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Nonlinear measures in posturography
compared to linear measures

based on yoga poses performance

MICHALINA BŁAŻKIEWICZ*

Józef Piłsudski University of Physical Education, Warsaw, Poland.

Purpose: Yoga is known as a type of exercise that combines physical, mental and spiritual aspects. There has not been much
research on the postural control in various yoga poses. The aim of this study was to examine CoP regularity in both yoga instructors
and novices during the performance of four yoga poses, and to verify the sensitivity of linear and nonlinear methods for assessing
postural stability. Methods: The dynamic characteristics of CoP fluctuations were examined using linear and nonlinear methods on
a group of 22 yoga instructors (Y) and 18 age-matched non-practitioners of yoga (NY). The study involved maintaining a balance for
20 seconds while performing four yoga poses. Results: Conventional analysis of CoP trajectories showed that NY and Y exhibited
similar control of postural sway, as indicated by similar CoP path-length and area values observed in both groups. These results
suggest that the special balance yoga training received by Y may not have an impact on less challenging balance conditions, such as
the poses used in this experiment. Interestingly, nonlinear dynamical analysis of CoP showed that Y exhibited less CoP regularity and
more complex signal than NY, as evidenced by higher values of sample entropy and fractal dimension. Conclusions: The results shed
light on the surplus values of CoP trajectories in the nonlinear dynamical analysis to gain further insight into the mechanisms in-
volved in posture control.
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1. Introduction

Various indicators of postural control in humans
have been studied for decades, mostly based on the
trajectory of the center of pressure (CoP). Traditional
approaches focus on CoP variability based on the no-
tion that during standing still it displays high irregulari-
ties and non-stationary fluctuations. Delving deeper, in
order to understand the physiology of postural control,
the CoP signal evaluation techniques can be divided
into: linear and nonlinear measures [4], [18].

Linear tools, such as the CoP path length, sway ve-
locity and area, quantify the amount of CoP movement
during a specific task, independently of their order in
the distribution. The nonlinear system approach helps

to evaluate different aspects of the CoP data. Nonlinear
measures are able to capture the temporal component of
the movement variation in CoP with regards to how
motor behavior develops over time. Thus, these meas-
ures allow to quantify regularity, complexity, and sta-
bility [4], [18], [21]. Nonlinear tools include the largest
Lyapunov and Hurst exponents, as well as fractal di-
mension and entropy families.

In order to use nonlinear measures, it is necessary
to demonstrate the presence of chaos in the system.
One of the basic tools used to identify chaos is the
presence of the largest positive Lyapunov exponent
[12]. The Hurst exponent is another measure that con-
firms the presence of chaos in the system. It quantifies
the fractal properties of a time series and its long-term
memory [7]. Higuchi [9] came up with a relatively
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straight-forward technique that can be applied to time
series data to extract the fractal dimension (FD).
When applied to CoP displacement, a FD result should
fall between 1 (no variability) and 2. In the case of the
CoP trajectory, a change in FD may indicate a change
in control strategies for maintaining quiet stance.
Doyle et al. [6] concluded that fractal analysis repre-
sents a reliable method of highlighting the specific
characteristics of balance control, in contrast to tradi-
tional measures. The entropy family quantifies signal
regularity. Sample entropy (SEn) is one of the types of
entropy measures. Its advantage is independence of
data length [17]. The increased values of SEn, which
indicate larger irregularity of the CoP, have been at-
tributed to a reduced amount of attention invested in
posture [18] and may be interpreted as an increase in
the efficiency or ‘automaticity’ of postural control [4].
Lower SEn is associated with less complexity or more
regular physical movement [4]. As complexity is cru-
cial to flexibility in adapting to one’s surroundings,
the lower complexity of physical movement translates
to lower flexibility and higher rigidity for postural con-
trol. Conversely, higher SEn, which is increased com-
plexity, is interpreted as increased self-organization
and effective strategy in postural control [4]. For in-
stance, the SEn has been used to investigate the effect
of visual perception [20], cerebral concussion [3] and
cognitive tasks on postural dynamics [1], [15]. In sum-
mary, nonlinear analyses of the CoP data can provide
a window into the neurological state of the human, and
allow for insight into the multifaceted strategies util-
ized in movement and posture.

