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INTRODUCTION

External vibratory stimulation is of diverse effects on the peripheral 

elements within the motor and sensory structure in humans [1-3]. In 

particular, the external vibration on muscles or tendons causes the in-

stantaneous and phasic changes in the length of muscle fibers, resulting 

in the excitation of the sensory endings of afferent fibers [4-6]. The exci-

tation of afferent nerves induced by the vibratory stimulation causes re-

flexive muscle contraction known as tonic vibration reflex (TVR) [7,8], 

and the effect of muscle contraction associated with the TVR extends to 

the muscle activation for opposing action. Further, the mechanical and 

physiological responses as to the muscle activation to the vibratory stim-

ulation depend on the properties of the external vibration, such as the 

frequency [9], amplitude [10,11], and duration [12,13].  

In other words, short-term vibratory stimulation was of positive effect 

on the muscular strength for the maximal force production capability 

[1,2,14,15], while prolonged stimulation decreased muscular strength ac-

companied by a reduced magnitude of H-reflex along with increased 

threshold level for the action potential [13]. A recent study revealed that 

the increased torque magnitude with vibration was associated with in-

creased agonist activities and decreased antagonist activities resulting in 

reduced muscle co-contraction among the agonist and antagonist mus-
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PURPOSE: To investigate the effect of muscle vibration on performance accuracy and multi-muscle coordination pattern during volun-
tary isometric knee extension torque production.

METHODS: The subjects were tested under two conditions of external vibration frequencies (90 Hz vibration (VIB)&no-vibration 
(NVIB)) with three levels of torque magnitudes of 20% (MVT20), 40% (MVT40), and 60% of maximal voluntary torque (MVT60). The 
subjects were instructed to perform a submaximal isometric ramp task and matched the produced torque with the torque template 
shown in the screen as accurately as possible. External vibration was applied to the rectus femoris (RF).

RESULTS: The performance error (RMSENORM) was reduced in 60% of MVT (MVT60) in both ramp and SS phases, and the iEMGAGO 
was significantly reduced by vibration under the same torque conditions in the SS phase. In addition, the muscle-mode (M-mode) com-
position was found to be different in the VIB and NVIB in the SS phase. We found that the VIB condition showed co-contraction 
M-modes and mixed M-modes. However, there was no significant difference in the ramp phase under all conditions.

CONCLUSIONS: The neurophysiological changes due to muscle vibration may positively affect the task characteristics and steps that 
require accurate torque generation and provide information for the quantitative understanding of multi-muscle coordination of vibra-
tion.
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cles during maximal voluntary contraction [14]. These results imply that 

short-term external vibration could modulate the organization of multi-

muscle activities. Indeed, a set of muscles is simultaneously involved 

during a simple motor task, even in a simple single joint flexion and ex-

tension, whole-body swaying, etc. However, there remains many unan-

swered questions about how the vibratory stimulation on the specific 

muscle affects the covariation and organization of the multiple muscles 

during the submaximal force production. In general, we would like to 

emphasize that the investigation on a proper organization of the muscles 

against external stimulus would be a prerequisite for the understanding 

of accurate or inaccurate motor performance. Notably, the involved 

muscles are coordinated in such a way that the muscles are united into a 

few groups (e.g., agonist and antagonist groups). In other words, the con-

trol strategies to govern multi-muscles may not send command signals, 

which define individual parameters of muscle activities, to individual 

muscles but specify a few parameters that affect groups of muscles. The 

notion of muscle mode (M-mode) has been introduced. The organiza-

tion of M-modes is beneficial to some extent in reducing the number of 

variables governed by the controller. As such, M-mode is an activated 

muscle group that is individually manipulated by the central nervous 

system (CNS) and reduces the problem of motor redundancy [15-18]. 

