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the coexistence of three attractors under adaptive control of multistability. During the experiments, we measure
the balance bar angle, angular velocity, and angular acceleration. Simultaneously, superficial electromyography
(EMG) is recorded on the flexors and extensors of the ankle and knee joints. Phase-space analysis of the platform
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1. Introduction

Multistability or the coexistence of several asymptotic states
(attractors) for a given set of parameters is one of the most exciting phe-
nomena in physical and living systems [1-5]. A set of initial conditions
that asymptotically approach an attractor is called basin of attraction.
When there are two different attractors in a certain region of phase
space, there are two basins separated by a basin boundary which can
be either smooth or fractal. The study of these basins can provide
much information about the system since their topology is deeply re-
lated to the dynamical nature of the system. However, for open systems,
where the concept of attractors or basins of attraction is meaningless,
we can still define escape basins in an analogous way to the basins of at-
traction in a dissipative system. An escape (or exit) basin is the set of ini-
tial conditions that escapes through a certain exit [6].

Multistability can be useful for some applications, e.g., logic gates [7]
and secure communications [8], where switching between coexisting
states improves the system performance. On the other hand,
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multistability can be undesirable in a robust-to-noise device with pre-
dominant output characteristics. Therefore, the development of effi-
cient strategies for controlling multistability is an actual problem in
science and engineering [9,10]. The control aims can include
(i) creation of new attractors, (ii) annihilation of undesirable attractors,
(iii) changing the attractor properties (type, stability), and (iv) modifi-
cation of basins of attraction.

In this work, we focus on a practical problem of using muscular ac-
tivity of the human body to control multistability of a balance platform,
in particular, to stabilize an unstable equilibrium. Many physiological
processes in the human body participate in controlling balance [11]. Nu-
merous clinical studies show that the balance function is very complex
[12-15]. Many researchers examine various features of the postural re-
sponse with different support surfaces located under the foot [16-18].
In this regard, short-term training plays important role. The balance
component of training performed on unstable surfaces appears to acti-
vate stabilizing core muscles and trigger stabilizing motor functions
[19,20].

It should be noted that differences in function or performance be-
tween dominant and non-dominant limbs during balance exercises
are common [21]. The bilateral asymmetry in the lower-limb strength
is known [22] to affect dynamical balance [21,23]. While the dominant
leg can handle a lot of muscle and tendon stress during sports, another
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leg may not be able to handle even a moderate load [24]. This often
causes an increased risk of sport injuries [25,26]. The key difference be-
tween the present research and the majority of other experimental
studies is that here we investigate the imbalance in the muscle activity
caused by the subject himself in the short term, and not during long
multi-week training. The concept of a voluntary goal allows an individ-
ual to actively seek an effective control strategy. Another positive aspect
of the voluntary goal approach is its similarity to real-time exercises, as
people usually willingly participate in tasks that require physical activ-
ity. Throughout the training, the error in choosing the correct strategy
gradually decreases, demonstrating first a fairly rapid improvement
[27], and then the training efficiency slows down and saturates.

For proper planning of the training process, it is very important to
know how the person's physical activity adapts during short-term train-
ing. Therefore, the main aim of this work is to study how the short-term
balance training affects the efficiency in controlling multistability of a
balance platform. To do this, we analyze the platform dynamics during
the balance experiment and investigate the relationship between mus-
cle activity and behavioral characteristics.

2. Methods
2.1. Participants

Sixteen healthy male volunteers (29.6 4 6.0 years old, weight 71.0 4
13.3 kg) were recruited from the staff and undergraduate students of the
Innopolis University to participate in this study. According to the Water-
loo Footedness Questionnaire-Revised [28,29], all subjects had the right
dominant. The participants had no history of neurological pathologies,
i.e,, stroke, tumors, head injuries. All volunteers were new to the exper-
imental paradigm and signed written informed consent beforehand. The
experimental study was approved by the local Ethics Committee and
performed in accordance with the Declaration of Helsinki.

2.2. Body balance training

To study the training effect, we conducted a series of experiments in
which subjects were placed on a specially designed 1-m length
balancing board, as illustrated in Fig. 1A. A detailed description of the
board can be found in Supplementary Materials. The difficulty of
balancing can be controlled with a spring compressing the hinge. The
sliding friction force of the spring was equal to 25 N (the most difficult
option). The rotation angle of the balance board, velocity, and accelera-
tion were simultaneously recorded by the accelerometer sensor
LIS331DLH [30]. A pilot study was carried out in the morning and after-
noon periods (9:00 am to 1:00 pm) 2 h after a healthy meal with limited
caffeine and (or) other stimulant supplements. The experimental design
included three 10-min sessions with two rest breaks in between (see
Fig. 1C). The preliminary registration of the background (BG) subject ac-
tivity without performing special instructions was carried out for 5 min
in a standing position on the floor. All subjects were instructed to keep
an upright body position while trying to maintain balance on the plat-
form Fig. 2A, B. A typical subject posture during the experiment on the
board is shown in Fig. 1A. Since the body is in unstable equilibrium
due to a small fulcrum and a high location of the body mass center,
even minor impacts can upset the balance and cause the platform to
touch the frame balancer.

