rebuild the time series signal at that
particular level, thus producing the “detailed” time series signal—cD(t), as demonstrated
in Equation (9):

cDj(t) =
K(j)

∑
k=0

DWT(j, k)ψj,k(t), (9)

Equation (10) can be derived and constitutes an estimation of the time series signal at
the specific level cA:

cAj(t) = ∑K(j)
k=0 DWTap(j, k)ϕj,k(t), (10)

where ϕ represents the direct scaling function ψ linked to the wavelet function; DW-
Tap(j,k) represents the estimated value of DWT defined by Equation (11), being comparable
to Equation (4):

DWTap(j, k) =
∫ +∞

−∞
s(t)ϕj,k(t). (11)

3. Results
3.1. Comparison of WT Spectra of Different Subjects and Different Standing Directions

Table 1 shows the basic information of the subjects, Figure 1 shows the WT spectra
diagram in the subject balance test. The frequency of excellent athletes is more concentrated
in low frequency ranges and changes repeatedly. Ordinary graduate students are more
discrete and change more often than excellent athletes. As can be seen, the energy of
outstanding athletes in the AP direction was concentrated in the intervals of 0~5 s and
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22~30 s, whilst that in the ML direction was concentrated in the interval of 0~8 s. In
comparison, the energy in the AP direction of regular graduate students was mostly
concentrated in the first 3 s of the test and in the interval of 10~25 s. Their 0~7 s swing in the
ML direction was stronger than that in the AP direction, and there were two comparatively
large energy vacillation zones. Modifications were made after 7 s, and there was long
shaking period, which was mostly concentrated in the intervals of 0~15 s and 21~30 s in
the test.

Table 1. Basic information of subjects.

Excellent Athletes Ordinary Graduate Students

Height (cm) Weight (kg) Age (year) Height (cm) Weight (kg) Age (year)

Male 176 ± 2.1 69 ± 3.5 23.2 ± 3.1 179 ± 3.3 73 ± 4.1 22.6 ± 4.6
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Figure 1. WT Multi-scale Spectra Diagram of COP for Different Subjects.

3.2. Comparison of WT and OSI of Different Subjects and Different Standing Directions

Figure 2 shows the comparison between the WT of athletes and ordinary graduate
students showed that the WT of athletes <the WT of ordinary graduate students in the
AP direction (p < 0.01; d = 3.54), and the WT of athletes < the WT of regular graduate
students in the ML direction (p < 0.01; d = 2.84). Thus, the WT values of athletes in both
the AP and ML directions were less than those of ordinary graduate students. There were
also major differences. The comparison between the OSI of athletes and regular graduate
students showed that the OSI of athletes >the OSI of ordinary graduate students in the
AP direction (p > 0.05; d = 1.02), and the OSI of athletes < the OSI of ordinary graduate
students in the ML direction (p > 0.05; d = 0.92). There was no important dissimilarity in



Int. J. Environ. Res. Public Health 2022, 19, 14078 6 of 10

the AP and ML directions. In addition, for the WT of athletes, the WT in the AP direction
< WT in the ML direction (p < 0.01; d = 2.73); for the ordinary graduate students, the WT
in the AP direction > the WT in the ML direction (p < 0.05; d = 1.74). The energy value
of athletes in the AP direction was smaller than that in the ML direction, but it was the
reverse for the ordinary graduate students. Furthermore, for the OSI of athletes, the OSI in
the AP direction < the OSI in the ML direction (p > 0.05; d = 0.94); for the ordinary graduate
students, the OSI in the AP direction > the OSI in the ML direction (p < 0.01; d = 1.1). The
OSI of athletes and ordinary graduate students in the AP direction was higher than that in
the ML direction.
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4. Discussion

In this study, by comparing WT and OSI, the process most appropriate for the assess-
ment of human body balance control capability was established and the characteristics of
the balance control method were shown. Comparatively low wavelet energy presented by
the human body was able to maintain its stability in time series and had excellent balance
control capability. Comparatively large wavelet energy presented to the human body was
unable to effectively maintain its stability and had poorer balance control capability.

