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Abstract: Mechanical muscle-tendon vibration affects musculature and the nervous system. As the
vibrations used in previous studies were varied, consistently determining the effect of mechanical
vibration was challenging. Additionally, only a few studies have applied vibrations to dynamic
motion. This study investigated whether the vibration based on the sensorimotor response could
affect the stability and function of stair climbing. Electroencephalogram (EEG) signals were recorded
from the sensorimotor area, and mu rhythms, dependent on the vibration frequencies, were analyzed.
Based on the analysis, the vibratory stimulus conditions were set and applied to the Achilles tendon
of the lower limb during stair climbing. Simultaneously, electromyogram (EMG) signals from
the gastrocnemius lateralis (GL), gastrocnemius medialis (GM), soleus (SOL), and tibialis anterior
(TA) were recorded. Activations and co-activations of the shank muscles were analyzed according
to the phases of stair climbing. When vibration was applied, the TA activation decreased in the
pull-up (PU) phase, and calf muscle activations increased during the forward continuous (FCN)
phase. These changes and their degrees differ significantly between stimulus conditions (p < 0.05).
Co-activation changes, which differed significantly with conditions (p < 0.05), appeared mostly in the
PU. These results imply that the vibration affects stability and function of stair climbing, suggesting
that the vibration characteristics should be considered when they are applied to dynamic movement.
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1. Introduction

Stair climbing is a motion that combines a forward movement and an ascent performed
simultaneously; it requires a stable body support and joint stiffness. Co-activation describes the
simultaneous activation or co-contraction in the agonist and antagonist muscles around the joint [1–3].
The role of muscle co-activation is known to be that of increasing joint stiffness of the upper or lower
limbs, thereby increasing joint stability [3,4]. For example, Tadayoshi Asaka et al. [5] have confirmed
that muscle co-activation increases when standing on an unstable board. In addition, Darainy et al. [6]
have reported that subjects use co-contraction control to offset unstable forces in a static state [6].
Solomonow et al. [7] have found that increased co-activation during strong contractions can protect
joints and maintain stability. Other studies have reported that co-activation helps in the functional
aspects of joints [1,8]. According to Francesco Di Nardo et al. [8], ankle co-activation during level
walking can contribute positively to physiological tasks such as foot reversal, balance improvement,
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ankle stability control, and knee flexion. In addition, high co-activation can strengthen joints without
time delay during sequential movements, helping in counteracting external forces and performing
sequential movements [1]. Many previous studies have shown that co-activation contributes to the
stability and functionality of movement. Therefore, understanding and controlling co-activation can
help improve or assist movement.

Localized vibratory stimulation can be used as a method to affect the stability and functionality
of movement by controlling co-activation. Vibrations applied to the limbs affect the sensorimotor
cortex through the afferent sensory nerves, resulting in a decrease in mu rhythm [9]. The mu
rhythm is an electroencephalogram (EEG) signal of a frequency of 8–13 Hz, generated by the
sensorimotor cortex, and is attenuated by vibration, tactile stimulation, and exercise execution [10,11].
Because of this characteristic, it can be used as an index of excitability of the sensorimotor
cortex [9,12]. Takayuki Kodama et al. [13] have used the mu rhythm to evaluate the effects of vibratory
stimulation-induced kinesthetic illusions. Susanna Lopez et al. [9] reported that a local vibration applied
during the isometric contraction of limb muscles can improve the excitability of the sensorimotor
cortex. The Ia afferent fiber-induced by vibration activates the α-motoneurons, resulting in an
increase in the electromyogram (EMG), which is indicative of an increase in the muscle contraction
force [14,15]. Another previous study has shown that there is an inverse linear correlation between the
mu rhythm of the sensorimotor cortex and the force used during isometric contraction [16], and it was
reported that the motor-evoked potential (MEP) was changed by local vibrations [17]. Others have
shown improved muscle performance through vibratory stimulation applied to the limbs [14,18,19].
Thomas Lapole et al. [19] have reported an increase in joint flexibility due to repeated vibration applied
to an Achilles tendon. Bruno P. Couto et al. [18] have applied repeated vibrations of 8 Hz and 26 Hz
to two groups, respectively, and they confirmed that the performance of the lower limb muscles was
subsequently improved. Finally, Jin Luo et al. [14] have confirmed an increase in the EMG amplitude
due to the vibration applied to the elbow joint.

Through these studies, it can be inferred that local vibrations can be used to control the stability and
functionality of movements. However, the vibration frequencies and intensities used in previous studies
were varied, which made it difficult to objectively compare the effects of vibrational characteristics
with each other. Therefore, applying vibrations according to a specific standard is important.

The purpose of this study was to investigate whether the vibratory stimulation selected according
to a specific standard affects the stability and functionality of stair climbing. For this purpose,
we investigated whether the mu rhythm changed according to the vibration characteristic. Based on
this result, vibratory stimulation was applied to the Achilles tendon during stair climbing. Then,
for the gait analysis, the activity of shank muscle was measured according to the vibratory stimulation
conditions [20]. Changes in the co-activation of the triceps surae according to the applied vibratory
stimulation were analyzed.