This study employed a submaximal isometric ramp task using the 

knee joint in isometric conditions. The knee joint torque and the elec-

tromyography (EMG) of a set of lower extremity muscles (e.g., agonist 

and antagonist muscles) were measured. The precise production of knee 

extension torque is accompanied by proper coordination of the involved 

muscles. This study investigates the effect of muscle vibration on the ac-

curacy of performance and muscle-modes (i.e., M-modes) during volun-

tary isometric knee extension torque production. Based on the knowl-

edge of the aforementioned experimental results, we formulate the fol-

lowing two hypotheses. First, muscle vibration will decrease perfor-

mance errors in tasks that require accuracy at the submaximal forces 

level by controlling the activity of agonist and antagonist muscles. Sec-

ond, the M-modes will change with a muscle vibration in the submaxi-

mal force level task.

METHODS

1. Participants

Eight healthy male subjects (30 ± 3.8 years, 174 ± 2.3 cm, 77± 9.32 kg, 

thigh fat thickness: 3.0 ± 0.4 mm) participated in the study. The domi-

nant leg was the right for all participants. The exclusion criteria for the 

subject recruitment included musculoskeletal injuries and dysfunction. 

The manual muscle testing of all the participants was under grade 5 [19], 

and the body mass indices were within a normal range [20]. The experi-

mental procedure of the study was performed following the recommen-

dations of the Seoul National University Institutional Review Board (IRB 

No. 1704/001-009).

2. Apparatus

Four vibrators (3 cm diameter, 0.7 cm height) were used to provide an 

external vibration on a specific muscle, and the properties of vibration 

stimulus (e.g., amplitudes, frequencies, and time) could be adjusted. A 

single force sensor (MC3A, AMTI, Watertown, MA USA) was used to 

measure the knee extension force. The force sensor was firmly fixed to 

the customized steel frame. The position of the sensor was adjusted be-

tween the knee and ankle joints according to the subjects’ length of the 

shank. The orientation of the force sensor was aligned in such a way that 

the z-axis force component was perpendicular to the long axis of the 

shank. The wireless sEMG (Trigno Wireless EMG System, Delsys, 

Natick, MA, USA) electrode was attached to the belly of the five lower 

limb muscles, including the vastus lateralis (VL), rectus femoris (RF), 

vastus medialis (VM), biceps femoris (BF), and semitendinosus (ST) (Fig. 

1B). All measurement systems were physically synchronized, and the 

force transducer and sEMG were all sampled at frequencies of 200 and 

2,000 Hz.

3. Experimental procedure

Each subject sat on the customized leg-extension machine, wore a fas-

tening belt on his trunk, and held grips tightly with facing a screen for 

real-time force feedback (Fig. 1A). The hip and knee joint angles with re-

spect to the horizontal axis were fixed at 100° and 120° [16,21]. The vi-

brators were attached along the periphery of the RF (Fig. 1B), which is 

the most superficial muscle in the agonist muscles for the knee exten-

sion. For the vibration condition, the frequency and amplitude were set 

at 90 Hz and 10 mm, and the action of all vibrators was synchronized so 

that they were on and off simultaneously. The following tasks were tested 

under the vibration (VIB) and no-vibration (NVIB) conditions. 

The first task was the maximal voluntary torque (MVT) production 

task. The subject was instructed to maintain 100 Nm of isometric knee 

extension torque for the first 6-s as a pre-activation phase. After that, the 

subjects were required to perform the knee extension effort as hard as 
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possible during the next 3-s. The second task was the submaximal iso-

metric ramp tasks with three levels of torque magnitudes as terminal 

steady-state torque values. The conditions of the torque magnitudes in-

cluded 20, 40, and 60% of MVC (i.e., MVT20, MVT40, and MVT60). Sub-

jects were instructed to produce the knee extension torque while match-

ing the produced torque in real-time with the torque template shown on 

the computer screen as accurately as possible. In a single trial, the 15-s 

torque template consisted of a horizontal segment at 5% MVT for pre-

activation of the involved muscles, followed by a slanted line from 5% to 

one of the three torque magnitudes over the next 5-s (i.e., ramp phase), 

and another horizontal segment for the last 4-s (i.e., SS phase) (Fig. 1C). 