A good example of combining physical fitness
with the nervous and physiological systems can be
found, it seems, in yoga practice. Yoga is known as a
type of exercise that combines physical, mental and
spiritual aspects. According to the yoga encoder, an
asana is any posture that remains steady and comfort-
able [23]. Asanas are also defined as isometric exer-
cises, which involve a coordinated action of synergist
and antagonist muscles, requiring flexibility and pre-
cision in body movement. The advantages of yoga
practice have been widely studied [25]. Some studies
showed improvements in well-being, anxiety, stress,
balance and gait parameters after practicing yoga [11].
However, there are no studies investigating the linear
and nonlinear parameters to assess the postural control
complexity during standing in the most common yoga
asanas. Therefore, the aim of this study was to exam-
ine CoP regularity in instructors and novices during
the performance of four yoga poses, and to verify
additional usage of linear and nonlinear methods for
assessing postural stability.

2. Materials and methods

2.1. Participants

Two groups, Y and NY, participated in the study
(Table 1). Group Y consisted of twenty two female yoga
instructors with a mean experience of 2 ± 0.5 years.
Group NY consisted of eighteen women who have
never practiced yoga.

Table 1. Participant characteristics
(means and standard deviations values),
where: Y – group of yoga instructors,

NY – group of non-practicing yoga women

Group Age
[years]

Body weight
[kg]

Body height
[cm]

Y (n = 22) 28.5 ± 2.8 59.7 ± 8.5 165 ± 0.7
NY (n = 18) 21.8 ± 5.1 62.5 ± 8.1 169.5 ± 0.6

The study was conducted according to the ethical
guidelines and principles of the Declaration of Helsinki.
Participants reported having no balance disorders, no
vision defect and no existing lower limb injuries.

2.2. Procedure

Participants underwent balance measurements while
performing four yoga poses (Fig. 1) in the following
order: Standing Knee Hug, Tree, Eagle and King-
-Dancer.

Fig. 1. Yoga poses: A. Standing Knee Hug, B. Tree,
C. Eagle, D. King-Dancer

Postural stability data of the poses were obtained
using an AMTI AccuSway Force Platform and the
software Balance Clinic (Advanced Mechanical Tech-
nology Inc., USA). The CoP trajectories were collected



Nonlinear measures in posturography compared to linear measures in base on yoga poses performance 17

at a sampling rate of 100 Hz. Participants stood barefoot
on the platform and each attempt lasted 20-seconds.
There was a 2-minute break between each pose. In
selected yoga pose, data collection began after partici-
pants stated they felt stable which was signaled by
them with a short beep without opening the mouth.

2.3. Data analysis

For the purpose of our study, we selected the
most common parameters involving linear and nonlinear
methods, as proposed by various authors [13], [18]. Two
linear parameters: CoP path length and area of ellipse
were taken for further analysis. Both parameters were
extracted directly from Balance Clinic software. Meas-
urement of the CoP path length involves computing the
distance covered by the CoP over a certain time period
by summing the Euclidean distances between points:
CoP path length = ,)()( 2
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2
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where x, y are the coordinates of the CoP and n is the
number of data points. The area of ellipse is the sur-
face area given by the 95% confidence ellipse repre-
senting the smallest ellipse that covers 95% of the
points of the postural sway. The area of ellipse is com-
puted using the eigenvalues of the variance/covariance
matrix. Moreover, raw CoP data from the force plate
were analyzed using MatLab software (MathWorks,
USA). In order to examine whether the posture is
actively controlled in the direction of largest postural
sway [18], both the registered medio-lateral (ML) and
anterio-posterior (AP) CoP data were analyzed. In
addition, for nonlinear parameters, we used the mean
value from two directions (AP-ML). Four nonlinear
methods were used to assess CoP dynamics by means
of sample entropy, largest Lyapunov exponent, fractal
dimension and Hurst exponent, which are briefly ex-
plained in the following section. Next, all parameters
were tested for normal distribution. The two-factor
ANOVA was used in order to find differences be-
tween the groups. The factors were: 1) position and
2) group membership (NY or Y). Next, using the Tu-
key’s post-hoc test, significant effects for the individ-
ual linear and nonlinear parameters were identified.
All statistical analyses were performed using Statistica
v.13 (StatSoft. Inc., USA), with a significant p-value
set at 0.05.

Sample entropy (SEn)

SEn evaluates the regularity of a given time-series.
SEn calculates the probability that a sequence of N-data
points, having repeated itself within a tolerance r for

m points, may also repeat itself for m + 1 points, with-

out allowing self-matches: SEn(m, r, N) = –ln .
)(
)(
⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
rB
rA

m

m

B represents the total number of matches of length m
while A represents the subset of B that also matches
for m + 1. Thus, a low SEn value arising from a high
probability of repeated template sequence in the data
means greater regularity. For calculating the SEn, we
used the MatLab codes obtained from Physionet tool
[8] and the “default” parameters: m = 2, r = 0.2.