2.3. Electrophysiological assessment

To assess muscle activity, we recorded surface EMG signals during
the experimental session. As shown in the EMG layout in Fig. 1B, the ac-
tivity of the following muscles was recorded: tibialis anterior (TA), gas-
trocnemius medial head (GM), rectus femoris straight head (RF), and
semitendinosus (ST). The prefixes L and R in muscle contraction denote
left and right sides, respectively (e.g., LTA - Left Tibialis Anterior).
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Fig. 1. Experimental schemes. A. Balance board (6 is the platform angle). B. EMG electrode
placement. Left/Right Rectus Femoris (LRF/RRF), Left/Right Tibialis Anterior (LTA/RTA),
Left/Right Semitendinosus (LST/RST), Left/Right Gastrocnemius (LGM/RGM). C. Experi-
mental timeline. BG denotes background activity.

One flexor and one extensor for each part of the leg, which provide
maximum control of the shin and ankle [31]. Before placing the elec-
trodes, the subject was instructed on how to selectively activate each
muscle [32] in order to optimize the EMG signal and minimize crosstalk
from adjacent muscles during isometric contractions. Fig. 1C shows the
signals acquired using pre-gel disposable electrodes Swaromed 1036
(Vermed, Austria) with a silver/silver chloride sensor placed on the
skin aver the muscles. The impedance was controlled in the range of
2-5 kQ throughout the experiments, data sampling rate for the signals
was 250 Hz. In the experiment, we used an Encephalan-EEG-19/26 de-
vice (Medicom MTD, Taganrog, Russian Federation) with a set of A-
5364 cables for EMG derivations. This device held FCP 2007/00124
from 07/11/2014 and European CE 538571 from British Standards Insti-
tute. Data containing EMG signals and balance board angle are available
at [33] location.



N.S. Frolov, V.S. Khorev, V.V. Grubov et al.

A

LTA
LGM
LRF
LST
RTA
RGM
RRF
RST

Fig. 2. Time series. A. Root-mean square (RMS) of the surface EMG recordings during a
successful balance keeping attempt, balance platform angle and angular velocity (). B.
Root-mean square of the surface EMG recordings during an unsuccessful balance keeping
attempt, balance platform angle and angular velocity.

2.4. Data analyses

2.4.1. Board kinematics and phase space analysis

Considering the 10-min time series of changes in the balance board
angle variation 6(t;) in sessions s = 1,2,3, we first numerically estimated
the angular velocity (t;) as the first derivative of the angle

os(t) = Q(t,-),s =1,2,3(i=2,...,T). Due to the intersubjective

variability of the angular velocity, for all participants in a similar way
to the z-score. In each session, we standardize the angular velocity by di-
viding each value w(t;) of the time series by the standard deviation of
the angular velocity in the first session o{w,):

w(ti) = os(t;) /o (1) (1)

The angular acceleration (t;) was then calculated as the first derivative
of the standardized angular velocity.

Orbital trajectories of the balance platform motion were analyzed in
the two-dimensional phase space (6s,’) formed by the variables of the
platform angle and its standardized angular velocity. Further nonlinear
analyze based on this phase-space representation included quantifica-
tion of the attractors' potential and capture time, i.e., the total amount
of time, during which the trajectory is trapped in the basin of attraction
of the potential well.

The motion of the platform without the presence of a human corre-
sponds to the dissipative system, which can be described by the model
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of particle motion with two potential wells. The configuration of the ba-
sins of attraction is schematically represented in Fig. 4 along with the
phase trajectories for successful and unsuccessful attempts. Although
an unstable position is theoretically possible without controller, practi-
cally the platform will tend either to the left or to the extreme right po-
sition. The presence of a human actively controlling the platform's
speed and angle leads to the appearance of a potential well near the un-
stable equilibrium, NSE, which corresponds to the one schematically
depicted in Fig. 3B. The width and depth of the potential well near the
unstable equilibrium state is an estimate of the level of control of the
system state. The full orbital trajectory of the balance platform motion
in sessions 1, 2, and 3 are shown in Fig. 5A).

