
1

Vol.:(0123456789)

Scientific Reports |         (2022) 12:6232  | https://doi.org/10.1038/s41598-022-10137-8

www.nature.com/scientificreports

Characterisation of the transient 
mechanical response 
and the electromyographical 
activation of lower leg muscles 
in whole body vibration training
Isotta Rigoni  1,2, Tecla Bonci  3, Paolo Bifulco  4 & Antonio Fratini  1*

The aim of this study is to characterise the transient mechanical response and the neuromuscular 
activation of lower limb muscles in subjects undergoing Whole Body Vibration (WBV) at different 
frequencies while holding two static postures, with focus on muscles involved in shaping postural 
responses. Twenty-five participants underwent WBV at 15, 20, 25 and 30 Hz while in hack squat 
or on fore feet. Surface electromyography and soft tissue accelerations were collected from 
Gastrocnemius Lateralis (GL), Soleus (SOL) and Tibialis Anterior (TA) muscles. Estimated displacement 
at muscle bellies revealed a pattern never highlighted before that differed across frequencies and 
postures (p < 0.001). After stimulation starts, muscle oscillation peaks, drops and further stabilises, 
suggesting the occurrence of a neuromuscular activation to reduce the vibration-induced oscillation. 
The oscillation attenuation at the SOL muscle correlated with its increased activation (rho = 0.29, 
p < 0.001). Furthermore, only specific WBV settings led to a significant increase in muscle contraction: 
WBV-induced activation of SOL and GL was maximal in fore-feet (p < 0.05) and in response to 
higher frequencies (30 Hz vs 15 Hz, p < 0.001). The analysis of the mechanical dynamics of lower 
leg muscles highlights a resonant response to WBVs, that for the SOL correlates to the increased 
muscle activation. Despite differing across frequencies and postures, this resonant behaviour seems 
to discourage the use of dynamic exercises on vibrating platforms. As for the most efficient WBV 
combination, calf muscle response to WBVs is maximised if those muscles are already pre-contracted 
and the stimulation frequencies are in the 25–30 Hz range.

Whole Body Vibration (WBV) refers to the use of mechanical stimulation, in the form of vibratory oscillations 
extended to the whole body, to elicit neuromuscular responses in multiple muscle groups1. This approach has 
become increasingly popular as it evokes large muscle responses and, more importantly, it elicits muscle activ-
ity through physiological pathways, improving the overall motor performance while enhancing strength and 
flexibility2–7.

Although the effective mechanisms behind neuromuscular outcomes in WBV have been debated for long 
time1,2,8, those that go under the names of tonic vibration reflex (TVR) and muscle tuning are the most accred-
ited for.

It is well known that, when vibrations are applied directly to tendons or muscle bellies (i.e., focal vibrations), 
fibres length changes activating a reflex increased motor-unit (MU) firing rates9,10, phased-locked specifically to 
the vibratory cycle—namely TVR9,11,12. WBV stimulation is characterised by a much lower frequency range (15 
to 45 Hz) than typical focal stimulations (> 100 Hz) and vibrations are generally delivered to the lower limbs via 
the use of platforms on which subjects stand: being a mechanical stimulus, vibrations are transferred through 
the kinematic chain determined by the body posture13–15. To confirm the occurrence of the TVR mechanism 
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during WBV stimulation, different studies compared muscle latencies during WBVs and during manoeuvres 
that knowingly trigger TVR, but yielded conflicting results13,16,17, leaving the quest unresolved.

Previous findings suggest that, when exposed to vibrations, muscles contract to reduce the soft-tissue reso-
nance, especially when the stimulation frequency, ωa, is close to their natural one18–20. This process is known as 
muscle tuning and is perpetrated by muscles to minimize the soft-tissue vibrations that arise when walking or 
running21,22. Since the same tuning behaviour was observed in response to pulsed and continuous vibrations19, 
it has been proposed as one of the possible body reactions to WBV23,24.