Largest Lyapunov exponent (λ)

This measure is a gauge of the local stability of
a system, i.e., its resistance to small internal perturba-
tions, such as the natural fluctuations that occur while
maintaining an upright stance [19]. The idea of using λ
to identify chaos in a system is based on the assump-
tion that if the average distance between two points
increases at the exponential rate, the system is sensi-
tive to a change in initial conditions, and the value of
λ is greater than zero. Thus, λ can be defined using the
following equation: d(t) = Ceλt, where: d(t) is the aver-
age divergence at time t and C is a constant that nor-
malizes the initial separation [16]. Therefore, the ex-
istence of a positive λ is often considered a necessary
and sufficient condition for the presence of chaos in
the system.

Fractal Dimension (FD)

It can be used to estimate the dimensional com-
plexity of time-series. The FD was calculated using
Higuchi’s algorithm [9], which was written in Matlab.
Higher FD values are associated with greater com-
plexity of the CoP path, with lower FD values indica-
tive of a less complex (or “straighter”) CoP path.

Hurst exponent (H)

The Hurst exponent indicates the presence or ab-
sence of (long-range) correlations [10]. Applied to
CoP data, the H can be interpreted as a measure of
roughness. The larger the value of H, the smoother
the time-series. H is bounded to the interval (0, 1).
The properties of H can be summarized as follows:
(1) H = 0.5 indicates random series (Brownian proc-
ess); (2) 0.5 < H < 1 indicates persistent long-range
power-law correlations; (3) 0 < H < 0.5 indicates anti-
persistent (short-term memory, anti-correlated) proc-
ess [24].

At this stage, a significant difference can be seen
between the linear and nonlinear parameters. Linear
parameters, mainly CoP ellipse area, combine data
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from the x and y directions and give a one-dimensional
result, while nonlinear parameters must be considered
as a variable in two planes separately.

3. Results

ANOVA yielded significant main effects of group Y
and NY: F (14,139) = 2.31, p = 0.0070 and four poses:
F(42,413) = 1.71, p = 0.0047. No significant effects
of two factors: group x position interaction were
found: F(42,413) = 0.85, p = 0.7413.

3.1. Effects of group Y and NY

Using the post-hoc Tukey’s test, significant effects
were found for nonlinear measures (Table 2): SEn
and FD in each direction separately and in combina-
tion. In the Y group, almost all values of nonlinear
measures were higher, compared to those obtained in
the NY group.

SEn is significantly higher in each direction in the
Y group, which suggests that the CoP fluctuations are
much more irregular compared to the NY group. The
biggest fluctuations are observed in the ML direction.
FD is a measure that estimates the dimensional com-
plexity of biomedical time-series. In the Y group,
the FD values were significantly higher than in the
NY group in both directions. This result suggests
that the CoP signal is much more complex for people
that practice yoga. The Hurst exponent is another non-
linear parameter for which the values were in the range
of 0.75–0.82. This result indicates persistent long-range
power-law correlations, which means that the CoP series
for the poses being studied does not change.

As far as the linear parameters are concerned, no sig-
nificant differences were found between groups Y and
NY for the CoP path length and the ellipse surface area.
Although they were slightly higher in the Y group.

Table 2. The mean and standard deviation for nonlinear
and linear measures calculated for all yoga poses,

for which statistically significant differences were not found
and were detected (*p < 0.05), where: Y – yoga group,
NY – not practicing yoga group, SEn – sample entropy,

FD – fractal dimension, H – Hurst exponent,
λ – Lyapunov exponent

Parameter Y NY p-value
SEn (AP) 0.42 ± 0.13 0.35 ± 0.10 0.0001*
SEn (ML) 0.51 ± 0.12 0.47 ± 0.10 0.0010*
SEn (AP-ML) 0.47 ± 0.12 0.41 ± 0.10 0.0001*
FD (AP) 1.67 ± 0.06 1.62 ± 0.06 0.0001*
FD (ML) 1.71 ± 0.06 1.68 ± 0.05 0.0014*
FD (AP-ML) 1.69 ± 0.06 1.66 ± 0.06 0.0001*
H (AP) 0.75 ± 0.05 0.76 ± 0.05 0.4381
H (ML) 0.80 ± 0.03 0.82 ± 0.42 0.0270*
H (AP-ML) 0.78 ± 0.04 0.79 ± 0.23 0.1178
λ (AP) 1.10 ± 0.22 1.11 ± 0.18 0.8581
λ (ML) 1.06 ± 0.23 1.06 ± 0.20 0.8758
λ (AP-ML) 1.08 ± 0.22 1.09 ± 0.19 0.8373
CoP path length [cm] 99.47 ± 26.37 95.32 ± 17.81 0.2449
CoP area [cm2] 8.67 ± 3.28 8.84 ± 2.80 0.7115

3.2. Effects of yoga poses

Using the post-hoc Tukey’s test, significant dif-
ferences were found for nonlinear measures only
for λ (Table 3). There were statistically significant
differences ( p < 0.05) between each pose (Stand-
ing Knee Hug, Tree and Eagle) and the King-
-Dancer. The same results were obtained for linear
measures.