Assuming the control function over platform angle executed by the
human F(0s(t)), we can expect to see the changes in the angle
distributions. At the initial moment t, the system is in the state
(6(to),s'(to)) (angle and velocity), it is necessary to determine such a
control F(t), which will move the system to a given final state (64
(T),weq'(T)) different from the initial state, ideally both should equal
to zero in balanced system), where T < « is a finite time. It is usually
required that the transition from a point (6(to),®s'(to)) to a point
(6(T),’'(T)) (the transition process) is in some sense the best of all
possible transitions. For example, if technical system is considered,
then the transition process must satisfy the condition of minimum
spent energy or the condition of minimum transition time. This best
transient process is called an optimal process. A control function F(t)
usually belongs to some control area, which is a set within Euclidean
space. In technical applications, it is assumed that the region of control
area is a closed region, the region including its boundaries. An admissi-
ble control is any control F(t), which transfers the system from a point
(6(tp), ' (to)) to a point (6(T),w'(T)). For quantitative comparison of
various admissible controls, we introduce an optimality criterion,
which can be presented in the form of the following function

T
- / H(O(t), 0, (£), F(£)) dt 2)
0

The adaptive control can be considered optimal among all admissible
controls, which move the phase-space point from (6(tp),®'(to)) to the
point (6(T),w’(T)), for which the function Eq. (2) has the lowest value
[34]. For the fixed discretization step, we can present the movement
function as a map where 6,, .1 = 0(t; 1), Wpr1’ = @ (th+1), SO

(Gnﬂvw;wl) :f(en'w;l) +6 (3)

where 6 denotes a random process. We can define a spherical neighbor-
hood of radius p around the attractor. As soon as the trajectory falls into
this neighborhood, the control is switched on to keep the system close
to this attractor despite the noise. Assuming that the p-neighborhood
is small enough so that the linearization is valid, we can control the tra-
jectory by adding a control term in the form of

</én+1v &\);wl) = (01 + Cr6,0, 1 + Ca¢) 4)

where Cy, ; is the control vector and € denotes the distance from the
fixed point.

The problem of a real system is the absence of analytical solutions for
the control function F(t). However, it is reasonable to assume partial
human control over the velocity and angle of the system. If the velocity
at the initial segment of the phase trajectory is insufficient, the system
returns to its initial position, which is comparable to the particle motion
in the segment until the unstable equilibrium is reached. If the velocity
is too high, the system makes a transition from one stable equilibrium to
another, which corresponds to the particle passing through the region
corresponding to the unstable equilibrium position, and overstepping
its limits. Controlling the velocity to keep the particle in the region of
unstable equilibrium allows it to be in the central region. The proposed
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Fig. 3. Equilibrium configuration. A. Left/Right stable equilibrium positions (LSE/RSE) and unstable equilibrium position (NSE) of the balance board. Illustrative potential landscapes for
each equilibrium position are shown below. B. Potential landscape for the unstable equilibrium position with human control.

phase-space configuration of the system initial state without human in-
tervention includes two fixed points corresponding to stable equilibria,
as well as a saddle point corresponding to an unstable equilibria. In the
presence of a human controller, the stability of a saddle point is changed
because it is transformed into a stable equilibrium, and two additional
saddle points appear between the new stable fixed point and two re-
maining stable equilibria. Thus, due to adaptive control the bistable dy-
namical system is converted into a tristable system.

In deterministic autonomous dynamical systems, the phase-space
trajectory never crosses basin boundaries. Depending on initial condi-
tions, the trajectory always remains in a particular basin of attraction
and asymptotically converges to the attractor. A different situation oc-
curs in nonautonomous systems. An external forcing can push the tra-
jectory out of the basin, so that the position and stability of steady
states change. When the trajectory moves along the phase space, the
moving separatrix can overtake it. This event is called a capture. When
a capture occurs, the affected trajectory is deviated, and often exhibits
a sudden change in direction, since it is now attracted to a different at-
tractor at a different position of phase space than it was before. Captures
will happen when the flow along the trajectory is less than the rate of
change in the separatrix position. The separatrix is recruiting points
from one basin of attraction to another faster than the trajectory
moves away from it [35].

2.4.2. Potential landscape analysis

We analyze the potential function to quantify the effect of training
on stabilizing the unstable equilibrium, NSE (see Fig. 1F). This approach
is commonly used in ecological [36,37] and biological systems [38,39].