The natural frequency of a system depends on its mass, m , and stiffness, k according to the formula 
ω0=

√

k/m2 . While the mass of a muscle is constant, its stiffness can be modulated by both muscle activation and 
the specific body posture. Changes in subject posture do therefore change muscle stiffness, leading to a change in 
their natural frequency, and this represents the main drawback of dynamic exercises on a vibrating platform23. 
The body kinematic chain involved in the transmission of the vibrations changes continuously, impeding a con-
sistent stimulus delivered at the specific muscle group. During static WBV exercises instead, the kinematic chain 
remains constant and the tuned muscle contraction is one of the main mechanisms left to dampen vibrations.

The use of static versus dynamic exercises is only one of the main variables that can be changed across studies 
and that accounts for the huge variability of results reported. Indeed, although promising results of WBV training 
are reported in the literature25–33, the systematic use of such approach in training and rehabilitation practices is 
jeopardized by few discording findings34–36. Conflicting results are likely to be related to the high amount of vari-
ability in WBV settings used throughout different studies, while still lacking of standardised training protocols. 
Frequency, acceleration, amplitude and duration of the stimulus play a fundamental role in WBV stimulation as 
well as subject posture—a key variable to be considered in understanding transmissibility of the stimulus37–39. 
Moreover, most of the WBV literature generally misses the mechanical dynamics analysis at the target muscle, 
failing to characterize the relationship between muscle oscillation and activation, or focuses on local oscilla-
tions and muscular activity when the dampening has probably already happened40, which may hide important 
information about the dynamics of the underlying systems after the vibration onset.

With this study we aimed at characterising, since stimulus onset, the transient mechanical response of lower 
limb muscles in subjects undergoing WBV stimulation. We also investigated the neuromuscular activation of 
such muscles: we focussed our attention on calf muscles—soleus (SOL), gastrocnemius lateralis (GL) and tibialis 
anterior (TA)—for their relevance to postural control training.

We hypothesised that muscles would require an intrinsic time interval to react to the vibratory stimulation 
and tune muscle stiffness accordingly, based on a given stimulus and body posture. In addition, we hypothesised 
that the extent of vibration dampening is related to the increase of muscle activity. To test our hypothesis, we 
recorded and analysed muscle displacement—derived from accelerometers placed on muscle bellies—and muscle 
activation in response to WBVs delivered via a side alternating platform at different frequencies while the subjects 
held two static postures usually reported in WBV training.

Materials and methods
Participants and experimental design.  Seventeen females and eight males (age 24.8 ± 3.4 years; height 
172.0 ± 8.6 cm; mass 64.6 ± 10.5 kg) volunteered in the study after providing written informed consent. History 
of neuromuscular or balance disorders as well as recent injuries were among the exclusion criteria. To evaluate 
muscle activation and displacement during WBV, surface electromyography (sEMG) signals and accelerations 
were collected from three lower limb muscles during two static exercises performed in static conditions (without 
WBV—hereafter called baseline activity) and when different vibration frequencies were delivered. The protocol 
of the study received approval by the Ethics Committee of the School of Life and Health Sciences at Aston Uni-
versity (reference number: 1439).

Pairs of Ag/AgCl surface electrodes (Arbo Solid Gel, KendallTM, CovidienTM diameter of 24 mm, centre-
to-centre distance 24 mm) were placed over the Gastrocnemius Lateralis (GL), Tibialis Anterior (TA) and 
Soleus (SOL) muscles of the dominant leg, as suggested in the SENIAM guidelines41. The reference electrode 
was placed on the styloid process of the right ulna. The EMG data were sampled at 1000 Hz (PocketEMG, BTS 
Bioengineering, Milano, Italy) and sent wirelessly to a laptop via the Myolab software, version 2.12.129.0 (BTS 
Bioengineering, Milano, Italy).

Accelerations were measured via tri-axial accelerometers (AX3, Axivity Ltd, Newcastle, United Kingdom; 
range =  ± 16 g, sampling frequency = 1600 Hz) placed on GL, TA and SOL muscle bellies, next to the EMG 
electrodes. The accelerometers were aligned with the x-axis parallel to the longitudinal axis of the leg segment, 
the z-axis normal to the skin surface and the y-axis perpendicular to the x–y plane. Accelerations were recorded 
using the dedicated open source software OMGUI developed by Newcastle University42.

