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ABSTRACT

Introduction: Fatigue, caused by prolonged standing activities, affects postural stability through disrupting
somatosensory system functions. The application of sub-threshold mechanical vibration can enhance the
sensitivity of the mechanical receptors in the sole of the feet. Improved sensory function leads to better
movement control and balance. Therefore, this study investigated the effectiveness of vibration-based
active insoles in reducing the impacts of fatigue on postural stability among military forces.

Material and Methods: Each of the 20 healthy male participants of the study completed three standing
balance tests: 1) on both legs, 2) on one leg, and 3) on one leg with a cognitive secondary task for two
states of the vibration system (on and off), before and after a fatigue protocol, on a force plate. The activity
of leg muscles was also monitored by electromyography (EMG). The mean as a linear index (amount) and
the sample entropy (SaEn) as a non-linear index (structure) related to the resultant distance of the body’s
center of pressure (CoP_ ) displacements, as well as the normalized percentage of the muscle activity level
(linear envelope), were used for statistical analyses.

Results: Significant changes in most of the postural and muscular parameters were recorded after the
fatigue protocol for the off-mode of the vibration system. Meanwhile, running the vibration system of
active insoles was accompanied with no significant differences in the amount and structure of the CoP_
displacements, as well as the activity level of the lateral gastrocnemius and soleus muscles after fatigue,
compared to the measurements before fatigue.

Conclusion: The findings confirm the effectiveness of applying sub-threshold mechanical vibration to the
sole of the foot in improving standing balance by reducing the negative effects of fatigue on postural
stability parameters. Therefore, it is suggested that the use of active insoles can be an effective, feasible,
and accessible ergonomic intervention to address fatigue among military forces.
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1. INTRODUCTION

Standing activities that are maintained for long
periods among military forces can lead to general
and local muscle fatigue. Deteriorated muscular
function and disruption in the somatosensory
system, caused by fatigue, significantly impact
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standing postural stability and balance, and also
increase movement incoordination. As a result,
the efficiency of the musculoskeletal system for
sensitive motor tasks, which is crucial for military
personnel, is remarkably declined.

In the presence of fatigue, sensory feedback
from mechanical receptors in the sole of the foot can
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play an important role in neuromuscular control
of postural stability during standing and walking.
Accordingly, applying sub-threshold mechanical
vibration to the sole of the foot through shoe insoles
(active insoles) has been recently introduced
to improve postural stability. Active insoles use
the stochastic resonance phenomenon, in which
detection of a sub-threshold somatosensory input
signal is enhanced by adding white noise.

Long-term standing activities, which are
inevitable among military staff, lead to general and
local muscle fatigue. Considering the importance
of fatigue-induced negative outcomes for the
postural control system and the potential role
of vibratory stimulation in postural stability
improvement, no study has examined active insoles
in this occupational group. Therefore, the aim of the
present study was to investigate the effectiveness of
active insoles in reducing the impacts of fatigue
on standing stability and balance among military
forces.

2. MATERIAL AND METHODS

Participants and procedure: Twenty male
subjects from military forces, with a mean age of
24.1 (SD = 3.79), participated in this study. Each
participant completed a series of standing balance
tests (a total of 12 tests), which were conducted
before (6 tests) and after (6 tests) a fatigue protocol.
The duration of the standing test was 30 seconds,
with a 1-minute interval for each mode of the
vibrating insoles (on and off) in three standing
postures: 1. on both legs, 2. on one leg, and 3. on
one leg while performing a secondary cognitive
task. Following a 3-minute warm-up walk (0%
incline), the fatigue protocol was a loaded walk on
a treadmill (speed of 4 km/h for 30 minutes) with
the incline being increased by 3% every 5 minutes
(up to 15%). Subsequently, the fatigue protocol
was followed by a cool-down period of a 2-minute
walk at 0% incline. The weight of the backpack was
adjusted to 15% of each participants weight. The
standard N-Back test was used as the secondary
cognitive task.

Instruments: A force platform acquired 3D
ground reaction forces and moments (AMTI,
Watertown, MA, USA), sampled at 100 Hz. Data
obtained from the force plate was used to assess
the center of pressure (CoP) displacements in the
anterior-posterior (AP) and mediolateral (ML)
directions. Electromyography (EMG) signals
were measured with an 8-channel wireless EMG
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system (Myon AG, Schwarzenberg, Switzerland) at
a sampling frequency of 1000 Hz from the lateral
gastrocnemius (LG), soleus (S), and tibialis anterior
(TA) muscles (unilaterally and in the dominant
leg).