Let us assume that the platform rotation under human control, i.e.
the variation of the angle 6s(t) throughout a single session, is a
homogeneous process. It can be represented as a generic one-
dimensional random process X(t) driven by a stochastic term, a Wiener
process W(t). The evolution of X(t) is therefore governed by a stochastic
differential equation

dX(t) = —U'(X, t)dt + DdW/(t) (5)

where U(t) is a potential function providing the drift of X(t), D = 0%/2 is
a diffusion coefficient, and ois a standard deviation of X(t). Eq. (5) can
be solved by introducing an appropriate probability function p(x,t)
and writing a corresponding Fokker-Planck equation:

9 . 9
3eP® 0 =5, [V OPX.0] + 5 5 D Op(x, 1) (6)

Since we are interested in the stationary solution of Eq. (6), we as-
sume dp(x,t)/0t = 0 to obtain the ordinary differential equation

d o
Dﬁ px)=0
equivalent to

Y10 p 1+ 2 p =0 @

The stationary solution is found from Eq. (7) as p(x) = exp [—U(x)/
D], which can be rewritten in terms of potential:

2
U(x) = —Dlog[p(x)) = — %~ log [p(x) ®)

Resulting Eq. (8) expresses the potential function of a generic ran-
dom process X(t) given the probability p(X = x) and standard deviation
o(X). Then, we replace X(t) = 64(t) and use Eq. (8) to construct the
potential landscape of the balance platform motion during a single
experimental session.

According to Hirota et al. [37] and Curtin et al. [39], the potential en-
ergy is presented in the normalized units U(6;)/0%(6;). The analysis
establishes the presence of three equilibria characterized by a local
minima and a local maximum of potential energy: (i) right-side stable
equilibrium, RSE, with a minimum around +20°; (ii) left-side stable
equilibrium, LSE, with a minimum around —20°; and (iii) unstable equi-
librium, NSE, with a maximum around 0° (all positions can be seen in
Fig. 3).

2.4.3. Preprocessing of EMG data

The raw EMG signals were filtered using a band-pass filter with 1-Hz
(LF) and 10-Hz (HF) cutoff frequencies.

To analyze the set of muscle fibers during contraction, we used eval-
uators of various EMG amplitude, among which the most common is the
root-mean-square (RMS). This is a linear variable used to assess muscle
excitability and activation [40,41]. The time-dependent RMS of the EMG
signal x,(t;) was calculated in a floating window as

1 i+w/2
RMSys(ti) = \|— > xs(tj), s=1,23,i=w/2+1,...,T-w/2
Wj:ifw/z (9)

where w = 25 data points is the floating window width. Since the ob-
tained result RMS,, s(t;) has a positively skewed distribution and
strong inter-subject variability of the means, it was normalized and
standardized as follows. First, cube root normalization was applied
to RMS, s(t;) to avoid positive skewness. Then, the normalized time
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series RMSy, s were standardized in each session similar to the z-score as
follows

_ RMSZ,s(ti) - RMSQ,S
T O(RMS};), s=1,2,3

RMS, (t;)

RMS}(t;) = RMS,(t)', s =1,2,3 (11)

2.4.4. Epoching

In order to analyze the loss of asymmetry of trajectories from the
right stable equilibrium (RSE =~ + 20°) and left stable equilibrium
(LSE = — 20°, Fig. 3), we conducted the epoching of the orbital trajecto-
ries and the corresponding RMS’ time series. In each session, we col-
lected epochs of (a) successful attempt trajectories starting at either
RSE or LSE and up to NSE (red arrows in Fig. 6C) and (b) unsuccessful at-
tempt trajectories starting at either RSE or LSE and reaching their coun-
terpart stable state through NSE (blue arrows in Fig. 6C). The duration of
each epoch was 1.5 s. The orbital trajectories and RMS’ were then aver-
aged over the collected epochs for each participant.

2.5. Statistical analyses

Changes in mean potential energy, trapping time, and mean PDF of
the standardized velocity of the NSE attractor during training were
assessed using repeated measures analysis of variance, RM ANOVA.
The sphericity assumption was taken into account using the
Greenhouse-Geisser correction. Post-hoc analysis was performed
using the paired sample t-test with Holm correction for multiple
comparisons.

To quantify the interaction of intra-subject factors Session*Side on
orbital trajectories, we performed the RM ANOVA analysis at each
phase-space point using the time series, resulting in a time-dependent
F-value. Thus, the time interval during which F exceeds the critical
value corresponding to a given alpha-level should have a significant in-
teraction effect.

The group-level correlation between the observed changes in orbital
trajectories of the platform motion and the corresponding muscular ac-
tivation was quantified using the repeated measures correlation, RM
CORR [42] with the JASP statistical package [43].