2. Materials and Methods

2.1. Subject

This study was conducted on 10 healthy young men with no history of musculoskeletal or nervous
system diseases or surgery (Age: 24.3 ± 0.7 years; Height: 174.3 ± 1.9 cm; Weight: 67.6 ± 2.3 kg).
All participants were fully informed of the experimental environment and procedures and provided
written consent. One day before the experiment, the subjects were asked to rest and refrain from
drinking and from exercising excessively, to rule out external factors that present study. For 2 h before
the start of the experiment, they were asked to refrain from caffeine intake and smoking. This research
was approved by the Institutional Review Board (IRB) of Jeonbuk National University (IRB File No.
JBNU 2017-03-011-001).
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2.2. Vibratory Perception Threshold Measurement for Vibratory Stimulus Intensity Setting

The vibrational perception threshold of each individual subject was measured to set the local
vibratory stimulation intensity for application to mu rhythm measurement and stair climbing. A linear
actuator (DMJBRN0934AA; Samsung Electro-Mechanics Co., Ltd., Korea) attached to the Achilles
tendon [21] and a function generator (AFG-21 25; Good Will Instrument Co., Ltd., Taipei) were used to
apply the local vibratory stimulation. The vibrational perception threshold measurements were made
while the subject sat in a chair, relaxed. The vibration intensity was raised slowly from the lowest
amplitude and the amplitude at which the subject first felt the vibration was recorded. The vibrational
perception threshold was measured in three trials for each of the 14 chosen frequencies from 100–300 Hz,
and the average of the three trials was set as the threshold intensity. The sub-threshold intensity was set
to a value corresponding to 80% of the threshold intensity. To prevent sensory adaptation to vibration,
a five-minute break was given after three trial measurements of one frequency.

2.3. Mu Rhythm Measurement for Vibration Frequency Setting

For measuring mu rhythm, EEG scalp electrodes were arranged on C3, Cz, C4, FC4, and CP4
corresponding to the sensorimotor cortex and the right hemisphere according to the 10–20 electrode
placement method. The reference electrode was placed on both earlobes. The brain amp MR and
the vision recorder (Brain Products GmbH, Germany) was used to measure EEG. EEG measurement
was conducted in soundproof dark rooms to eliminate external noise and stimulation caused by light.
The experiment was conducted in a comfortable and stable state, with participants seated in chairs.
The EEG signals were measured for 60 s per frequency, including non-stimulus. Participants were given
five minutes of rest after measuring EEG for one frequency to prevent vibrational sensory adaptation.
However, 280 Hz and 300 Hz were excluded from the mu rhythm measurements because some subjects
could not feel any vibration at these frequencies when measuring for vibratory perception threshold.
Therefore, the mu rhythm was measured for a total of 13 frequencies including non-stimulus.

2.4. Mu Rhythm Analysis

To calculate mu rhythm reduction rate, power spectrum analysis for recorded EEG signals was
performed using BESA software (BESA GmbH, Germany). In the raw EEG data, the 2 s of EEG signal
defined 1 epoch, and the 60 s interval was divided into 30 epochs. Mu rhythm activity for one epoch
was calculated as the ratio of mu rhythm (8–13 Hz) to total EEG signal power. Mu rhythm activity
for one frequency is calculated as mean value of 30 epochs. Mu rhythm reduction rate was defined
as the degree of reduction in mu rhythm activity of the vibratory condition compared to that of the
non-stimulus condition.

2.5. Stair Climbing Procedure

A five step custom-built wooden staircase with a raise of 16 cm and tread of 30 cm was used in
this study. Participants were asked to ascend the stairs at a self-selected velocity and in a step-over-step
manner. Before the start of the experiment, the participants repeated climbing the stairs several times
to become accustomed to the staircase. EMG measurements were commenced at the start of the
stair climbing; at the same time, vibration was applied to the Achilles tendon. Vibratory stimulation
conditions were set by a combination of the vibrational intensity (threshold and sub-threshold) and
frequencies based on the result of mu rhythm analysis. All the subjects underwent three trials for each
vibratory stimulation condition, including non-stimulus.

2.6. Electromyogram (EMG) Signal Recording and Processing

A Trigno Wireless EMG System (Delsys Inc., Natick, Massachusetts, USA) was used to collect
the EMG signals during stair climbing. EMG is a non-invasive technique for the assessment of the
myoelectric signal [22] and useful for understanding muscle activity [23]. The EMG sensors were
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attached to the gastrocnemius lateralis (GL), gastrocnemius medialis (GM), soleus (SOL) and tibialis
anterior (TA) of the participant’s leg [24]. The raw EMG signal was resampled at 1000 Hz, rectified, and
smoothed at a cut-off frequency of 6 Hz for Butterworth low-pass fourth-order filter. EMG amplitudes
were normalized to the maximum peak of each trial.

2.7. EMG and Co-Activation Analysis

The gait cycle of the stair climbing was defined starting from foot contact on the first step of the
staircase to the same foot contact on the third step of the staircase. EMG analysis was conducted
as follows: the EMG activities of each muscle in each subject measured three times during each
vibratory stimulus conditions were ensemble averaged. Then, these ensemble-averaged EMG activities
were ensemble averaged to derive a grand ensemble for each vibratory condition. Co-activation was
calculated using normalized EMG data of each participant based on the method proposed by Falconer
and Winter [3] as follows:

Co-activation = 2×
{
(Common area

(
M(a)&M(b)

)
÷

(
M(a)Area + M(b)Area

)}
× 100 (1)

where M(a) and M(b) refer to the agonist and the antagonist muscles, respectively. M(a)Area refers to
the area below the EMG graph of M(a), while M(b)Area refers to the area below the EMG graph of
M(b). Common area represents the area where the graphs of M(a) and M(b) overlap. Co-activation
was calculated for three muscle groups (TA-GL, TA-GM, and TA-Sol) for each vibratory stimulation
condition of each subject. The co-activation analysis was conducted in the same way as the EMG
analysis mentioned above. Also, in order to calculate the average of the co-activation of each phase the
gait cycle was divided into five phases, by referring to McFayden and Winter [25] (Weight Acceptance
(WA, 0%~14%), Pull-Up (PU, 15%~32%), Forward Continuance (FCN, 33%~64%), Foot Clearance
(FC, 65%~82%), and Foot Placement (FP, 83%~100%)). Processing and analysis of all EMG data and
co-activation were done using a custom code written in MATLAB R2018b (The Mathworks Inc., Natick,
MA, USA).