For the VIB condition, the vibration stimulus was provided 1-s prior to 

the initiation of the ramp phase and lasted until the end of the trial. Each 

subject performed twelve consecutive trials per condition. A 3-minute 

resting time was given between trials to wash out the vibration and fa-

tigue effects.

4. Data Analysis

The force data were filtered using a zero-lag 4th-order low-pass But-

terworth filter at 10 Hz cutoffs. The EMG data processing for data analy-

sis was as follows: 1) application of notch filter to remove noise in the 

same frequency band (90 Hz) as the vibrator stimulus, 2) application of 

10 to 450 Hz band-pass filter and second-order zero-lag Butterworth fil-

ter. All the current analysis variables were computed in the ramp and SS 

phases in a single trial and further averaged across multiple trials. Root-

mean-squared error (RMSE) as an index of performance accuracy con-

Fig. 1. (A) Experimental set up of voluntary isometric torque production including submaximal isometric ramp tasks and MVT task. To perform the isomet-
ric knee extension torque, all subjects were fastened to a steel frame equipped with a force/torque sensor at 120 degrees of knee angles, respectively. The 
sensor was mounted with the z-axis perpendicular to the long axis of the shank. (B) Four vibrators were closely attached to the belly of the rectus femoris 
(RF) muscle. The surface EMGs were attached to the belly of the eight muscles without interference. (C) A sample of submaximal isometric ramp tasks data 
from the representative subject. A monitor providing real-time visual feedback of the knee extension torque was installed on the front of the subject. The 
template on the screen provided three magnitudes of target torque (20%, 40%, and 60% of MVT). Pre-activation of constant 5% MVT for the first 6-s and 
followed by a slanted line from 5% to one of the three torque magnitudes over the next 5-s (i.e., ramp phase), and another horizontal segment for the last 
4-s (i.e., steady-state phase, SS). The vibration was given from 5-s to 15-s until the end of the trial for 10-s.
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cerning the force/torque production was quantified for each trial. Fur-

ther, the RMSE values were normalized by the values of template torque 

at corresponding conditions.

The integrated EMGs (iEMGs) over for individual trials were comput-

ed. The iEMGs were formed into a matrix with 800 columns corre-

sponding to five muscles (i.e., VL, RF, VM, BF, and ST) being analyzed 

and five rows corresponding to iEMG value stacked for the total of 

twelve trials. The co-contraction index (CCI) indicates the relative mus-

cle activity of the antagonist muscles (i.e., iEMGANT) to the overall mus-

cle activities (i.e., iEMGTOT) calculated [22]. Since the required knee 

torque direction was extension, thereby, a group of antagonist muscles 

was BF and ST. 

Defining Muscle-Mode (M-modes) using principal component analy-

sis (PCA), we extracted groups of muscles from the iEMG data. iEMG 

data were applied to group muscles depending upon the parallel scaling 

of the activation levels of the muscles during a submaximal isometric 

ramp task, and these groups of muscles were defined as M-modes (M1-

mode, M2-mode, and M3-mode). We are concerned with two experimen-

tal conditions with three levels of torque magnitudes (MVT20, MVT40, 

and MVT60) iEMG data stacked into 9,600 by five matrices containing 

iEMG. For each subject, the obtained eigenvalues and principal compo-

nents (PCs) were then considered. This allows the reduction of the 5-di-

mensional muscle space into a smaller dimensional space (M-Mode 

space). The extraction of the number of M-modes based on the Kaiser 

criterion (eigenvalue >1). In the present study, the number of extracted 

modes was decided to be three [23,24]. Sets of three modes accounted 

for a percentage of variance in line with previous studies [25-27]. To in-

vestigate the composition of M-modes between VIB and NVIB condi-

tions, we analyzed the different types of M-modes. They were co-con-

traction M-modes (co-activation of agonist and antagonist), reciprocal 

M-modes (consisted of only agonist or antagonist), and mixed M-modes. 

The mixed M-modes could involve at least one more muscle loaded sig-

nificantly on the agonist or antagonist.