Positive λ in each yoga posture indicates that the
body’s balance control system is not a regular dy-
namic system. It means that there are no certain fre-
quencies and regular predictable behaviors, and it
has a large number of dominant frequencies. Large
fluctuations are present for the King-Dancer pose,
which is the most difficult, confirmed by large val-
ues of CoP path length and CoP area.

Table 3. The mean and standard deviation values of the Lyapunov exponent and linear parameters
for yoga poses calculated in Y and NY group, in the sagittal (AP) and front plane direction (ML)

and their combinations (AP-ML), p – mean value, p < 0.05

Parameter Standing Knee Hug Tree Eagle King-Dancer p-value
λ (AP) 1.09 ± 0.02 1.03 ± 0.02 1.08 ± 0.02 1.22 ± 0.02 0.0075
λ (ML) 1.07 ± 0.03 0.99 ± 0.03 1.05 ± 0.03 1.14 ± 0.03 0.0057
λ (AP-ML) 1.08 ± 0.03 1.02 ± 0.02 1.07 ± 0.02 1.18 ± 0.02 0.0003
CoP path length [cm] 93.25± 3.57 92.12 ± 3.57 95.35± 3.57 107.86 ± 3.57 0.0164
CoP area [cm2] 8.38 ± 0.47 7.89 ± 0.47 8.51 ± 0.47 10.08 ± 0.47 0.0067
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3.3. Differences within the group

Analyzing the differences in stability within the NY
and Y groups, statistically significant differences were
found ( p < 0.05) for CoP path length, when compar-
ing each pose against the King-Dancer pose. Arrang-
ing the poses from the most to the least stable resulted
in the same order in both groups: Tree, Standing Knee
Hug, Eagle and King-Dancer. When analyzing the
average SEn values (AP-ML), the same pose order
was obtained for both groups (Fig. 2).

Fig. 2. The mean and standard deviation of entropy values
for combined AP and ML directions

The maximum mean entropy values in group Y
were 0.5 ± 0.1, while in the NY group they were 0.43
± 0.06, for the King-Dancer pose, which constitutes
a 14% difference in entropy values. Minimum values
differ only by 13% (Tree pose).

4. Discussion

This objective of the study was to examine CoP
regularity in instructors and novices performing four
yoga poses, and to verify the additional use of linear
and nonlinear methods for assessing postural stability.

Postural control is not a fully automated process
[18], but requires a certain level of attention, particu-
larly as the difficulty of the postural task increases. In
this paper, the difficulty of the tasks was graded be-
cause the yoga poses were ordered from the easiest to
the most difficult, which was also confirmed by the
results of the CoP path length (Table 3).

The entropy family quantifies signal regularity.
A more regular CoP pattern indicates that the postural
behavior is more rigid [4], suggesting a dependency
between the regularity of CoP displacements and the
amount of attention paid to postural control [4]. On the
other hand, complexity is associated with a meaningful

structural richness incorporating correlations over mul-
tiple spatio-temporal scales. A decrease of complexity
is related to functional decline and a more rigid pos-
tural behavior in dysfunctional balance control during
perturbations [22]. According to this, ballet dancers
have high entropy because they do not need to devote
much attention to balance, while the elderly have high
entropy because they are unable in a similar manner,
exert an effective attentive control of balance and
“cool-down” the system [2].