2.8. Statistical Analysis

SPSS 20 (IBM SPSS Statistics, Armonk, New York, USA) was used for statistical analysis.
Paired t-tests were performed to confirm the statistical significance between the mu rhythm reduction
rates dependent on different frequencies (p < 0.05). The statistical analysis of the EMG activity in each
muscle was performed paired t-test to confirm the statistical significance between different vibratory
stimulation conditions within the gait phase. This statistical analysis was performed on all muscles.
The Friedman test was used to compare the co-activation values during each phase of gait cycle and
to analyze the differences according to the vibratory stimulation conditions. Post hoc analyses were
performed using the Wilcoxon signed-rank test and statistical significance was defined at p < 0.05.

3. Results

3.1. Changing the Mu Rhythm Using Localized Vibrations

The mean of the mu rhythm reduction rate for all vibration frequencies is shown in Figure 1
and the statistical significance between each frequency is shown in Table 1. A statistical significance
was found at most frequencies (p < 0.05). As shown in Figure 1, among these frequencies, a mu
rhythm reduction rate of 140 Hz was the highest and 210 Hz was the lowest. Based on these results,
the vibratory conditions were chosen. ‘None’ is a condition under which no vibration was applied;
the 140 Hz frequency is set as ‘Max’, and the 210 Hz frequency is set as ‘Min’. All vibratory conditions
were applied with threshold intensity (Th-) and the sub-threshold intensity (Sub-). Therefore, vibration
stimulation conditions were set as follows; ‘Th-Max’ and ‘Th-Min’ applied as the threshold intensity
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(Th-), ‘Sub-Max’ and ‘Sub-Min’ applied as the Sub-threshold intensity (Sub-) and ‘None’ with no
vibration applied.

Figure 1. Mean (± standard deviation) of mu rhythm reduction rate (through paired t-test) according
to localized vibration frequencies.

Table 1. Result of paired t-test of the mu rhythm reduction rate, * indicates a statistical significance
between vibrational frequencies (p < 0.05).

Frequencies 100 Hz 120 Hz 140 Hz 160 Hz 180 Hz 190 Hz 200 Hz 210 Hz 220 Hz 240 Hz 250 Hz 260 Hz
100 Hz * * * *
120 Hz * * * * *
140 Hz * * * * * * * *
160 Hz * * * * * *
180 Hz * * * * *
190 Hz * * * *
200 Hz * * *
210 Hz * * * *
220 Hz * * *
240 Hz * *
250 Hz
260 Hz

* Indicates statistical significance between vibration frequencies (p < 0.05).

3.2. Changes in Muscle Activity According to the Local Vibratory Stimulation Conditions

Figures 2 and 3 show patterns of muscle activity according to the local vibratory stimulation
conditions. Tables S1 and S2 show the mean and standard deviations of the vibrational stimulus
conditions according to the gait phase, and the statistical significance between the conditions (See
Supplementary Material).

At the threshold intensity, TA showed that Min was lowest at 16.4% in the PU phase (Table S1),
and that the amplitude of Max and Min decreased in the swing phase (FC and FP phase) faster than that
of None. GL showed that Min had the highest peaks at 87.6% compared with other vibratory conditions
in FCN phase, and for GM and SOL we could not confirm a difference due to vibratory conditions.
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Figure 2. Mean of electromyogram (EMG) activity of all participants in the vibrational stimulation
conditions at the threshold intensity: (a) Tibialis Anterior (TA), (b) Gastrocnemius Lateralis (GL),
(c) Gastrocnemius Medialis (GM), (d) Soleus (SOL). ‘Th-Max’ means a vibration of 140 Hz was applied
at the threshold intensity, while ‘Th-Min’ means a vibration of 210 Hz was applied at the threshold
intensity. The solid line indicates the gait phase (Weight Acceptance (WA, 0%~14%), Pull-Up (PU,
15%~32%), Forward Continuance (FCN, 33%~64%), Foot Clearance (FC, 65%~82%), Foot Placement
(FP, 83%~100%)).

At sub-threshold intensity, Tibialis anterior muscle (TA) showed lower activity in Max (15%) and
Min (13.4%) than in None during the PU phase (Table S2). The maximum peak appeared in the FC
phase (Figure 3a). Early decreases in the EMG activity were observed in the FP phase. The triceps
muscle of the calf (i.e., GL, GM, and SOL) showed enhanced peak activity under all vibratory conditions,
and muscle activity was increased between the PU and the FCN phases (Figure 3a–c).
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Figure 3. Mean of EMG activity of all participants in vibration stimulation conditions at sub-threshold
intensity: (a) Tibialis anterior, (b) Gastrocnemius lateralis, (c) Gastrocnemius medialis, (d) Soleus.
‘Sub-Max’ means a vibration of 140 Hz was applied at sub-threshold intensity, while ‘Sub-Min’ means
a vibration of 210 Hz was applied at sub-threshold intensity. The solid line indicates the gait phase
(Weight Acceptance (WA, 0%~14%), Pull-Up (PU, 15%~32%), Forward Continuance (FCN, 33%~64%),
Foot Clearance (FC, 65%~82%), Foot Placement (FP, 83%~100%)).