Whole body vibration stimulation protocol.  Subjects underwent the WBVs barefoot. The WBVs were 
delivered via a side-alternating platform (Galileo® Med, Novotec GmbH, Pforzheim, Germany), as it was shown 
to evoke bigger neuromuscular activations than synchronous vibrating ones37: a peak-to-peak amplitude of 
4 mm was used. For each subject, ten trials were collected to evaluate the effect of five stimulation frequencies 
that covered the frequency range offered by the platform—0, 15, 20, 25, 30 Hz—and two subject postures: hack 
squat (HS) and fore-foot (FF). To ensure heels off the ground during the FF trials, subjects were asked to keep 
their heels in contact with a parallelepiped-shaped foam (30 × 4 × 3 cm) glued on the platform while keeping 
their lower limb straight. During HS trials instead, subjects were asked to keep their knees flexed at about 110° 
and a goniometer was used to check the angle at the beginning of each HS trial. Trials were administered in a 
random order with a one-minute break between consecutive trials.
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Hereafter, trials with vibratory stimulation are referred to as the “WBV trials” (HS15 HS20 HS25 HS30 FF15FF20 
FF25 FF30 ) and the others as the “baseline trials” ( HS0 and FF0 ). WBV trials consisted of 40 s: recordings con-
tained 10 s with no vibration ( WBVoff  portion), once the subject acquired the prescribed posture, followed by 
30 s of WBVs at the prescribed frequency ( WBVon portion). Baseline trials were used to assess the relevant 
subject-specific EMG baseline activity ( HS0 and FF0 ) over a 30 s period.

Twelve Vicon Vero v2.2 optical cameras (Vicon Nexus, Vicon Motion Systems Limited, Oxford, UK) were 
used to measure subjects’ posture and assure consistency throughout the experiment. Sixteen retroreflective 
markers were attached to the participant’s body, according to the Plug-In-Gait Lower-Limb model43. Data were 
sampled at 100 Hz and knee and ankle angles were obtained by extracting the kinematics in the sagittal plane 
using the proprietary software. Specifically, the ankle and knee angles were used to check for consistency across 
conditions and subjects.

Data processing and features extraction‑acceleration data.  Raw accelerations from WBV trials 
were analysed in Matlab®R2019a (The Mathworks, Inc., Natick, MA). Accelerations were band-pass filtered 
between 10 and 100  Hz to remove gravity components and accommodation movements, usually confined 
between 0 and 5 Hz44,45, and to retain only vibration-induced muscle displacements, located mostly at the stimu-
lation frequency and its superior harmonics46. Filtered epochs were then double integrated to estimate local 
displacement (Eq. 1) along the different axes ( dispx , dispy , dispz ) and the total displacement recorded at each 
muscle level was estimated as:

where t = 1, 2, . . . ,N , with N being the total number of samples.
To track the low-frequency mechanical muscle response to WBVs, a moving average of DISPTOT 

( MovAvgDISPTOT ) was calculated using a 250 ms sliding window (Fig. 1). To compare and superimpose mus-
cle displacement among different subjects, MovAvgDISPTOT vectors were time-locked to the point where a 0.1 
change in the slope was detected, which will be hereafter referred to as the vibration onset, and used for statistical 
analyses. To describe muscle response to vibrations, two time points were defined as follows:

•	 tP : time-point in correspondence of the peak, defined as the maximum value of each MovAvgDISPTOT signal 
in a 2-s interval after the vibration onset (grey area in Fig. 2);

•	 tA : common attenuation time-point among the different muscles (Eq. 2), chosen to represent the response 
following the peak phase, where muscle displacement is stabilised and minimised, reaching a steady-state. 
The time-point representing the ending of the peak ( tEndPeak ) was first computed for each muscle and trial: 
MovAvgDISPTOT signals were averaged across subjects and low-pass filtered at 10 Hz. A 0.5 s sliding window 
search was applied to identify the slope change time point ( tEndPeak ), with a threshold of 0.06. Once a tEndPeak 
was identified for all muscles and conditions, tA was defined as:

(1)DISPTOT (t) =

√

dispx(t)
2
+ dispy(t)

2
+ dispz(t)