5. Statistical Analysis

The statistical analysis was performed using SPSS 24.0 (IBM, USA). 

Descriptive statistics were used the data are presented in the text as 

means ± standard errors (SE). Two-way repeated ANOVA was used with 

factors including Vibration (2 levels: VIB and NVIB) and Torque (3 lev-

els: MVT20, MVT40, and MVT60).

A paired t-test was used to confirm the difference of the one-to-one 

correspondence between VIB and NVIB in each %MVT condition. In 

order to test the comparison of the percent variance explained by M-

modes between the VIB effect, two-way repeated ANOVA was used 

with z-transformed using Fisher’s z-transformation. Significant loadings 

coefficients for each M-mode were selected to be greater than < 0.4. For 

all statistical tests, a p-value less than < .05 was set as a measure of signif-

icance.

RESULTS

1. Root Mean Square Error (RMSENORM)

All the following variables were analyzed in the two phases, including 

the ramp and SS phases. First, the RMSENORM as a performance accuracy 

index was computed. During the ramp phase, the RMSENORM was smaller 

in the VIB condition than in the NVIB condition, with there being no 

significant effect on torque (Fig. 2A). These results were supported by a 

two-way repeated measure ANOVA on the RMSENORM with factor Vi-

bration (2 levels: VIB and NVIB) and Torque (3 levels: MVT20, MVT40, 

and MVT60), which showed a significant main effect of Vibration (F[1,7] =  
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Fig. 2. All the variables are presented mean±standard error bar of RMSENORM depending on all the torque conditions and the VIB & NVIB in (A) ramp & (B) SS 
phase.
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14.082, p < .001, ηp² = 0.668) with Vibration ×Torque factor interaction 

(F[2,14] =11.129, p < .001, ηp²= 0.614). In particular, the VIB effect (i.e., de-

creased RMSENORM with the vibration) was significant at MVT60 condi-

tions confirmed by posthoc pairwise comparisons (p < .001). During the 

SS phase, furthermore, the RMSENORM was smaller in the VIB condition 

than in the NVIB condition (F[1,7] = 9.941, p < .001, ηp²= 0.587), while no 

significant effect of Torque (Fig. 2B). In particular, the vibration effect (i.e., 

decreased RMSENORM with the vibration) was significant at MVT60 con-

ditions only, which was confirmed by posthoc pairwise comparisons 

(p < .05).

2.  Integrated EMG (iEMGNORM)&Co-contraction Index (CCI)

Secondly, the iEMGs of the groups of agonists (iEMGAGO) and antago-

nist muscles (iEMGANT) were computed. Generally, iEMGAGO and iEM-

GANT increased significantly with the magnitudes of torque (p < .01). 

Nevertheless, during the ramp phase, iEMGAGO no significant effect of 

the vibration, with there being a significant main effect on Torque (ramp 

phase: F[2,14] =75.021, p < .001, ηp² = 0.915) (Fig. 3A). These results were 

supported by a two-way repeated measure ANOVA with factor Vibra-

tion and Torque on the iEMGAGO. However, for the SS phases, iEMGAGO 

decreased with the vibration, especially at MVT60 conditions (SS phase: 

F[1,7] =12.340, p < .01, ηp²= 0.638), which showed a significant factor inter-

action confirmed by the fact that the difference on iEMGAGO between 

the VIB conditions was observed only at the MVT60 (SS phase: F[2,14] =  

9.913, p < .05, ηp² = 0.421) (Fig. 3B). These results are in the SS phase the 

iEMGRF (iEMGRF: F[1,7] =11.758, p < .01, ηp² = 0.627) increased in VIB 

conditions, nevertheless the compensatory action of the remaining ago-

nist muscles (iEMGVL: F[1,7] =36.177 p < .001, ηp²= 0.838; iEMGVM: F[1,7] =  

21.535 p < .01, ηp² = 0.755) caused a more significant decrease, and the 

overall iEMGAGO decreased statistically. Moreover, there was a significant 

effect of the vibration on iEMGANT during SS phases. These observations 

have been supported by two-way repeated measure ANOVAs (iEMGANT: 

F[1,7] =7.136, p < .05, ηp² = 0.505). The CCI indicates the relative magni-

tude of iEMGANT with respect to the overall muscle activation (iEMGTOT). 