3.3. Co-Activation Differences with Vibration Conditions and Phases of Gait Cycle

The change in co-activation with vibration conditions was different for each gait phase, as shown
in Figures 4 and 5. Co-activation was mostly at its highest in the PU phase and at its lowest in the FC
phase. At the threshold intensity (Figure 4), the TA-GL group showed reduced co-activation during
the PU and the FCN phases. During the PU phase, Th-Max decreased by 14.1% and Th-Min by 5.6%
(p < 0.05). In the FCN phase, Th-Max was reduced by 5.7% and Th-Min by 4.4% compared with None,
but was not significant. For the TA-GM group, co-activation decreased in the WA, the PU and the FP
phases. Th-Max decreased by 6.2% for the PU phase and by 2.9% for FP phase (p < 0.05). Th-Min
decreased by 4.6% for the WA phase, 5.5% for the PU phase, and 2.7% for the FP phase, respectively
(p < 0.05). Co-activation in the TA-SOL group was reduced by 7.3% in Min during the WA phase
(p < 0.05). Also, during the PU phase, Th-Max and Th-Min decreased by 12.4% and by 11% compared
with None, respectively (p < 0.05). At Sub-threshold intensity (Figure 5), the TA-GL group showed
increased co-activation in the Sub-Min during the PU phase (by 4.4%, p < 0.05), while co-activation in
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the FC phase was reduced by 3.2% in the Sub-Max (p < 0.05). For the TA-GM group, the Sub-Max and
Sub-Min in the PU phase increased by 4.3% and by 11.2% compared with None, respectively (p < 0.05).
Co-activation of Max in the FC phase decreased by 3% (p < 0.05). TA-SOL group showed reduced
co-activation in the Sub-Max (by 8.1%) and Sub-Min (by 11.5%) compared with None during the PU
phase and Sub-Min resulted in the lowest co-activation (p < 0.05).

Figure 4. Mean value (± standard deviation) of co-activation of each gait phase according to the
vibratory stimulation conditions at threshold intensity of each muscle group: (a) TA-GL group,
(b) TA-GM group, (c) TA-SOL group, * indicates statistical significance through post-hoc tests between
vibratory stimulus conditions (p < 0.05).
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Figure 5. Mean value (± standard deviation) of co-activation of each gait phase according to the
vibratory stimulation conditions at the sub-threshold intensity of each muscle group: (a) TA-GL group,
(b) TA-GM group, (c) TA-SOL group, * indicates statistical significance through post-hoc tests between
vibratory stimulus conditions (p < 0.05).

4. Discussion

This study investigated changes in the mu rhythm with vibration frequency, and changes in the
EMG and co-activation caused by the local vibratory characteristics based on the mu rhythm and the
perception thresholds during stair climbing.

4.1. Effect of Vibration Frequency on Mu Rhythm

To set vibratory conditions for the Achilles tendon during stair climbing, mu rhythm reduction
rate according to vibration frequencies was analyzed. As a result, it was confirmed that the mu rhythm
reduction rate differs according to the applied vibration frequencies (Figure 1). This means that the
vibratory stimulus applied to the Achilles tendon affected the sensorimotor cortex, and that acceptance
of the vibratory sense in the Achilles tendon varies according to vibration frequencies. Depending on
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the distribution and density of the receptor [26] and the frequency of firing [12], the vibration frequency
and sensing capacity to be detected vary, and the amount of information transmitted through the Ia
afferent differs. Therefore, a difference occurs in the signal transmitted to the sensorimotor cortex
according to vibration frequency, while a difference in the mu rhythm reduction rate occurs in response
to changes in the vibration frequency. This is in line with the previous study, which reported that
the somatosensory response to vibrotactile stimuli is frequency-dependent [27]. In addition, Barbara
Marconi et al. [28] have confirmed that vibrations that were repeatedly applied to the flexor carpi
radialis muscles during voluntary contractions can induce excitatory changes in the primary motor
cortex. Sabine Siggelkow et al. [29] have also shown an increase in MEP due to vibrations of 80 and
120 Hz applied to the extensor carpi radialis muscle. In addition, Kossev A et al. [30] have reported that
the MEP of the transcranial magnetic stimulation was enhanced by vibrations applied to the extensor
carpi radialis muscles. An increase of MEP occurs with increased excitability of the motoneuron pool,
and there are also changes in the cortical responsiveness and in the operation of the intracortical
circuits [31]. MEP varies with vibration frequency, and a change in MEP implies a decrease or an
increase in the number of motor neurons that can respond to the excitation of a given motor neuron
pool [32]. Therefore, in this study, the change in mu rhythm indicates that vibration applied to the
Achilles tendon induced an excitatory change in the sensorimotor cortex, which affects both the motor
neuron pool excitability and the target muscle activity.

4.2. Effect of Vibratory Stimulation Conditions on EMG Activation

Under all stimulation conditions, including non-stimulus, two specific patterns of muscle activity
were confirmed during stair climbing. For the TA, the maximum activity appeared in the WA and
FC phases. During the WA phase, the body weight is transferred to the leading leg to help with the
swing of the trailing leg. At this time, the TA serves to pull the body forward to prepare for weight
acceptance. In the FC phase, the TA serves by preventing a foot drop for ensuring foot clearance.
For the triceps surae (i.e., GL, GM and Sol), the maximum activity appeared in the FCN phase. In the
FCN phase, the body moves forward and the toe-off of the leading leg occurs in the last part of this
phase. The maximal activity of the triceps surae is caused by the plantarflexion for performing the
toe-off and supporting the body.

When vibratory stimulation was applied, a change in the EMG activation was observed according
to the local vibratory conditions (Figures 2 and 3).

TA did not significantly change in the WA phase, whereas it showed decreased activity in the PU
phase and reached a peak in the FC phase. The vibratory conditions that showed decreased activation
in the PU phase were Th-Min, Sub-Max, and Sub-min (Figures 2a and 3a). In the PU phase, the ankle
joint is approaching the standing posture, with decreased dorsiflexion and extension of the knee and
hip joint [33,34]. Decreased TA activity is thought to facilitate coordination with other joint movements
during the pull-up. Sub-Max was the vibratory condition that showed the highest peak during the FC
phase. This ensures toe-clearance and a stable swing by maintaining dorsiflexion of the ankle joint.