2,

(2)tA = round(max(tEndPeak)+
1

2
×max(t

EndPeak
)),
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Figure 1.   Extraction of muscle dynamics. On the left panel, muscle displacement obtained from double 
integration of the soft-tissue acceleration recorded at the GL site, HS30 . Displacement along time is reported for 
the x, y and z axis. On the right panel, the GL total displacement obtained from the combination of the signals 
on the left (in purple): the moving average is depicted in orange. The vibration onset is indicated on the graphs 
by the vertical dashed line; the two-second interval used for the search of tP is highlighted with a grey area. The 
red and green asterisk indicate tP and tA respectively.
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where max(tEndPeak) is the longest peak duration observed across muscles and conditions. Since the longest 
peak duration was of 3.12 s, which was recorded for the GL in HS30 , tA was located 4.7 s after the vibration 
onset (green asterisk in Fig. 1).

To quantify the extent of the displacement attenuation at each muscle site, ATTDISP (Eq. 3) was calculated for 
each subject as the difference between the maximum displacement recorded at that site and the steady-state one:

Data processing and features extraction‑EMG Data.  To isolate the muscle activity preceding the 
stimulation ( WBVoff  ) from the one actually induced by the vibrations ( WBVon ), each WBV trial was split 
into two epochs: 10 and 30 s, respectively. The central portions of these signals (6 and 20 s, respectively) were 
extracted and retained for analyses. Similarly, the central 20 s of the baseline trials ( HS0 and FF0 ) were extracted 
and retained for analyses.

All epochs were band-pass filtered between 5 and 450 Hz with a 5th order Butterworth filter and a mean 
running root mean square ( rRMS ) value was obtained from both the baseline ( RMSbaseline ) and the WBVoff  
epochs ( RMSWBVoff ).

To remove motion artefacts from WBVoff  and WBVon epochs46, a type II Chebyshev band-stop filter was 
applied at each stimulation frequency and its harmonics up to 450 Hz on the EMG spectra. This resulted in 30, 
22, 18 ad 15 stop-band filters (Eq. 4) applied to epochs derived from WBV trials delivered at 15, 20, 25 and 30 Hz, 
respectively, following the calculation:

For each WBV trial and muscle, two rRMS vectors were computed on both artefact-free epochs ( WBVoff  
and WBVon)46 and used to calculate the relevant mean RMS values: RMSWBVoff∼ and RMSWBVon, respectively. 
To compare the values obtained during the different trials, a factor (Eq. 5) taking into account the proportion of 
power removed by the comb-notch filter was calculated47:

and was used to adjust (Eq. 6) RMSWBVon values:

(3)ATTDISP = MovAvgDISPTOT (tP)−MovAvgDISPTOT (tA).

(4)#filters = round

(
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Figure 2.   Muscle dynamics during WBVs at different frequencies and postures. Moving average of the total 
displacement (mean ± standard error) for each muscle (a = GL, b = SOL, c = TA) (N = 25). The top row (.1) shows 
the mechanical responses while subjects underwent the WBVs in Hack Squat; the bottom row (.2) shows the 
responses while subjects were in Fore Feet. The results of the cluster-based permutation tests are indicated by 
the black lines (p < 0.003125) and the conditions considered for each comparison are listed via the colour-wise 
legend. The vertical dotted line represents the vibration onset. The orange (20 Hz) and blue (25 Hz) signals 
overlap in a.1.
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To evaluate the WBV-induced increment of muscular activation, RMSbaseline were subtracted from the 
adjRMSWBV obtained for the WBV trials in the respective posture (Eq. 7). These resulting values will be hereaf-
ter referred to as the incrementRMSWBV:

In total, eight values were retained for each subject and used for statistical analysis.

Statistical analyses.  For each muscle, a cluster-based permutation test was used to compare the mechani-
cal response of muscles over time48,49 for:

•	 MovAvgDISPTOT between the two postures at the four frequencies ( HS15 − FF15 ; HS20 − FF20 ; HS25 − FF25 ; 
HS30 − FF30)

•	 MovAvgDISPTOT  between frequency pairs in HS and FF ( HS15 −HS20 ; HS15 −HS25 ; HS15 −HS30 ; 
HS20 −HS25 ; HS20 −HS30 ; HS25 −HS30 , and in FF, for a total of twelve tests per muscle).