3. Results
3.1. Phase space analysis of the balance platform motion

A series of experiments were conducted with sixteen subjects, who
were asked to maintain balance on a specially designed balancing plat-
form (see Fig. 1A). To determine dynamical features of the platform mo-
tion, we analyzed the platform position, such as its angle 6, angular
velocity o = db/dt, and angular acceleration dw/dt. Then, we considered
the balance platform movement as a trajectory in the phase space of
two variables, the angle 6 and standardized angular velocity «'.

Numerical simulations using the Fokker-Planck equation allowed us
to calculate a potential energy landscape with respect to 6 (see Methods,
Eq. (8)). The resulting group means =+ SD of the potential energy land-
scapes in each session are plotted in the left panel in Fig. 5A. Here, RSE
and LSE are referred to as right and left attractors since they denote
two stable boundary positions, in which one of the platform edges
rests on the pedestal frame (equilibrium positions are shown in
Fig. 3). On the contrary, NSE is referred to as unstable equilibrium
since the equilibrium is only possible here under the participant's con-
trol via body balance maintenance. Eventually, the trajectory leaves
the NSE state and converges to either LSE or RSE.

Based on the potential landscape construction, we determined the
boundaries of the NSE attractor and estimated its mean potential energy
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in each session for each participant. Accordingly, we estimated the trap-
ping time of the NSE attractor as the sum of all points in the phase space
lying within its boundaries, multiplied by the time resolution At =
0.004 s.

N
Taap = 32 [(165] < 0e) 0] < 0c) ] At (12)

where N is the time series length, 6, is the critical equilibrium boundary
angle, set to 10" as a result of the potential reconstruction analysis
(similar points of decline are shown in Fig. 5A), w. = 0.5 is the
maximal velocity in the vicinity of the unstable equilibrium NSE.
Therefore, the capture is represented in the appropriate physical units
(in seconds) (see Table 1).

From Fig. 4A we can conclude that the potential well of the NSE state
becomes deeper with training. This means that the unstable equilibrium
is stabilized for a short time due to adaptive human control. Determin-
ing the NSE boundaries from —10° to +10°, we calculated the mean po-
tential energy of the NSE equilibrium in sessions S1, S2, and S3. RM
ANOVA demonstrates a strong influence of the session on the mean po-
tential energy (see Table 2). The mean values of the groups and SDs are
presented in the right panel in Fig. 5A.

To determine the NSE boundaries in terms of @’, we analyzed the
probability density function of @’ near the NSE equilibrium in sessions
S1, S2, and S3 (left panel in Fig. 1B). One can see that the group-mean
PDF curves intersect at about —0.5 and +0.5 SD of the angular velocity,
that determines the required boundaries. Considering mean PDFs
within the specified boundaries, RM ANOVA shows that SD of the angu-
lar velocity is strongly affected by the session factor (see Table 2). The
group means and SDs are plotted in the right panel in Fig. 5B.

Considering the full orbital trajectory of the balance platform motion
in sessions 1, 2, and 3, we observe an increase in the density of points in
the vicinity of the NSE state from S1 to S3 (Fig. 6A). This allows us to con-
clude that as the training progresses, the trajectory recures the NSE
more frequently and remains there for a longer time. Indeed, RM
ANOVA demonstrates that the time to capture the NSE region (see
Methods) strongly depends on the session factor (Greenhouse-Geisser
corrected). Group means and SDs are presented in Fig. 6B.

In general, we are able to interpret the observed potential well deep-
ening, the decrease in the angular velocity near the NSE, and the in-
crease in the trapping time as stabilization of the platform unstable
equilibrium during ongoing training sessions. These observations most
likely indicate the development of body balance skills that improve con-
trol of the platform movement near the unstable equilibrium.

Table 1
Subjects’ weight, age, and trapping times for S1, S2, and S3 sessions.

Subject Weight, Age, Tyrap in session Ty in session Ty in session
kg years S1,s S2,s S3,s

1 79 27 110.58 119.73 209.91
2 61 26 238.89 251.23 386.46
3 70 24 97.85 197.34 304.75
4 80 45 107.74 110.26 173.20
5 72 33 185.90 205.72 185,34
6 65 27 182,68 339,94 379.76
7 55 22 203.09 310.13 490.36
8 73 31 146.41 314.85 409.62
9 91 40 86.65 122,58 165.45
10 60 25 91.23 119.18 141.40
11 85 34 107.02 167.88 206.68
12 95 32 91.92 164.53 189.18
13 64 27 315.96 311.71 285.96
14 92 31 71.93 95.25 83.13
15 64 24 150.47 207.78 264.18
16 49 25 230.45 288.58 367.02

Mean +SD 710 +£ 133 296+ 60 15124562 2079 +71.1 265.1 & 959
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O, deg.