4.1. Change Characteristics of WT and OSI

WT can analyse dissimilar signal components and evaluate the characteristics of
each signal with the resolution matching its scale. The dynamic reaction of a structure is
caused by the interference of operating and environmental conditions. Generally speaking,
the length of high-frequency events is short, while low-frequency events are long. Re-
cently, studies to observe health through comparative analysis of wavelet scale maps have
been conducted [16].

The results (Figure 1) revealed that the COP swing frequencies of the athletes were
mainly found in the low-frequency area. When athletes stood on the stable support surface,
the peak energy of the AP direction materialised in 10~18 s, and the lowest value of
fluctuation materialised in 30 s. The stable moment of the AP direction emerged in the
interval of 1~6 s in the early test period. The peak value of energy in the ML direction
emerged in 0~8 s, and the lowest value of fluctuation emerged in the interval of 20~22 s.
The stable moment of the ML direction emerged in the interval of 10~25 s in the middle and
later periods of the test. The swing change of the AP direction in the 30 s stable support
surface test was steadier than that in the ML direction. When ordinary graduate students
stood on the stable support surface, they had a greater swing change in the AP direction



Int. J. Environ. Res. Public Health 2022, 19, 14078 7 of 10

than in the ML direction. The peak value of energy in the AP direction emerged in the
interval of 17~24 s, and the lowest value of fluctuation emerged in 20 s. In addition, the
stable moment of the AP direction emerged in the interval of 15~25 s before and during
the middle period of the test. The peak value of energy in the ML direction emerged in the
interval of 5~10 s, and the lowest value of energy emerged in 15 s. The stable moment in
the ML direction emerged in the interval of 10~20 s in the middle of the test. The swing was
comparatively stable in the 30 s of the ML direction. The freestyle skiing aerials athletes
had trained and competed on uneven snow for extended periods of time, so they were
stable on both feet. In the early period of the test, the athletes were not adaptive, and
they had a more noticeable swing with a greater energy value. As the athletes gradually
adapted, the swing became smaller. There was still a comparatively small swing in the
middle of the test. In order to adapt to imbalances after they closed their eyes, the athletes
still needed to continually adjust their centre of gravity to attain a balanced state. There
was still a comparatively large swing in the later period of the test because athletes suffered
fatigue of the central nervous system after a long time of concentrated standing, integrated
information slowly, and selected unsuitable strategies in the feedback for brake adjustment
balance. The ordinary graduate students did not have any long-term systematic training,
so they needed a far longer time to adapt to the support surface after closing their eyes.
Additionally, some adjusted incorrectly and fell down when trying to adapt to the support
surface. Relative to the athletes, the ordinary graduate students had a poorer ability to
engage muscles in unbalanced situations, could not adjust their body posture subsequent
to losing balance, and could not adjust to the most favourable state after adjustment. As a
result, in the 30 s balance test, the central nervous system of ordinary graduate students
became prematurely tired, causing errors in giving instructions to muscles, integrating
information and other coping strategies. Consequently, our first hypothesis was valid.

4.2. The Change Characteristics of the Athletes and Healthy College Students in Different Directions

Athletes’ wavelet energy value in the AP direction was less than in the ML direction.
Based on the comparison result, the OSI in the AP direction was higher than that in the
ML direction. Additional research was conducted on their balance in the AP direction.
The athletes had trained on snow for a long time, and they needed to attain concurrent
taking-off and landing of their legs over the entire technical movement process of freestyle
aerial skiing. In addition, during the process of sliding, to maintain balance control, they
maintained stability solely by correcting the AP direction, and it was not easy for them
to swing in the ML direction to maintain their own balance. When aerial skiing athletes
stood on both feet, there were specific differences between their stability in the AP and
ML directions. This is different from the findings of other projects [17]. By comparing
the balance ability of ballet athletes and track and field athletes, it was established that
track and field athletes had superior balance ability in the AP and ML directions, while
ballet athletes had superior balance ability in the AP direction [18]. Comparison with the
static one-leg standing of football players, basketball players, and healthy college students
established that football players had less swing in the AP direction, but had a stronger
ability to remain standing on one leg. In addition, studies revealed that athletes on the ice
appeared to have directional and specific swing control. Due to the specificity of the sports,
athletes who skated on ice had to control their balance by sliding in the AP direction. The
skaters had less swing in the ML direction than most land sports athletes [19]. All skilled
athletes had unique balance characteristics. Consequently, the conclusion was that wavelet
energy precisely described the athletes’ balance changes in the 30 s interval in dissimilar
directions, thus proving our second hypothesis.