Time series comparisons were performed over the portion of the signals between the vibration onset and 
tA to include both the peak and stabilization phase and because no effect was expected before the WBVs. 5000 
permutations were used to build the random distribution against which the test statistic of the actual signal were 
compared. An alpha level of 0.05 was used to identify the significant clusters for each comparison50. To overcome 
the multiple comparison problem introduced by the number of comparisons run for each muscle (4 + 12), the 
cluster p values were adjusted with a Bonferroni correction (p = 0.003125).

For each muscle, to test whether the electromyography activity increased significantly during the different 
WBVs, eight Wilcoxon signed rank tests (frequency (4) × posture (2)) compared the incrementRMSWBV to a 
normal distribution with zero mean and unknown variance. Analysis were performed in Matlab®R2019a.

For each analysed muscle, a two-way repeated measures Analysis of Variance (ANOVA) was conducted to 
examine the effect of the stimulation frequencies and subject postures on incrementRMSWBV  [frequency (4) 
× posture (2)]. Bonferroni corrections were adopted for multiple comparisons. Since muscle responses were 
investigated per se, outliers were removed from the dataset of the specific muscle after visual inspection of 
the data. Residuals were inspected and the approximate normal distribution of the data was confirmed by the 
Anderson–Darling test51. Mauchly’s test of sphericity was used to assess the sphericity of the data: when the 
latter was not met, a Greenhouse–Geisser correction was applied. Analysis were run in SPSS 23.0 (IBM Corp., 
Armonk, NY, USA)52.

To relate the mechanical response with the physiological one, a Pearson correlation coefficient was calculated 
between ATTDISP and the outlier-free incrementRMSWBV population, after the subjects that were identified as 
outliers for ANOVA analyses were removed from the respective ATTDISP population. For each muscle, the data 
recorded in the eight trials ( HS15 HS20 HS25 HS30 FF15FF20 FF25 FF30 ) were pooled together.

Ethics approval.  The study was carried out according to the Declaration of Helsinki (2013) and was 
approved by the University Research Ethics Committee at Aston University (reference number: 1439).

Consent to participate.  All participants provided informed consent before participating.

Consent for publication.  All co-authors were aware of the publication of this study.

Results
All subjects were compliant with the stimulation protocol: no adverse effects, such as fatigue or dizziness, were 
reported. The average ankle angles measured in FF were − 9.4° ± 6.4° where a negative measure indicates a plantar 
flexion. When participants underwent the WBVs in HS, the average knee angle was 70.8° ± 4.4°.

Muscles dynamics differed significantly depending on the posture and frequency: overall, a larger displace-
ment was observed in HS trials and at lower frequencies.

A characteristic mechanical peak is visible shortly after the start of the stimulations in both postures, with 
the only exceptions of TA and SOL muscles when stimulated at 15 Hz. Peaks varied among muscles, postures 
and frequencies, but the displacement showed a similar trend, identified for this first time in this work: a peak 
with a successive drop and a further stabilisation after some seconds (Fig. 2).

GL attenuation after the peak was found to be significantly bigger at higher frequencies—at 20, 25 and 30 Hz 
rather than at 15 (p = 0.0002) and at 30 Hz rather than at 20 (p = 0.0014) (Fig. 2a.1) in HS. In FF, a similar trend 
was recorded: a greater attenuation was found at 30 Hz with respect to 25 Hz (p = 0.0004) (Fig. 2a.2).

Also the attenuation recorded at the SOL site was higher at 30 Hz than at 15 (p = 0.0006), 20 (p = 0.0002) and 
25 Hz (p = 0.0014) while in HS (Fig. 2b.1). Similarly, in FF, a larger dampening was recorded at 30 Hz than at 15 
(p = 0.0002), 20 (p = 0.001) and 25 Hz (p = 0.0002) and at 25 Hz than at 15 Hz (p = 0.0006) (Fig. 2b.2).