GL, GM, and SOL show increased muscle activity between the PU and FCN phases at sub-threshold
intensity conditions (Figure 3b–d). This phase is when the trailing leg begins to swing after the toe-off,
and the leading leg performs single-limb support. While the ankle joint is in dorsiflexion, the trailing
leg moves upwards to the next step and the body begins to move forward. Thus, the increased muscle
activity under vibratory conditions will help in preventing the body from collapsing forward and in
maintaining a stable foot support. In addition, the maximum peak appears in the FCN phase. The local
vibratory stimulation will help to push upward and support the body by facilitating the plantarflexion
of the leading leg.
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4.3. Changes in the Co-Activation by Localized Vibratory Stimuli during Stair Climbing

To investigate the effect of the localized vibratory stimulation on the stability and function
of stair climbing, co-activation was analyzed across stair-climbing phases, muscle groups and
stimulation intensities.

At the threshold intensity condition, a reduced co-activation appeared predominantly in the
phases WA, PU and FCN. During the WA phase, the body weight is transferred to the leading leg,
and the joint flexion of the hip and knee begins to decrease [33,35]; then, the joint extension of the hip
and knee develops in the PU phase, and subsequently the transition of the ankle joint from dorsiflexion
to plantarflexion occurs in the FCN phase. An increase of co-activation translates into improved joint
protection and stability through an increase in joint stiffness [4]. However, excessive co-activation has
been reported to reduce the degree of joint freedom resulting from stiff posture [36]. In other words,
a decrease of co-activation means a decrease in joint stiffness, resulting in an increase in the degree of
joint freedom. All three joints are extending during the phases WA, PU and FCN. Thus, a reduced
co-activation means that an extension of the lower limb segments will be achieved harmoniously
and that the local vibratory stimulation contributes positively to joint extension. Even if a reduced
co-activation decreases the stability of stair climbing, the stability of stair ascending will not be harmed
because the extension of the femur muscles in the leading leg and the plantarflexion of the calf muscles
in the trailing leg perform the body lift.

At the sub-threshold intensity conditions, an increased co-activation appeared predominantly
in the phases of WA and PU, except for the PU phase of the TA-SOL group. During the PU phase,
the upright alignment of the lower limb segments is achieved while decreasing the dorsiflexion.
The localized vibratory stimulation in the initial PU phase facilitates the shank upright alignment
by reducing TA activity, and in the later PU phase, it facilitates a rapid increase in activity of the
gastrocnemius muscle (Figure 3), which contributes to providing joint stiffness for the vertical movement
of the trunk. In contrast, the co-activation of the TA-SOL group decreased. This is presumed to occur
due to the difference in the type of contraction in the muscle during movement. M. Spanjaard et
al. [37] have reported that the GM fascicle exhibits a near-isometric behavior when the GM muscles
are activated during stair climbing. Masaki Ishikawa et al. [38] have shown that the GM fascicle was
stretched during early single-limb support during level walking and remained isometrical in a later
stance phase. By contrast, Sol’s fascicle reportedly continued to lengthen until the end of the single-limb
support. O. S. Mian et al. [39] have reported that the GL’s tendinous tissue, the muscle-tendon complex,
and fascicle were passively shortened by the TA movement immediately after initial contact and
extended to a later stance. Thus, it can be expected that there will be a difference in the contraction
method or state of the muscles according to the movement performed by a person and that the change
in co-activation due to vibratory stimulation may be different for each muscle group.

In the swing phase (i.e., the FC phase), co-activation was decreased by the sub-max. This decrease
in co-activation can be interpreted as an increase in the degree of joint freedom, along with a decrease
in the dorsiflexion of the ankle. The common area of co-activation refers to the area where two muscles,
which are in an agonist-antagonist relation, are activated simultaneously. During the FC phase, TA
takes on the role of the agonist muscle, peaks are observed, and the EMG increases under vibratory
conditions. The GL and GM act as antagonists during this phase, and do not show changes in the EMG
due to vibration. In other words, the decrease in co-activation by vibratory stimulation during the FC
phase is due to the increase in the TA activation, which enables the ankle joint to maintain dorsiflexion
and achieve sufficient foot clearance.

The effect of the local vibratory stimulation on the stability and function of stair climbing is
apparent in the PU phase. Threshold and sub-threshold intensities seem to affect the degree of joint
freedom and joint stiffness, respectively, and can be controlled to an extent by varying the vibration
frequency. In particular, the Th-Max and Sub-min stimuli have the greatest influence. However,
in previous studies, Simeonov et al. [40] have reported that supra-sensory mechanical vibrations
applied to construction workers’ feet may increase the risk of loss of balance. Pope et al. [41] have
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confirmed that a sensory stimulus above our tolerated level may cause discomfort. Furthermore,
Priplate et al. [42,43] have found that a sub-threshold mechanical vibrational stimulation increased the
detection of plantar pressure changes, resulting in decreased postural shaking in elderly and peripheral
neuropathy patients.

In this study, changes in EMG activity and co-activation during stair climbing were identified
when a mu rhythm-based vibratory stimulation was applied. These results suggest that localized
vibratory stimulation can help improve the function and stability of stair climbing. However, since
this study examined only the parameters of the muscles, it is difficult to identify changes in kinetic
and kinematic factors such as joint angle, moment, and power during the performance of the motion.
In future studies, if the analysis of kinetic, kinematic, and spatiotemporal variables is added using a
three-dimensional motion analysis system, the effect of the local vibratory stimulation on stair climbing
may be understood in more detail.

5. Conclusions

In this study, local vibratory stimulation set by the mu rhythm was applied during stair climbing,
and changes in the lower leg musculature were confirmed through co-activation and EMG activity.