Fig. 4. Phase trajectories. Successful (red) and unsuccessful (blue) trajectories of one of the
subjects reaching stable and unstable equilibria, assumed separatrix is showed by the dash
line. (For interpretation of the references to colour in this figure legend, the reader is re-
ferred to the web version of this article.)

3.2. Analysis of movement trajectories asymmetry and muscle activity

To gain a deeper understanding of the dynamics and associated
muscle control underlying the observed stabilization of the NSE equilib-
rium, let us to turn back to Fig. 6C. One can see that the trajectory of the
platform movement has a strong asymmetry of the angular velocity in
session S1, and gradually disappears in S2 and S3. This asymmetry re-
sults in higher angular velocity of the trajectory leaving the RSE attractor
than the trajectory leaving the LSE. Although Fig. 6C shows approximate
individual trajectories obtained from subject 1. The described phenom-
enon is common to the entire group of participants. Based on this obser-
vation, we hypothesize that short-term body balance training develops
platform trajectory control and reduces the associated functional

Table 2
RM ANOVA and post-hoc analyses of the mean potential energy U, standardized angular
velocity' near the NSE state, and trapping time Tiqp.

Variable Factor Fy, 30 p 7
U Session 31.79 <0.001 0.68
Session Difference t p d
S1-S2 0.074 5.18 <0.001 1.30
S2-S3 0.038 2.66 0.012 0.67
S1-S3 0.11 7.84 <0.001 1.96
Variable Factor F>, 30 p 7

[0} Session 2149 <0.001 0.59
Session difference t p d
S1-S2 0.063 —4.02 <0.001 1.01
S2-S3 0.039 —2.47 0.019 —0.62
S1-S3 0.101 —6.49 <0.001 —1.62
Variable Factor F12319.49 p 7
Trap Session 22.10 <0.001 0.60
Session difference t p d
S1-S2 56.75 —3.31 0.005 —0.83
S2-S3 57.23 —3.34 0.005 —0.83
S1-S3 113.98 —6.65 <0.001 —1.66
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Fig. 5. Potential analysis of the platform motion. A. Left panel: construction of the potential
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to colour in this figure legend, the reader is referred to the web version of this article.)

asymmetry of the human body [44]. Improved angular velocity control
should contribute to more reliable trajectory convergence to the NSE
equilibrium, which improves the overall performance of the body bal-
ance exercise.

To confirm this hypothesis, we calculates the number of successful
trajectories leaving RSE or LSE and reaching NSE (LSE — NSE, RSE —
NSE, red arrows in Fig. 3A) and the number of unsuccessful trajectories
leaving RSE or LSE and reaching their counterpart stable states by pass-
ing NSE (LSE — RSE, RSE — LSE, blue arrows in Fig. 6C). For more details
on epoching, please see Methods. Again, one can observe a large devia-
tion of individual trajectories from the group mean in session S1, which
becomes less pronounced in S2 and S3, and visually more pronounced
in unsuccessful trajectories leaving RSE.

To quantify this observation, we compare the time-domain angular
velocity profiles using RM ANOVA with within-subject session factors
(S1 and S3 conditions) and side effect (starting at RSE and at LSE). The
group mean velocity profiles are presented in the left panel in Fig. 7A.
Since we are interested in reducing asymmetry between legs, i.e., how
session affects the velocity profiles of different sides, we specifically
focus on the interaction of how the side affects changes between ses-
sions. For convenience of comparison, we consider absolute values of
the angular velocity. RM ANOVA demonstrates a significant differential
effect of the session on the velocity profiles of different sides in the time
interval 80-196 ms, where F; 15 > Fy—0,05 = 4.54. Post-hoc analysis



N.S. Frolov, V.S. Khorev, V.V. Grubov et al.

Chaos, Solitons and Fractals 158 (2022) 112099

A B
S1 S2 S3
6 *kk
O se ok
350
7]
oy
£
‘2250
5 %_
Q
o
i 150
2]
=4
-6 50
-20 -10 0 10 20 -20 -10 0 10 20 -10 0 10 20 S2
O, deg. O, deg. O, deg. session
Cc
S1 S2 S3
8 8 8 Group means:
= reaching NSE
6 6 6 . Pssing NSE
4 4 4 Individual means:
reaching NSE
2 2 2 passing NSE
3 -
oI R [ oIl [ [ ol BIEs‘ms.
SE
2 y 2 U -2 \—/ D N
SE
-4 -4 -4
-6 -6 -6
-20 -10 0 10 20 -20 -10 0 10 20 -20 -10 0 10 20
O, deg. O, deg. O, deg.