Measured by WT and OSI, it was established that healthy college students had a
greater swing in the AP direction than in the ML direction. Since the weight of the human
body mostly falls on the appendage and metatarsal bone of the foot when standing, the
bearing capacity of the appendage bone is superior to that of the metatarsal bone, and the
arch chiefly bears the body weight. When the human body stands, its balance is chiefly
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maintained by the tightening of the triceps muscle of the calf [20]. Studies have shown that
the shaking range of the body is primarily in the front and back direction in the standing
position [21], which is identical to our research results.

4.3. Comparative Analysis of Different Analysis Methods

OSI assesses the human body’s balance ability by describing and recording the static
posture. The displacement range of COP is measured in a static state and obtained by a
two-dimensional time series platform. In addition, the COP trajectory [22] that maintained
balance in the AP and ML directions was analysed. It was expressed as the weighted
average of all the pressure of the contact between the human body and the ground area.
According to studies conducted in more recent years, the balanced analysis ability of
the weighted average of COP displacement is limited because the weighted average can
only provide the magnitude information of COP displacement changes and disregards
the temporal structure information of the COP signal [23]. Consequently, such methods
cannot clarify the temporal changes caused by complex sensory-motor integration. As
a result, it causes the deviation of the COP time series and obscures the characteristics
of human changes. WT can precisely assess the dissimilarities of human movement and
balance control capability [24], can respond to different time scales under diverse time
characteristics [9], and can also show the postural control mechanism at dissimilar time
scales [25]. Additionally, WT can not only analyse the energy of COP displacement in
a specific time period to illustrate the present problems in posture control [26] but can
also quantify the multi-resolution spectrum of COP displacement signal to depict the
smoothness and diversity of the fractal structure of the signal [27]. WT is connected to the
exact analysis of the low-frequency band of COP displacement and can analyse the energy
changes in a precise time period to reveal the problems that exist in postural control and
represent postural features [28]. Other studies have shown that the calculation method
of WT was effectual in COP displacement in the low-frequency band and achieved the
high precision design that other algorithms could not achieve in the same study [9], which
was identical to the results established by this study. In addition, one study demonstrated
that WT was appropriate for diseases connected to the identification and diagnosis of
balance [19]. It has been discovered that WT can reveal the change in COP displacement
that cannot be observed by conventional methods [29–31]. Studies have revealed that the
increase in energy in the frequency band indicated that subjects were at risk of falling,
which was similar to the results of this study, and the larger the WT, the worse the balance
capability [9]. OSI is basically described via the mean and standard deviation, disregarding
the change characteristics of the human body under time series. WT can better highlight the
change rules of the human body by extracting the swing characteristics at different times for
analysis. Consequently, compared with OSI, WT was more appropriate for analysing the
information displayed when the balance capability was affected under dissimilar situations,
so as to better comprehend the balance control capability.

5. Conclusions

According to the findings of this study, WT can successfully analyse the characteristics
of balance control capability. The WT method can extract the time-frequency characteristics
of balance control, preserve the low-frequency integrity in the process of human swing, and
disclose more prospective features. The swing frequencies of COP amongst outstanding
athletes and ordinary graduate students are concentrated in the low-frequency area, and
outstanding athletes have more apparent characteristics. In the case of imbalance, outstand-
ing athletes can adjust rapidly, keep their centre of gravity stable after adjustment, and also
adapt more swiftly to a complex and changeable environment. In the imbalanced state,
ordinary graduate students need a longer time to adjust and find it difficult to adjust to the
paramount stable state after imbalances. The athletes showed better balance control ability
in the AP direction than in the ML direction, while ordinary graduate students showed
better balance control ability in the ML direction. Because of the specificity of this study
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and restricted samples in the experiment, it is essential to conduct additional research on
more samples in the future.
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9. Wodarski, P.; Jurkojć, J.; Gzik, M. Wavelet Decomposition in Analysis of Impact of Virtual Reality Head Mounted Display Systems