For both the ramp and SS phases, the CCI decreased with the torque 

magnitudes, while there was no significant difference between the VIB 

and NVIB conditions for all the torque conditions, which was con-

firmed by the results of a two-way repeated measure ANOVA with fac-

tor Torque and Vibration on the CCI. The main effect of Torque was sig-

nificant without factor interaction (ramp phase: F[2,14] =77.478, p < .001, 

ηp²= 0.726; SS phase: F[2,14] =38.506, p < .001, ηp²= 0.847). Post-hoc pair-

wise comparisons confirmed the CCI at MVT20 >MVT40 >MVT60 for 
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Fig. 3. All the variables are presented mean±standard error bar of iEMG in agonist muscles depending on all the torque conditions and the VIB & NVIB in (A) 
ramp & (B) SS phase.

Table 1. Total %Variance Explained by the Principal Components of ramp and SS phase

Level of 
Torque

Ramp phase Steady-state (SS) phase

VIB NVIB VIB NVIB

PC1 
M1-mode

PC2 
M2-mode

PC3 
M3-mode

PC1 
M1-mode

PC2 
M2-mode

PC3 
M3-mode

PC1 
M1-mode

PC2 
M2-mode

PC3 
M3-mode

PC1 
M1-mode

PC2 
M2-mode

PC3 
M3-mode

MVT20 72.1 20.5 7.4 69.5 22.2 8.1 69.0 24.4 6.52 61.1 30.3 8.4
MVT40 75.1 24.0 0.8 74.6 21.3 4.0 67.1 30.2 2.60 60.9 34.7 4.3
MVT60 92.2   6.8 0.3 91.9   7.4 0.5 67.9 29.6 2.48 61.4 33.3 5.2

Mean values are shown for the percentages for the total variance accounted for by the three principal components (PC) in the level of torque and VIB & 
NVIB conditions.
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both the ramp and SS phases (p < .05).

3. Multi-Muscle Coordination Pattern

To identify the effect of vibration on groups of muscles whose activity 

was modulated during the submaximal isometric ramp tasks. Three M-

modes from five muscles using the iEMG signals. Table 1 shows the de-

pendence of each average amount of variance explained by the three M-

modes on vibration and torque conditions in the ramp and SS phases.

During the ramp phase, the percent variance explained by the three 

M-modes was no significant effect on the vibration. These results were 

supported by a two-way repeated measure ANOVA with factor Vibra-

tion and Torque on three M-modes with factor Vibration (2 levels: VIB 

and NVIB) and Torque (3 levels: MVT20, MVT40, and MVT60), which 

showed a significant main effect of Torque for all M-modes (ramp phase: 

M1-mode: F[2,14] = 6.55, p < .001, ηp² = 0.484, M2-mode: F[2,14] = 6.909, 

p < .01, ηp²= 0.497, M3-mode: F[2,14] =55.22, p < .001, ηp²= 0.887) while no 

factor interaction. However, for the SS phases, the M1-mode (i.e., the 

most considerable variance of M-modes) was significantly larger in the 

VIB condition than in the NVIB condition (F[1,7] =21.047, p < .003, ηp²=  

0.75). In particular, the VIB effect (i.e., increased percentage of M1-mode 

with the vibration) was significant at MVT20 and MVT60 conditions, 

confirmed by posthoc pairwise comparisons (p < .05) (Fig. 4).