There was a difference in the mu rhythm reduction depending on the vibration frequencies,
and the local vibration based on the mu rhythm reduction rate resulted in a change in muscle activity
and co-activation during stair climbing. Changes in co-activation were confirmed to be affected by the
phases of the gait cycle, vibration frequency and intensity, and muscle groups. It was determined that
local vibratory stimulation selected with a mu rhythm reduction rate can contribute to the stability and
function of stair climbing.

Thus, when applying vibration to dynamic tasks such as stair climbing, first, it is necessary to
derive appropriate vibration characteristics, notable frequency and stimulus intensity to the body part
to which vibration is applied, and then apply vibration in consideration of the motion performed.
These results could then be utilized as a reference for rehabilitation, clinical treatment or research for
which vibration is applied.

Supplementary Materials: The following are available online at http://www.mdpi.com/2076-3417/10/3/799/s1.

Author Contributions: Conceptualization, S.K., K.K., H.K. and D.K.; Data curation, S.K.; Formal analysis, S.K. and
K.K.; Investigation, S.K., K.K. and H.K., D.K.; Methodology, S.K., K.K. and H.K.; Supervision, D.K.; Visualization,
S.K.; Writing—original draft, S.K.; Writing—review and editing, K.K. and D.K. All authors have read and agreed
to the published version of the manuscript.

Funding: This work was supported by the National Research Foundation of Korea (NRF) grant funded by the
Korea government (MSIT) (NRF-2017R1A2B2009389 and NRF-2019R1A2C2088033).

Conflicts of Interest: The authors declare no conflicts of interest.

References

1. Hortobágyi, T.; DeVita, P. Muscle pre-and coactivity during downward stepping are associated with leg
stiffness in aging. J. Electromyogr. Kinesiol. 2000, 10, 117–126. [CrossRef]

2. Souissi, H.; Zory, R.; Bredin, J.; Gerus, P. Comparison of methodologies to assess muscle co-contraction
during gait. J. Biomech. 2017, 57, 141–145. [CrossRef] [PubMed]

3. Falconer, K.; Winter, D.A. Quantitative assessment of co-contraction at the ankle joint in walking.
Electromyogr. Clin. Neurophysiol. 1985, 25, 135–149. [PubMed]

4. Nagai, K.; Yamada, M.; Tanaka, B.; Uemura, K.; Mori, S.; Aoyama, T.; Ichihashi, N.; Tsuboyama, T. Effects of
balance training on muscle coactivation during postural control in older adults: A randomized controlled
trial. J. Gerontol. A Biol. Sci. Med. Sci. 2012, 67, 882–889. [CrossRef]

5. Asaka, T.; Wang, Y.; Fukushima, J.; Latash, M.L. Learning effects on muscle modes and multi-mode postural
synergies. Exp. Brain Res. 2008, 184, 323–338. [CrossRef]

6. Darainy, M.; Malfait, N.; Gribble, P.L.; Towhidkhah, F.; Ostry, D.J. Learning to control arm stiffness under
static conditions. J. Neurophysiol. 2004, 92, 3344–3350. [CrossRef]

http://www.mdpi.com/2076-3417/10/3/799/s1
http://dx.doi.org/10.1016/S1050-6411(99)00026-7
http://dx.doi.org/10.1016/j.jbiomech.2017.03.029
http://www.ncbi.nlm.nih.gov/pubmed/28433389
http://www.ncbi.nlm.nih.gov/pubmed/3987606
http://dx.doi.org/10.1093/gerona/glr252
http://dx.doi.org/10.1007/s00221-007-1101-2
http://dx.doi.org/10.1152/jn.00596.2004


Appl. Sci. 2020, 10, 799 13 of 14

7. Baratta, R.; Solomonow, M.; Zhou, B.H.; Letson, D.; Chuinard, R.; D’Ambrosia, R. Muscular coactivation.
The role of the antagonist musculature in maintaining knee stability. Am. J. Sports Med. 1988, 16, 113–122.
[CrossRef]

8. Di Nardo, F.; Mengarelli, A.; Maranesi, E.; Burattini, L.; Fioretti, S. Assessment of the ankle muscle
co-contraction during normal gait: A surface electromyography study. J. Electromyogr. Kinesiol. 2015, 25,
347–354. [CrossRef]

9. Lopez, S.; Bini, F.; Del Percio, C.; Marinozzi, F.; Celletti, C.; Suppa, A.; Ferri, R.; Staltari, E.; Camerota, F.;
Babiloni, C. Electroencephalographic sensorimotor rhythms are modulated in the acute phase following
focal vibration in healthy subjects. Neuroscience 2017, 352, 236–248. [CrossRef]

10. Pineda, J.A.; Allison, B.Z.; Vankov, A. The effects of self-movement, observation, and imagination on/spl
mu/rhythms and readiness potentials (RP’s): Toward a brain-computer interface (BCI). IEEE Trans.
Rehabil. Eng. 2000, 8, 219–222. [CrossRef]

11. Muthukumaraswamy, S.D.; Johnson, B.W. Changes in rolandic mu rhythm during observation of a precision
grip. Psychophysiology 2004, 41, 152–156. [CrossRef] [PubMed]

12. Gilman, S. Joint position sense and vibration sense: Anatomical organisation and assessment. J. Neurol.
Neurosurg. Psychiatry 2002, 73, 473–477. [CrossRef] [PubMed]

13. Kodama, T.; Nakano, H.; Ohsugi, H.; Murata, S. Effects of vibratory stimulation-induced kinesthetic illusions
on the neural activities of patients with stroke. J. Phys. Ther. Sci. 2016, 28, 419–425. [CrossRef] [PubMed]

14. Luo, J.; McNamara, B.P.; Moran, K. A portable vibrator for muscle performance enhancement by means of
direct muscle tendon stimulation. Med. Eng. Phys. 2005, 27, 513–522. [CrossRef] [PubMed]