on Postural Stability. Sensors 2020, 20, 7138. [CrossRef]
10. Henriques, T.; Ribeiro, M.; Teixeira, A.; Castro, L.; Antunes, L.; Costa-Santos, C. Nonlinear methods most applied to heart-rate

time series: A review. Entropy 2020, 22, 309. [CrossRef]
11. Chagdes, J.R.; Rietdyk, S.; Haddad, J.M.; Zelaznik, H.N.; Raman, A.; Rhea, C.K.; Silver, T.A. Multiple timescales in postural

dynamics associated with vision and a secondary task are revealed by wavelet analysis. Exp. Brain Res. 2009, 197, 297–310.
[CrossRef]

12. Suarez, H.; Muse, P.; Suarez, A.; Arocena, M. Postural behaviour responses to visual stimulation in patients with vestibular
disorders. In Meeting of the Collegium Oto-Rhino-Laryngologicum Amicitae Sacrum (CORLAS); Taylor & Francis As: Lyon, France,
1999; pp. 168–172.

13. Suarez, H.; Muse, P.; Suarez, A.; Arocena, M. Assessment of the risk of fall, related to visual stimulation, in patients with central
vestibular disorders. Acta Otolaryngol. 2001, 121, 220–224. [PubMed]

14. Addison, P.S. The Illustrated Wavelet Transform; CRC Press: Boca Raton, FL, USA, 2017.
15. Uetake, T.; Tanaka, H.; Shindo, M.; Okada, M. Two new methods applicable to center of pressure swing analysis. Anthropol. Sci.

2004, 112, 187–193. [CrossRef]
16. Silik, A.; Noori, M.; Altabey, W.A.; Ghiasi, R.; Wu, Z. Comparative analysis of wavelet transform for time-frequency analysis and

transient localization in structural health monitoring. Struct. Durab. Health Monit. 2021, 15, 1–22. [CrossRef]
17. Meng, Z.; Yuan, W.; Hao, X. Research on the balance ability of standing and walking feet of Chinese biathlon elite athletes. Sport.

Sci. 2007, 27, 34–37.
18. Schmit, J.M.; Regis, D.I.; Riley, M.A. Dynamic patterns of postural sway in ballet dancers and track athletes. Exp. Brain Res. 2005,

163, 370–378. [CrossRef]
19. Matsuda, S.; Demura, S.; Uchiyama, M. Centre of pressure sway characteristics during static one-legged stance of athletes from

different sports. J. Sport. Sci. 2008, 26, 775–779. [CrossRef]
20. Zhang, Y.; Zhang, Q. Static balance ability of functional ankle instability. Chin. Tissue Eng. Res. 2013, 17, 6287–6292.

http://doi.org/10.1113/jphysiol.1988.sp017319
http://www.ncbi.nlm.nih.gov/pubmed/3076600
http://doi.org/10.1016/j.cortex.2014.09.022
http://www.ncbi.nlm.nih.gov/pubmed/25461711
http://doi.org/10.1016/j.jbiomech.2012.03.029
http://doi.org/10.1207/S15327841MPEE0502_3
http://doi.org/10.16038/j.1000-6710.2022.01.005
http://doi.org/10.3390/s20247138
http://doi.org/10.3390/e22030309
http://doi.org/10.1007/s00221-009-1915-1
http://www.ncbi.nlm.nih.gov/pubmed/11349783
http://doi.org/10.1537/ase.00075
http://doi.org/10.32604/sdhm.2021.012751
http://doi.org/10.1007/s00221-004-2185-6
http://doi.org/10.1080/02640410701824099


Int. J. Environ. Res. Public Health 2022, 19, 14078 10 of 10

21. Zhu, Y.; Huo, H. The balance ability and foot shape characteristics of the human body when standing in different postures. Chin.
Tissue Eng. Res. 2019, 23, 2345–2349.