The mechanical response of TA confirmed the trend observed for the other muscles: its displacement attenu-
ation after the peak was always higher at higher frequencies in HS (greater attenuation at 20 Hz than at 15, 
p = 0.0004; at 30 Hz than at 25, p = 0.0006; for all other comparisons, p = 0.0002) (Fig. 2c.1) and in FF (p = 0.0002) 
(Fig. 2c.2).

(6)adjRMSWBV = RMSWBVon ×
1

Bias
.

(7)incrementRMSWBV = adjRMSWBV − RMSbaseline .
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Normality of the incrementRMSWBV was confirmed in most of the conditions, for all three muscles. It was not 
always normally distributed for TA, but the latter distributions were similarly skewed to those that met normal-
ity. Four subjects were removed from the incrementRMSWBV dataset of GL and SOL, and three from that of TA, 
since represented outlier values. Distribution of incrementRMSWBV values for the different muscles, posture and 
frequencies is depicted in Fig. 3.

The Wilcoxon tests confirmed a significant WBV-induced muscle activation ( incrementRMSWBV ) in all con-
ditions for the GL (see first row of Table 1) and in most of the conditions for the SOL, apart from HS15 (see 
second row of Table 1). Instead, the TA showed a significant response to WBVs only for 15 and 30 Hz and FF25 
(see third row of Table 1).

ANOVA analyses showed that although no significant interaction was found for the GL (N = 21), main effect 
of stimulation frequency (F(3, 60) = 14.397, p < 0.0001) and subject posture were statistically significant (F(1, 
20) = 15.433, p = 0.001). Specifically, GL-sEMG activity increased more in FF than in HS (p = 0.001) and 30 Hz 
was the stimulation frequency that evoked the highest muscular activation when compared to 15 Hz (p < 0.0001) 
and 20 Hz (p = 0.001). The WBV-induced increment of GL activation was also higher at 25 Hz than at 20 Hz 
(p = 0.02). Similarly, no significant interaction was found for the SOL (N = 21) and a similar stimulation frequency 
(F(1.772, 35.434) = 12.982, p < 0.0001)) and subject posture (F(1, 20) = 6.357, p = 0.02)) main effects were found. 
The WBV-induced increment of SOL activity was higher in FF than in HS (p = 0.02) and 30 Hz was the stimula-
tion frequency in which the highest sEMG increment was found when compared to 15 Hz (p = 0.002), 20 Hz 
(p = 0.004) and 25 Hz (p = 0.037). Moreover, a 25 Hz stimulation led to a higher muscle activation than 20 Hz 
(p = 0.009). No significant interaction nor main effect was instead found for the TA (N = 22).

A positive correlation was found between the increase of SOL muscle activity and the amount of displacement 
attenuation (rho = 0.2886, p < 0.001, see Fig. 4). No significant correlations were found between the augmented 
activation of GL and TA and the extent of displacement reduction measured at the respective site.

Discussions
WBV stimulation has been studied for decades, yet a conclusive approach to adapt treatment parameters to the 
target muscles is missing. There is a plethora of studies dedicated to deciphering the relation between frequency, 
amplitude, acceleration and duration of the stimulus with the corresponding muscular outcomes.
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Figure 3.   sEMG RMS ANOVA results. Box plots of incrementRMSWBV values at different stimulation 
frequencies (15–30 Hz) of a = Gastrocnemius Lateralis (N = 21), b = Soleus (N = 21), and c = Tibialis Anterior 
(N = 22) are shown. Different colours are used to distinguish between the muscle responses in hack squat 
(orange) and in fore feet (dark green) while the dots represent the outliers retained for the specific population. 
No significant interactions resulted from the ANOVAs. For significant main effects of stimulation frequency and 
subject posture refer back to the text. The figure was produced with Gramm53.

Table 1.   Results of the Wilcoxon signed rank tests used to test whether the WBV-induced increment of 
muscle activation ( incrementRMSWBV ) was significantly different from zero in each condition. The mean (SD) 
of incrementRMSWBV measured in each condition is reported, as well as the p-value of each test (N = 25). The 
asterisk denotes statistical significance.