Table 2 shows the loading factors for all the muscles on the three M-

modes for the ramp phase of MVT60 in a representative subject. For the 

Table 2. Ramp phase loading coefficients for the PCA of a representative subject

Muscle
VIB NVIB

PC1 
M1-mode

PC2 
M2-mode

PC3 
M3-mode

PC1 
M1-mode

PC2 
M2-mode

PC3 
M3-mode

VM 0.856 0.122 0.143 0.874 0.019 0.176
RF 0.881 -0.065 0.034 0.854 -0.016 -0.018
VL 0.861 0.076 0.172 0.870 0.027 0.168
BF 0.334 -0.594 -0.726 0.300 -0.072 -0.946
ST 0.105 -0.822 -0.559 0.004 -0.997 0.077

Loading magnitude over 0.4 are shown in bold (significant loadings).   
VM, vastus medialis; RF, rectus femoris; VL, vastus lateralis; BF, biceps femoris; ST, semitendinosus.
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ramp phase of VIB and NVIB conditions, loading coefficients for all 

three M-modes at each individual muscle activation index were similar 

across subjects. This could be explained by muscle activation contribut-

ing to the reciprocal M-mode shown in Table 4.

On the other hand, for the SS phase, the VIB condition of M1-mode 

showed such typical co-contraction M-modes (Table 3) [18]. However, in 

the NVIB condition of M1-mode a reduced co-contraction M-mode ap-

peared. In particular, the loading magnitudes under < 0.4 below in the 

RF without vibration, and the ST, which is the antagonist muscles. 

DISCUSSION

The current results of the current study support both two hypotheses 

formulated in the introduction. First, RMSENORM was reduced in MVT60 

in both ramp and SS phases by the effect of vibration. Second, the M-

mode composition (i.e., multi-muscle coordination pattern) was found 

to be different in VIB and NVIB in the SS phase. We found that the VIB 

condition showed a significantly larger co-contraction M-mode.

External vibration stimulation given to muscles stimulates the muscle 

spindles of intrafusal muscle fibers and activates primary afferent nerves 

at high levels. In particular, it is reported that the increased activity of 

these primary afferent nerves towards the spinal motoneuron can in-

crease the membrane potential of the motoneuron without the contribu-

tion of additional central drives, leading to increased spontaneous force 

generation [28-30]. Several previous studies that have applied vibration 

stimuli have shown an increase in force generation [31]. The maximal 

voluntary torque (MVT) capacity in our previous study also increased 

about 20% when vibration stimulation was applied to the rectus femoris 

[16]. In addition, similar to the task of this study, vibration stimulation 

improves the nervous system capacity, such as a specific receptor feed-

back mechanism, in a task that generates a constant target force while 

reducing the activity of the agonist without increasing the size and num-

ber of muscle fibers, thereby exhibiting positive impacts on the accuracy 

[32].

By combining the existing knowledge and the current results, the ac-

curacy of task performance was increased (e.g., RMSENORM decreased) in 

both ramp and SS phases by vibration stimulation given to the RF mus-

cle at relatively high force demand, and iEMG was statistically signifi-

cantly smaller in VIB condition than NVIB in the same torque level (e.g., 

MVT60). Also, it was confirmed that the composition of M-mode showed 

relatively larger co-contraction M-modes due to vibration stimulation in 

the SS phase. These results indicate that a given vibration stimulus in-

creased the force production efficiency of the agonist, especially at the 

MVT60 condition, resulting in better performance accuracy. It has been 

Table 3. SS phase loading coefficients for the PCA of a representative subject

Muscle
VIB NVIB

PC1 
M1-mode

PC2 
M2-mode

PC3 
M3-mode

PC1 
M1-mode

PC2 
M2-mode

PC3 
M3-mode

VM 0.637 -0.132 -0.473 0.695 0.202 -0.114
RF 0.488 -0.656 0.629 0.230 0.429 0.782
VL 0.642 -0.312 -0.374 0.542 0.372 -0.480
BF 0.718 0.268 0.173 0.449 -0.427 0.39
ST 0.567 0.611 0.306 0.350 -0.714 -0.045

Loading magnitude over 0.4 are shown in bold (significant loadings).
VM, vastus medialis; RF, rectus femoris; VL, vastus lateralis; BF, biceps femoris; ST, semitendinosus.