15. Carson, R.G.; Popple, A.E.; Verschueren, S.M.P.; Riek, S. Superimposed vibration confers no additional
benefit compared with resistance training alone. Scand. J. Med. Sci. Sports 2010, 20, 827–833. [CrossRef]

16. Mima, T.; Simpkins, N.; Oluwatimilehin, T.; Hallett, M. Force level modulates human cortical oscillatory
activities. Neurosci. Lett. 1999, 275, 77–80. [CrossRef]

17. Steyvers, M.; Levin, O.; Verschueren, S.M.; Swinnen, S.P. Frequency-dependent effects of muscle tendon
vibration on corticospinal excitability: A TMS study. Exp. Brain Res. 2003, 151, 9–14. [CrossRef]

18. Couto, B.P.; Silva, H.R.; Barbosa, M.P.; Szmuchrowski, L.A. Chronic effects of different frequencies of local
vibrations. Int. J. Sports Med. 2012, 33, 123–129. [CrossRef]

19. Lapole, T.; Pérot, C. Effects of repeated Achilles tendon vibration on triceps surae stiffness and reflex
excitability. J. Electromyogr. Kinesiol. 2011, 21, 87–94. [CrossRef]

20. Sharif Bidabadi, S.; Murray, I.; Lee, G.Y.F. Validation of foot pitch angle estimation using inertial measurement
unit against marker-based optical 3D motion capture system. Biomed. Eng. Lett. 2018, 8, 283–290. [CrossRef]

21. Kwak, K.Y.; Kim, H.G.; Kim, D.W. Variation of Ankle Biomechanical Property according to Vibro-Perception
Threshold and Vibration Frequency. Biomed. Eng. Lett. 2016, 6, 16–25. [CrossRef]

22. Prakash, A.; Sharma, S.; Sharma, N. A compact-sized surface EMG sensor for myoelectric hand prosthesis.
Biomed. Eng. Lett. 2019, 9, 467–479. [CrossRef] [PubMed]

23. Kim, H.; Lee, J.; Kim, J. Electromyography-signal-based muscle fatigue assessment for knee rehabilitation
monitoring systems. Biomed. Eng. Lett. 2018, 8, 345–353. [CrossRef] [PubMed]

24. Hermens, H.; Freriks, B.; Merletti, R.; Stegeman, D.; Block, J.; Rau, G.; Disselhorst-Klug, C.; Hagg, G. SENIAM:
European Recommendations for Surface Electromyography; Roessingh Research and Development: Enschede,
The Netherlands, 1999; ISBN 90-75452-15-2. [CrossRef]

25. McFadyen, B.J.; Winter, D.A. An integrated biomechanical analysis of normal stair ascent and descent.
J. Biomech. 1988, 21, 733–744. [CrossRef]

26. Johansson, R.S.; Vallbo, A.B. Tactile sensibility in the human hand: Relative and absolute densities of four
types of mechanoreceptive units in glabrous skin. J. Physiol. 1979, 286, 283–300. [CrossRef]

27. Shah, V.A.; Casadio, M.; Scheidt, R.A.; Mrotek, L.A. Vibration Propagation on the Skin of the Arm. Appl. Sci.
2019, 9, 4329. [CrossRef]

28. Marconi, B.; Filippi, G.M.; Koch, G.; Pecchioli, C.; Salerno, S.; Don, R.; Camerota, F.; Saraceni, V.M.;
Caltagirone, C. Long-term effects on motor cortical excitability induced by repeated muscle vibration during
contraction in healthy subjects. J. Neurol. Sci. 2008, 275, 51–59. [CrossRef]

29. Siggelkow, S.; Kossev, A.; Schubert, M.; Kappels, H.H.; Wolf, W.; Dengler, R. Modulation of motor evoked
potentials by muscle vibration: The role of vibration frequency. Muscle Nerve 1999, 22, 1544–1548. [CrossRef]

http://dx.doi.org/10.1177/036354658801600205
http://dx.doi.org/10.1016/j.jelekin.2014.10.016
http://dx.doi.org/10.1016/j.neuroscience.2017.03.015
http://dx.doi.org/10.1109/86.847822
http://dx.doi.org/10.1046/j.1469-8986.2003.00129.x
http://www.ncbi.nlm.nih.gov/pubmed/14693010
http://dx.doi.org/10.1136/jnnp.73.5.473
http://www.ncbi.nlm.nih.gov/pubmed/12397137
http://dx.doi.org/10.1589/jpts.28.419
http://www.ncbi.nlm.nih.gov/pubmed/27065525
http://dx.doi.org/10.1016/j.medengphy.2004.11.005
http://www.ncbi.nlm.nih.gov/pubmed/15990068
http://dx.doi.org/10.1111/j.1600-0838.2009.00999.x
http://dx.doi.org/10.1016/S0304-3940(99)00734-X
http://dx.doi.org/10.1007/s00221-003-1427-3
http://dx.doi.org/10.1055/s-0031-1286294
http://dx.doi.org/10.1016/j.jelekin.2010.10.011
http://dx.doi.org/10.1007/s13534-018-0072-5
http://dx.doi.org/10.1007/s13534-016-0215-5
http://dx.doi.org/10.1007/s13534-019-00130-y
http://www.ncbi.nlm.nih.gov/pubmed/31799015
http://dx.doi.org/10.1007/s13534-018-0078-z
http://www.ncbi.nlm.nih.gov/pubmed/30603219
http://dx.doi.org/10.1007/s00221-003-1427-3
http://dx.doi.org/10.1016/0021-9290(88)90282-5
http://dx.doi.org/10.1113/jphysiol.1979.sp012619
http://dx.doi.org/10.3390/app9204329
http://dx.doi.org/10.1016/j.jns.2008.07.025
http://dx.doi.org/10.1002/(SICI)1097-4598(199911)22:11&lt;1544::AID-MUS9&gt;3.0.CO;2-8