HS FF

15 Hz 20 Hz 25 Hz 30 Hz 15 Hz 20 Hz 25 Hz 30 Hz

GL 0.0026 (0.0067)
p = 0.023*

0.0043 (0.0063)
p = 0.002*

0.0091 (0.0077)
p < 0.0001*

0.0160 (0.0154)
p < 0.0001*

0.0158 (0.0269)
p < 0.0001*

0.0120 (0.0139)
p < 0.0001*

0.0193 (0.0298)
p < 0.0001*

0.0329 (0.0744)
p < 0.0001*

SOL 0.0031 (0.0157) 
p = 0.051

0.0031 (0.0143) 
p = 0.039*

0.0092 (0.0186)
p = 0.002*

0.0179 (0.0157) 
p < 0.0001*

0.0203
(0.0372)
p < 0.0001*

0.0159 (0.0171)
p < 0.0001*

0.0194 (0.0217)
p < 0.0001*

0.0325 (0.0641)
p < 0.0001*

TA 0.0349 (0.0571)
p = 0.012*

0.0128 (0.0622)
p = 0.396

0.0229 (0.0633)
p = 0.241

0.0310 (0.0644)
p = 0.045*

0.0026 (0.0053)
p = 0.021*

0.0023 (0.0080)
p = 0.165

0.0044 (0.0090)
p = 0.019*

0.0089 (0.0166)
p = 0.01*
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Some of them relate the acceleration of the platform to muscle activity54,55, some others investigate its relation 
to body joint acceleration39,56,57, others more simply address the transmissibility of vibrations to the shank soft-
tissue compartments58,59, only few reflect on the relation of the latter and muscle activity60, while no study was 
found to link the vibration at the muscle site to its own activation. Moreover, muscular and mechanical outcomes 
are generally assessed seconds after the vibration onset, failing to characterise the initial dynamic response to 
WBVs. To the authors knowledge, this is the first study to analyse the progressive dynamics of the displacement 
at the muscle site and EMG activation while undergoing WBVs with different static postures.

Our analysis of the dynamics of the displacement and EMG recorded at each muscle site confirmed our 
hypothesis: muscle reaction to WBVs depends on stimulus characteristics and subject’s posture and develops 
in time to reduce muscle oscillations. Indeed, a common mechanical pattern, never highlighted before, can be 
observed from our results (Fig. 2). In response to vibratory stimulation, the extent of oscillations of muscles 
shows a rising phase, a peak and a subsequent drop, all of which completed within 4 to 5 s after the vibration 
onset, followed by a sustained stable oscillation (plateau). Neither the stimulation amplitude nor the posture 
of participants varied during individual tests, hence a neuromuscular response is accounted for the observed 
dynamics. This interpretation aligns to the muscle tuning theory, whereby soft-tissue oscillations arising in 
response of impact forces applied to the feet are dampened by an increase in muscle activation20,21,61. During 
WBVs, in fact, vibrations are transferred from the feet to the muscles via the body kinematic chain and produce 
soft-tissue compartment oscillations at the stimulation frequency, which in our case was in the range of the 
natural frequencies of calf muscles18. In light of the reported theory, it is therefore reasonable to assume that, if 
a resulting potential resonance is detected, muscle contraction is increased to avoid damage, creating the char-
acteristic raising and falling curves observed in our recordings.

The differences observable in these curves confirm that mechanical response changes across muscles, frequen-
cies and posture, suggesting that it is not of artefactual nature but that it actually reflects an underlying muscular 
activation. Moreover, they also suggest that not all combinations of frequencies and postures can elicit a signifi-
cant resonant response in some muscles. This resonant response in fact absent in the SOL muscle at 15 Hz (in 
both FF and HS) and at 20 Hz in HS. Similarly, no peak is observable in the TA muscle at 15 Hz WBVs delivered 
in HS. These results resemble those obtained by Pollock et al. (2010), where 15 Hz represented the upper limit 
for transmissibility of vibrations from the platform. The accelerations at the knee joint were found to peak at 
15 Hz and to dramatically decrease with increasing frequencies, suggesting the occurrence of muscle tuning39. 
Similarly, vibration transmission to the triceps surae and thigh muscle compartments were found to consistently 
decrease with increasing frequencies58, suggesting that a damping effect was more present at frequencies that 
are closer to the muscles’ resonant ones (the higher ones). These results are in line with what we observe in the 
plateau phase of the mechanical response, nevertheless, these conclusions were drawn on partial information 
analyses (the central interval of the WBV trials), and do not include the analysis of the initial dynamics.