Fig. 6. Phase space analysis of the platform motion. A. A. Individual platform motion trajectory in phase space (6,®’) in sessions S1, S2, and S3 performed by subject 1. The green and red
boxes highlight the boundaries of SE and NSE attractors. B. Group means (bars) and SDs (whiskers) of the NSE attractor trapping time. C. Individual movement trajectories averaged over
epochs (semitransparent) and their group means (bold arrows) in sessions S1, S2, and S3. Red trajectories represent the trajectories reaching NSE, i.e. LSE — NSE and RSE — NSE, while blue
ones represent those passing NSE, i.e. LSE — RSE and RSE — LSE. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

shows that the velocity values averaged over 80-196 ms in session S1 is
higher by 0.98 in RSE than in LSE (t = 2.694,p = 0.017,d = 0.67).On the
other hand, no significant difference is found in S2 (t = 0.33, p = 0.75,
d =0.08) and S3 (t = 0.75, p = 0.47, d = 0.19) between the velocity
values in the conditions of RSE and LSE. Group means and SDs of the av-
eraged movement velocity are presented in the right panel in Fig. 7A.

We interpret these results by taking into account that the velocity
profiles are highly asymmetric in session S1. In the course of short-
term training, this asymmetry is suppressed due to reducing velocity
of trajectories leaving the RSE position. This behavior can occur due to
the fact that the movement trajectories of the RSE and LSE positions
are controlled by the dominant leg (say, right) and non-dominant leg
(left) providing the initial push and further transfer of the mass center
that regulates the applied momentum. Indeed, confirming this sugges-
tion, we find that the contraction of the left semitendinosus (LST)
muscle, quantified by the root mean square of the EMG signal (see
Methods), significantly negatively correlates with angular velocity
(r= —0.506, p = 0.003, power = 0.87 via RM CORR). In addition, the
contraction of the left rectus femoris (LRF) straight head trends to be
negatively correlated with angular acceleration measured over a time
interval of 0-80 ms (r = — 0.32, p = 0.07, power = 0.451 via RM
CORR). At the same time, electrophysiological quantitative measure-
ments of other muscles show no significant effect.

Thus, our analysis evidences that short-term body balance training
reduces the asymmetry of the balance platform movement.

4. Discussion
In this work, we developed a special balance platform and conducted

experiments to study the effect of short-term balance training. Since un-
trained subjects participated in the experiment, maintaining balance

was a rather difficult task which they performed for the first time. The
mechanical settings of the balance platform were chosen so that the
subjects maintained balance during the first session for a short time
(on average, the percentage of balance holding time in relation to the
total duration of the first 10-min session was 25.2%) and made a large
number of attempts to establish balance. The short workout consisted
of three 10-min sessions with 5-min rest breaks in between. To study
the behavioral characteristics and dynamics of the platform movement,
we used the angle, angular velocity, and angular acceleration of the bal-
ance platform.

The training effect consists in increasing the duration of maintained
equilibrium. In particular, the average duration increases from 151 s to
265 s from the first to the third session, while 14 out of 16 subjects dem-
onstrate the improving balance. The effect of increasing balance dura-
tion is accompanied by a decrease in the platform movement velocity
at the beginning of the attempt to reach balance (in the 80-196 ms
time interval) from the first to subsequent sessions. This effect is only
observed when trying to achieve platform balance with the left leg,
while the dynamics of attempts starting with the right leg does not
change from session to session. Thus, at the beginning of the experi-
ment, we observe the asymmetry in the platform movement trajectory
when the subject starts the movement with his/her left and right legs.
This asymmetry was reduced as a result of short-term training of the
subjects. We also measure the leg muscular activity using the EMG re-
cording and then calculating RMS for four muscles on each leg. Finally,
we find that training is accompanied by an increase in RMS of the
left thigh muscles (rectus femoris and semitendinosus muscles) from
the first to the third session. At the same time, RM correlation shows a
negative relationship between the activity (RMS) of the left thigh mus-
cles and the platform movement characteristics (angular velocity and
acceleration).
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Thus, our hypothesis about an increase in the efficiency of control-
ling balance-platform movement as a result of training is confirmed
by an increase in the duration of the subject stay near the unstable equi-
librium of the balance platform, which is accompanied by a significant
change in the left thigh muscle activity. Group averages and standard
deviations of the time spent in the vicinity of NSE are shown in
Fig. 5B. To explain the increase in the total duration of maintaining equi-
librium, we built a model of a double-well potential system reflecting
two stable equilibria. The inclusion of experimental trajectories in the
model allowed us to calculate the system potential energy for each sub-
ject in each session. Based on the potential energy profile analysis, we
estimated the mean potential energy for each session, which had a
well near the unstable equilibrium at 6 = 0 due to human control (see
Fig. 1A). Our results demonstrate that the well becomes deeper after
the training. Since the platform dynamics itself does not exhibit any po-
tential well near the unstable equilibrium NSE, the increase in the po-
tential well means the improving efficiency of the human control of
the balance platform position during the training session. Furthermore,
the damping of angular velocity when passing a section equidistant
from the boundary positions is a successful strategy to achieve and
maintain balance.