22. Croft, J.L.; von Tscharner, V.; Zernicke, R.F. Movement variability and muscle activity relative to center of pressure during
unipedal stance on solid and compliant surfaces. Mot. Control 2008, 12, 283–295. [CrossRef]

23. Madeleine, P.; Nielsen, M.; Arendt-Nielsen, L. Characterization of postural control deficit in whiplash patients by means of linear
and nonlinear analyses–a pilot study. J. Electromyogr. Kinesiol. 2011, 21, 291–297. [CrossRef] [PubMed]

24. Walsh, M.; Slattery, E.; McMath, A.; Cox, R.; Haworth, J. Training history constrains postural sway dynamics: A study of balance
in collegiate ice hockey players. Gait Posture 2018, 66, 278–282. [CrossRef] [PubMed]

25. Peterka, R.J. Sensorimotor integration in human postural control. J. Neurophysiol. 2002, 88, 1097–1118. [CrossRef] [PubMed]
26. Slobounov, S.; Slobounov, E.; Sebastianelli, W.; Cao, C.; Newell, K. Differential rate of recovery in athletes after first and second

concussion episodes. Neurosurgery 2007, 61, 338–344. [CrossRef] [PubMed]
27. Morales, C.J.; Kolaczyk, E.D. Wavelet-based multifractal analysis. Ann. Biomed. Eng. 2002, 30, 588–597. [CrossRef]
28. Wodarski, P.; Jurkojć, J.; Polechoński, J.; Bieniek, A.; Chrzan, M.; Michnik, R.; Gzik, M. Assessment of gait stability and preferred

walking speed in virtual reality. Acta Bioeng. Biomech. 2020, 22, 127–134. [CrossRef]
29. Cheng, Y.; Wang, X. Research on the correlation between lower limb muscle morphology and balance and stability of freestyle

skiers in aerial skills. China Sport. Sci. Technol. 2021, 57, 9−13+29. [CrossRef]
30. Xu, N.; Cui, X.; Wang, X.; Zhang, W.; Zhao, T. An Intelligent Athlete Signal Processing Methodology for Balance Control Ability

Assessment with Multi-Headed Self-Attention Mechanism. Mathematics 2022, 10, 2794. [CrossRef]
31. Xu, N.; Wang, X.; Xu, Y.; Zhao, T.; Li, X. Deep Multi-Scale Residual Connected Neural Network Model for Intelligent Athlete

Balance Control Ability Evaluation. Comput. Intell. Neurosci. 2022, 2022, 9012709. [CrossRef]

http://doi.org/10.1123/mcj.12.4.283
http://doi.org/10.1016/j.jelekin.2010.05.006
http://www.ncbi.nlm.nih.gov/pubmed/20558082
http://doi.org/10.1016/j.gaitpost.2018.09.009
http://www.ncbi.nlm.nih.gov/pubmed/30241068
http://doi.org/10.1152/jn.2002.88.3.1097
http://www.ncbi.nlm.nih.gov/pubmed/12205132
http://doi.org/10.1227/01.NEU.0000280001.03578.FF
http://www.ncbi.nlm.nih.gov/pubmed/17762746
http://doi.org/10.1114/1.1478082
http://doi.org/10.37190/ABB-01490-2019-03
http://doi.org/10.16470/j.csst.2020082
http://doi.org/10.3390/math10152794
http://doi.org/10.1155/2022/9012709

	Introduction 
	Materials and Methods 
	Research Objects 
	Test Method 
	Data Processing 
	OSI 
	Wavelet Transform 


	Results 
	Comparison of WT Spectra of Different Subjects and Different Standing Directions 
	Comparison of WT and OSI of Different Subjects and Different Standing Directions 

	Discussion 
	Change Characteristics of WT and OSI 
	The Change Characteristics of the Athletes and Healthy College Students in Different Directions 
	Comparative Analysis of Different Analysis Methods 

	Conclusions 
	References