In our study, yoga instructors exhibited a larger
amount of postural sway (i.e., larger sway area and
CoP path length), suggesting that their balance was
overall less stable than that of the non-practicing yoga
group. The postural sway of yoga instructors involved
more irregular CoP fluctuations (as exemplified by
higher SEn), indicating that their balance was some-
what more automated (demanding less attention) than
in novices. This finding is in agreement with Schmit et
al. [21], who found that dancers exhibited less regular
sway patterns than controls. Schmit et al. [21] also
postulated that the increased “noisiness” of postural
motions in dancers was indication of greater behavioral
flexibility, allowing them to easier switch between
behavioral modes. Moreover, in our study, a decrease
in SEn (more regular sway fluctuations) was inter-
preted as a decrease in the effectiveness of postural
control. This is in line with the conclusions by Roer-
dink et al. [18], which stated that healthy physiologi-
cal systems are often characterized by an irregular and
complex type of variability, whereas disease or aging is
often associated with greater regularity and less com-
plexity. In summary, statistically significant higher
values of SEn were demonstrated in two directions
and their combination in the group of yoga instructors.
These results indicate that the yoga instructors have an
irregular and complex CoP signal, and that they pay
less attention when performing individual poses com-
pared to those who don’t practice. In addition, we
could clearly conclude that the King-Dancer pose had
a statistically significantly longer CoP path length
and elliptical field in comparison with other poses.
Out of the two groups, this pose also had the highest
entropy coefficient. In addition, by arranging the or-
der of the poses in both groups in terms of CoP path
length from the shortest to the longest, we obtained
the following order: Tree, Standing Knee Hug, Eagle
and King-Dancer. In addition to the entropy coeffi-
cient, we obtained other measures of nonlinear dy-
namics: the Lyapunov exponent, the Hurst index and
the fractal dimension. The λ is assumed as a parameter
indexing an orbital instability. Khayat and Nowshira-
van-Rahatabad [12] demonstrated that higher λ in the
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posture signals of young subjects compared to older
ones demonstrate the robustness and responsibility of
their control system as a nonlinear complex system.
Therefore, a higher λ points to the capability of a more
rapid response for balance control. A similar inter-
pretation can be applied to this work, because in both
groups (Y and NY) Lyapunov exponents were the
same: 1.06 to 1.11. Such high λ values indicate that
a small change in the state of balance causes the con-
trol system to show a rapid response to keep the body
in a balanced state as the control feedback. Therefore,
it can be said that in both groups this mechanism is
at a similar level. Analyzing each item individually
(Table 3), we observe the most dynamic changes in
the postural control response in the King-Dancer pose.
Moreover, in all subjects, the λ in sagittal plane were
larger than those in the medio-lateral direction. In re-
search conducted by Mizuta et al. [14], on prolonged
standing and its effect on postural control in elderly
individuals in comparison to adults, the medio-lateral
direction had a higher λ. From the mathematical point
of view, λ were calculated to quantify the exponential
separation of nearby trajectories. This information
was necessary to assess the stability and determine if
the pattern was periodic or chaotic. As nearby points
of the state space separate, they diverge rapidly and
can produce instability. Lyapunov exponents from
a stable system with little to no divergence are equal
to zero (sine wave). Alternatively, λ for an unstable
system that has a high amount of divergence is posi-
tive (random data). A chaotic system has both positive
and negative λ, although a positive λ indicates insta-
bility. These results are additionally confirmed by the
Hurst exponent.

The Hurst exponent (H) is a statistical tool for the
classification of time series into random and non-
random series [24]. A Hurst exponent greater than 0.5
indicated that the positive λ was due to a persistent cha-
otic pattern. For both practitioners and non-practitioners
of yoga, the Hurst exponents were the same at 0.78,
resulting in a strengthening of the trend, meaning that
there is a 78% probability that the existing trend would
be maintained (long-range correlations).

The last parameter to describe chaos in the system
is fractal dimension. A fractal pattern describes ir-
regular shapes such as CoP traces. In the case of yoga
instructors in the current cohort, the FD approaches 2
and is significantly higher from these obtained in the
novice group, this can be considered to be an indica-
tion of a system whose degrees of freedom have been
increased to a point where the system is dynamic
but under little control, in the case of postural sway
the system is swaying equally on either side of the

stable position. Higuchi’s FD, where this dimension
approaches 1, is indication of a system whose degrees
of freedom have been frozen in an attempt to control
itself. This is also how the results of this study can be
interpreted, where non-practitioners of yoga had lower
FD, which means their poses were more frozen (fo-
cused).

Researchers consider a FD between 1 and 2 as an
indicator of a healthy postural control strategy. When
this happens, the participant sways around the stable
point in a complex and dynamic manner with a high
level of control of the degrees-of-freedom, and as such
is able to adapt easily and quickly to changing condi-
tions [5].

5. Conclusions

The traditional linear measures of postural sway
did not detect a difference between the two groups,
but several of the nonlinear measures did detect dif-
ferences. Therefore, nonlinear measures are more sen-
sitive compared to the traditional parameters and can
complement them. Nonlinear measures can provide
new insights into the ways the nervous system con-
trols the complexity of balance.
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