We found that the success in maintaining balance during exercise
depends on a gradual increase in semitendinosus muscle activity

of the left leg, which significantly negatively correlates with the
angular exit velocity. One should also pay attention on the negative cor-
relation between the performance acceleration and increased muscle
activity of the left rectus femoris muscle. Since the rectus femoris
and semitendinosus are both extensors and flexors of the same joint,
they simultaneously increase their activity in an attempt to improve
movement control through their joint contribution to suppressing
the initial movement to get out of a stable equilibrium. The exit rate
from the stable equilibrium affects the success of the attempts to main-
tain balance, while the exit rate is controlled by the rapid effort at the
beginning of the attempt (the velocities are shown in Fig. 7B, section
80-196 ms).

It should be noted that the exit trajectory for attempts initiated with
the right leg does not change much from session to session, while the
trajectory for attempts starting with the left leg improves with training.
We believe that this difference is due to the presence of functional
asymmetry, since in most cases the right leg was more effectively
used as a control leg, since all participants in the experiment had the
right leg jerk. Short-term training in our experiment helped to increase
the control efficiency of the left leg, which is less involved in daily activ-
ities, to the same level as the right leg. During the experiment, the left
leg was trained, which provided an optimized trajectory and improved
chances for achieving balance.
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Similar results for balance exercises were obtained by Rougier et al.
[45]. This effect can be explained using the hypothesis that the non-
dominant limb has a greater adaptive potential [46]. Other experimen-
tal studies involving both the leading and non-leading limb indicate
that the non-leading limb shows greater average speed than the
leading limb, but the average strength and power of the non-leading
limb increase during training [47], although success parameters for
precise movement, such as initial direction and accuracy, are initially
lower for the non-leading limb [48]. Rehabilitation suggests that many
people have neuromotor capacity for improved symmetry of locomotor
activity [49]. On the other hand, a decrease in functional asymmetry is
a completely natural process for the brain and other structures
that adapt their activities during the experiment to changing conditions
during the task [50]. Based on the foregoing, it can be concluded that
with a short training, the functional asymmetry of the leg muscles
decreases, which leads to an increase in the average time to maintain
balance.

In their work, Sannicandro with co-authors [51] considered the bal-
ance training effect on the functional asymmetry in the leg muscles of
tennis athletes. The group of athletes went through a six-week training
session that included two 30-min sessions per week. The training ses-
sions consisted of several types of exercises, including jumping, bounc-
ing, rotating on one leg, balancing on an inflatable disc, pillow or step
platform (Bosu balance platform). To assess functional asymmetry,
sports tests were carried out in the form of jumps and sprints. Based
on these experiments, the authors concluded that there is a significant
decrease in functional asymmetry of the leg muscles of athletes before
and after training. Our results confirm this conclusion in terms of reduc-
ing functional asymmetry. In addition, we expand our understanding of
this process by demonstrating that the reduction in asymmetry begins
after the first training session, and this reduction occurs through im-
proved control of non-dominant limb muscles.

5. Conclusion

In this paper, we have shown that short-term balance training im-
proves the efficiency of adaptive control of multistability of a balance
platform by human muscle activity. The phase space analysis of the bal-
ance platform movement made it possible to detect an increase in the
capture time as the unstable equilibrium stabilizes. We have shown
that stability can be achieved even under disequilibrium conditions
with a narrow support area (balance bar), despite the fact that individ-
ual reactions are unstable. The particle motion model with two potential
wells was developed to describe the multistability control of the balance
platform during the experiment.

The analysis of the asymmetry of phase trajectories helped us to un-
derstand the loss of functional asymmetry in the human body position,
which can occur due to the development of non-dominant leg function-
ality, confirmed by EMG analysis, which showed that more correlated
muscle interaction in the non-dominant leg is required to maintain bal-
ance more efficiently.

Finally, the results of our research can be used to understand how
short-term body balance training suppresses balance platform asym-
metry. This leads to more successful outcomes for athletes, such as ten-
nis players who need to control their balance and leg strength. Our
results contribute to the advancement in the disclosure of the principles
of adaptive control of motor activity aimed at managing the balance,
and will be useful for solving a number of applied problems related to
improving the quality of human life.
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