Active insoles: The static parts of the insoles
were specifically constructed for each participant
based on their foot scan by a CNC system from
EVA foam. Six vibrating actuators, with a thickness
of 2.7 mm and a diameter of 8 mm, were installed in
pairs at three locations of the insoles: the heel, the
first metatarsal head, and the fifth metatarsal head.
A specific control box was developed to generate a
squared signal at a frequency range of 0-1000 Hz
and an amplitude of 0-2 mm. A white noise of 1.2
mm in amplitude and low-pass filtered to 120 Hz
was added to the main signal. The vibrating system
was powered by two Li-ion batteries (3.7 volts).

Data processing: Analyses of raw EMG signals
and CoP displacements were done offline in
MATLAB. CoP time series were initially passed
through a digital low-pass filter with a cut-off
frequency of 10 Hz. Furthermore, the resultant
distance (RD) was determined for the CoP data
(CoP,) from the CoPAP (AP: anterior-posterior)
and CoPML (ML: mediolateral) time series. The
raw EMG signals were band-pass filtered (10-300
Hz), full-wave rectified, and down-sampled to 100
Hz. In order to create linear envelopes, a low-pass
filter with a cutoft frequency of 2.5 Hz was applied.
In the last stage, EMG envelopes were normalized
to their corresponding MVC (maximum voluntary
contraction) envelopes. The mean of CoP,, and
the activity level of considered muscles (%MVC)
were calculated in each 30-second interval of
the recordings. In order to assess the structure
of CoP,, displacements, a nonlinear analysis in
the form of sample entropy (SaEn) method was
also conducted. The higher values of SaEn are
interpreted as a lower degree of regularity (or
more complexity) in a time series data, which
means more unpredictability. In each 30-second
recording of CoP,, a SeEn index was determined.
A three-factor repeated measures analysis of
variance (RM-ANOVA) was performed to analyze
the effect of active insoles on the lower leg muscles’
activity and CoP displacements parameters. The
within factors were: standing conditions (both
legs, one leg, and one leg with the secondary task),
time (before/after fatigue), and vibration system
mode (on/oft). Bonferroni adjustments were used
for pairwise comparisons.
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Fig. 1: Mean (SD) related to the amount (mean) and structure (SaEn index) of CoP displacements and EMG activity of LG and S
muscles during 3 standing tests (on both legs, on one leg, and on one leg with cognitive task) before and after fatigue for 2 modes of
the vibration system (off/on).

3. RESULTS AND DISCUSSION

According to the RM-ANOVA analysis, the
effects of standing conditions (p = 0.000) (p =
0.001), fatigue (p = 0.000) (p = 0.002), vibration
mode (p = 0.029) (p = 0.020), and the interaction
of time and vibration mode (p = 0.000) (p = 0.008)
were found to be statistically significant on the
amount (mean) and structure (SaEn) of CoP,,
displacements. Pairwise comparisons revealed that
the presence of vibration after fatigue preserved
the amount and structure of CoP displacements
analogous to the pre-fatigue scores (p-values > 0.05)
(Figure 1) (for the mean of CoP displacements in
two standing conditions: on both legs and on one
leg) and for SaEn in all three standing conditions.
In the oft-mode of the vibration system, both CoP
parameters significantly changed (higher mean
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and lower SaEn) after fatigue compared to before
fatigue (p-values < 0.05). Furthermore, while
standing on one leg (with or without a cognitive
secondary task), compared to standing on both legs
(p-values < 0.001), a significantly higher mean and
lower SaEn of CoP, displacements were observed.

Regarding the EMG activity (%MVC) of LG
and S muscles, significant main effects of standing
conditions (p=0.000) (p=0.000), fatigue (p = 0.000)
(p =0.000), vibration mode (p = 0.034) (p = 0.014),
and the interaction of time and vibration mode (p
= 0.001) (p = 0.000) were confirmed. The activity
level of plantar flexor muscles (LG and S), which
increased significantly after the fatigue protocol in
the off-mode of the vibration system, was found
to be unchanged when mechanical vibration was
added to the soles during all standing conditions
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(p-values > 0.05) (Figure 1). Additionally, one-
legged standing tests (with or without the cognitive
secondary task) demonstrated significantly higher
activity of LG and S muscles compared to standing
on both legs (p-values < 0.001).

Opverall, with the presence of fatigue, the study
results confirmed a significant improvement in
postural stability and balance during standing
tests under the influence of applying mechanical
vibration to the sole of the feet, using active
insoles.

800

4. CONCLUSIONS

The findings of the present study provided
sufficient evidence to confirm the effectiveness of
applying sub-threshold mechanical vibration to the
sole of the feet, thereby increasing postural stability
after a fatigue protocol in a laboratory setting
among military forces. Thus, it is suggested that
using active insoles has the potential to improve
balance abilities when experiencing fatigue, and
it can be considered as an effective, feasible, and
accessible ergonomic intervention.
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