Appl. Sci. 2020, 10, 799 14 of 14

30. Kossev, A.; Siggelkow, S.; Kapels, H.H.; Dengler, R.; Rollnik, J.D. Crossed effects of muscle vibration on
motor-evoked potentials. Clin. Neurophysiol. 2001, 112, 453–456. [CrossRef]

31. Ridding, M.C.; Taylor, J.L. Mechanisms of motor-evoked potential facilitation following prolonged dual
peripheral and central stimulation in humans. J. Physiol. 2001, 537 Pt 2, 623–631. [CrossRef]

32. Klykken, L.W.; Pietrosimone, B.G.; Kim, K.M.; Ingersoll, C.D.; Hertel, J. Motor-neuron pool excitability of the
lower leg muscles after acute lateral ankle sprain. J. Athl. Train. 2011, 46, 263–269. [CrossRef] [PubMed]

33. Riener, R.; Rabuffetti, M.; Frigo, C. Stair ascent and descent at different inclinations. Gait Posture 2002, 15,
32–44. [CrossRef]

34. Nadeau, S.; McFadyen, B.J.; Malouin, F. Frontal and sagittal plane analyses of the stair climbing task in
healthy adults aged over 40 years: What are the challenges compared to level walking? Clin. Biomech. 2003,
18, 950–959. [CrossRef]

35. Hortobágyi, T.; Solnik, S.; Gruber, A.; Rider, P.; Steinweg, K.; Helseth, J.; DeVita, P. Interaction between
age and gait velocity in the amplitude and timing of antagonist muscle coactivation. Gait Posture 2009, 29,
558–564. [CrossRef]

36. Tucker, M.G.; Kavanagh, J.J.; Barrett, R.S.; Morrison, S. Age-related differences in postural reaction time and
coordination during voluntary sway movements. Hum. Mov. Sci. 2008, 27, 728–737. [CrossRef]

37. Spanjaard, M.; Reeves, N.D.; van Dieen, J.H.; Baltzopoulos, V.; Maganaris, C.N. Gastrocnemius muscle
fascicle behavior during stair negotiation in humans. J. Appl. Physiol. 2007, 102, 1618–1623. [CrossRef]

38. Ishikawa, M.; Komi, P.V.; Grey, M.J.; Lepola, V.; Bruggemann, G.P. Muscle-tendon interaction and elastic
energy usage in human walking. J. Appl. Physiol. 2005, 99, 603–608. [CrossRef]

39. Mian, O.S.; Thom, J.M.; Ardigò, L.P.; Minetti, A.E.; Narici, M.V. Gastrocnemius muscle–tendon behaviour
during walking in young and older adults. Acta Physiol. 2007, 189, 57–65. [CrossRef]

40. Simeonov, P.; Hsiao, H.; Powers, J.; Ammons, D.; Kau, T.; Amendola, A. Postural stability effects of random
vibration at the feet of construction workers in simulated elevation. Appl. Ergon. 2011, 42, 672–681. [CrossRef]

41. Pope, M.H.; Magnusson, M.; Wilder, D.G. Low Back Pain and Whole Body Vibration. Clin. Orthop. Relat. Res.
1998, 354, 241–248. [CrossRef]

42. Priplata, A.A.; Patritti, B.L.; Niemi, J.B.; Hughes, R.; Gravelle, D.C.; Lipsitz, L.A.; Veves, A.; Stein, J.; Bonato, P.;
Collins, J.J. Noise-enhanced balance control in patients with diabetes and patients with stroke. Ann. Neurol.
2006, 59, 4–12. [CrossRef] [PubMed]

43. Priplata, A.A.; Niemi, J.B.; Harry, J.D.; Lipsitz, L.A.; Collins, J.J. Vibrating insoles and balance control in
elderly people. Lancet 2003, 362, 1123–1124. [CrossRef]

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1016/S1388-2457(01)00473-4
http://dx.doi.org/10.1111/j.1469-7793.2001.00623.x
http://dx.doi.org/10.4085/1062-6050-46.3.263
http://www.ncbi.nlm.nih.gov/pubmed/21669095
http://dx.doi.org/10.1016/S0966-6362(01)00162-X
http://dx.doi.org/10.1016/S0268-0033(03)00179-7
http://dx.doi.org/10.1016/j.gaitpost.2008.12.007
http://dx.doi.org/10.1016/j.humov.2008.03.002
http://dx.doi.org/10.1152/japplphysiol.00353.2006
http://dx.doi.org/10.1152/japplphysiol.00189.2005
http://dx.doi.org/10.1111/j.1748-1716.2006.01634.x
http://dx.doi.org/10.1016/j.apergo.2010.10.002
http://dx.doi.org/10.1097/00003086-199809000-00029
http://dx.doi.org/10.1002/ana.20670
http://www.ncbi.nlm.nih.gov/pubmed/16287079
http://dx.doi.org/10.1016/S0140-6736(03)14470-4
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Subject 
	Vibratory Perception Threshold Measurement for Vibratory Stimulus Intensity Setting 
	Mu Rhythm Measurement for Vibration Frequency Setting 
	Mu Rhythm Analysis 
	Stair Climbing Procedure 
	Electromyogram (EMG) Signal Recording and Processing 
	EMG and Co-Activation Analysis 
	Statistical Analysis 

	Results 
	Changing the Mu Rhythm Using Localized Vibrations 
	Changes in Muscle Activity According to the Local Vibratory Stimulation Conditions 
	Co-Activation Differences with Vibration Conditions and Phases of Gait Cycle 

	Discussion 
	Effect of Vibration Frequency on Mu Rhythm 
	Effect of Vibratory Stimulation Conditions on EMG Activation 
	Changes in the Co-Activation by Localized Vibratory Stimuli during Stair Climbing 

	Conclusions 
	References