Table 4. The muscles activated for the mode depending on phases and naming of each mode for PCA

Conditions
Ramp SS

VIB NVIB VIB NVIB

M1-Mode VM, RF, VL VM, RF, VL, VM, RF, VL, BF, ST VM, VL, BF
“Reciprocal M-mode” “Reciprocal M-mode” “Co-contraction M-mode” “Co-contraction M-mode”

M2-Mode BF, ST ST RF, ST RF, BF, ST 
“Reciprocal M-mode” “Reciprocal M-mode” “Mixed M-mode” “Mixed M-mode”

M3-Mode BF, ST BF VM, RF RF, VL
“Reciprocal M-mode” “Reciprocal M-mode” “Mixed M-mode” “Mixed M-mode”

VM, vastus medialis; RF, rectus femoris; VL, vastus lateralis; BF, biceps femoris; ST, semitendinosus.
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proven that the accuracy of the task is improved by compensating the 

agonist torque using a co-contraction strategy; therefore, the reduction 

in agonist activity does not exceed the target level [33]. In addition, the 

mechanical action of vibration stimulation changes the muscle-tendon 

complex by sensory receptors, thereby increasing joint stiffness through 

the regulation of co-contraction between agonist and antagonist, which 

is reported as an advantageous human movement strategy to increase 

accuracy [34].

Our findings show that indices of muscle activity associated with the 

accuracy of the submaximal isometric ramp tasks can be described with 

a few principal components (i.e., M-modes). We suggest that this result 

support our second hypothesis that from muscle vibration, the CNS uses 

a few central variables to adjust the activity of the multi-muscles contrib-

uting to the production of an accurate knee extension torque. In other 

words, the CNS uses a lower-dimensional space of control variables to 

produce changes in a higher-dimensional space of muscle activation. M-

modes represent a combination of muscle activation that reduces the 

number of degrees of freedom manipulated by the CNS. It has been sug-

gested that CNS has the ability to combine M-modes in different ways, 

depending on the situation, to achieve performance stability [35].

Consistent with these previous studies, we found significant differ-

ences between the VIB condition in the M-modes configuration, even 

though the NVIB condition showed similar variances accounted for by 

three M-modes as the VIB condition. This finding showed that the VIB 

condition had more co-contraction M-modes controlling agonist and 

antagonist together than NVIB in the SS phase. There are fewer cases of 

significant co-contraction M-mode in the NVIB. Also, the results showed 

a tendency to increase CCI in the VIB condition compared to NVIB, 

and iEMGANT did not show a statistically significant difference by vibra-

tion stimulation. The role of co-contraction is facilitating propriocep-

tion, particularly Ia afferent output, which may be beneficial in accuracy 

tasks [36,37]. Nevertheless, it is reported that the mechanical advantage 

of co-contraction can vary depending on the task and system of interest. 

If the task is to increase task stability (i.e., accuracy), kinematic chains 

with fixed origin (e.g., sitting in a chair and the trunk was prevented 

from moving) are an advantage. In addition, co-contraction works ad-

vantage when considering neural control of related effectors that can 

guarantee movement stability beyond mechanical analysis [37]. There-

fore, the increment of the co-contraction M-modes caused by vibration 

stimulation is assumed to be a control strategy to enhance the perfor-

mance accuracy governed by both supraspinal and spinal levels (e.g., 

tonic vibration reflex) [38].

CONCLUSION

In conclusion, the results of the current study suggest that neurophysi-

ological changes due to vibration stimulation can be positively influ-

enced by task characteristics and force levels, which require the accuracy 

of torque generation. It will provide the basis for some quantitative un-

derstanding of the accuracy of exercise goals and the resulting multi-

muscle coordination patterns of different muscle groups. Furthermore, 

vibration stimulation will be used as a tool for positive muscle response, 

contributing to training equipment for improving performance and in-

jury prevention and rehabilitation techniques. Nevertheless, the apparent 

limitation of the current experiment is the relatively small cohort of sub-

jects and no female composition. Future research will have to consider a 

large cohort of subjects and balanced composition of male-female in or-

der to generalize the current claims. 
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