Our study advances the understanding of muscles reaction to WBVs according to stimulation characteristics 
and, specifically, highlights that only after an intrinsic interval, which in this study is around 5 s, this reaction 
can completely settle. This may also explain why static exercises (postures) are found to be more effective than 
the dynamic ones while on the vibrating platform23: during the first, muscles can tune to WBVs as opposed to 
a continuously changing kinematic chain, with changes of muscle contraction and sensitivity to vibrations10.

In addition, the analysis of the physiological response of muscles to WBVs highlighted specific combinations 
of posture/frequency able to produce maximal results. As expected from acceleration analyses, also muscles 
activation varied: GL sEMG activity was significantly enhanced in all WBV combinations, while only specific 
combinations were effective for SOL and TA activation. This confirms the importance of the selection of appropri-
ate WBV parameters combinations to activate target muscles. In addition, undergoing WBV stimulation while in 
FF was found to lead to a higher increase of GL and SOL sEMG activity rather than in HS position, confirming 
previous research findings37. According to the TVR theory, contracted muscles are in fact more responsive to 
vibrations10, and in our case GL and SOL, both plantar-flexors, are more engaged in FF than HS62,63, suggesting 
that, as well as muscle tuning, the TVR might have played a role in shaping muscular responses to WBVs. WBVs 
delivered at 30 and 25 Hz triggered a greater activation in both muscles, as similar findings reported64, supporting 
the previous proposal of GL natural frequency residing between 25 and 30 Hz65. These conclusions are further 
confirmed by the observation of the permutation test results. Most differences were appreciable for the plateau 
phase, where the attenuation of GL and SOL soft-tissue compartment displacement was significantly higher at 

Figure 4.   Correlation between SOL activity and displacement attenuation. Results of the Person correlation 
analyses performed between the increase of activation of SOL (incrementRMSWBV) and its respective 
displacement attenuation (N = 168). The asterisk depicts statistical significance.
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30 Hz than at other WBV frequencies, further supporting the claim that this frequency is the one triggering the 
largest tuning effect. Moreover, the positive correlation between the SOL sEMG increase and the displacement 
attenuation further suggest that the reduction of displacement in the plateau phase is indeed the manifestation of 
a neuromuscular response, potentially activated to reduce resonance. The absence of correlation in GL might be 
explained by the limited range of frequencies investigated. Recent results in fact suggest that correlation between 
vibration transmissibility and activation of the gastrocnemius lateralis are significant when including frequencies 
up to 40 Hz60. Similarly, the absence of any posture or frequency effect on the TA activation during WBVs might 
be explained by the following: (i) the stimulation frequencies used in this study that were limited to 30 Hz and 
not enough close to TA’s natural frequency, which ranges up to 50 Hz19; (ii) the selected postures that did not 
lead to an appropriate level of TA engagement, limiting its response to WBVs10; (iii) the phasic nature of the TA, 
which makes it physiologically different from the other muscles included in this study66.

For further studies on the topic, synchronisation of EMG recordings, soft tissue and platform accelerations 
should be carefully considered and justified. Vibration propagation does in fact depends not only on the level of 
stiffness of muscles, but also on the gender and anthropometrics of the subjects67. With the procedure adopted 
in this study, it was possible to align the soft-tissue accelerations/EMG recordings at the time where the tissue 
begins to oscillate (rather than on the platform onset). This allowed a more appropriate synchronisation of muscle 
activity and mechanical response between subjects.

Conclusions
Our results highlighted a muscle driven mechanical response in muscles undergoing vibratory stimulation: a 
clear peak followed, after few seconds from the stimulus onset, by a more stable plateau that reflects a “delayed” 
neuromuscular activation to modify the properties of the biomechanical system (e.g. muscle stiffness). Further-
more, EMG analyses highlight that calf muscles produce maximal response if participants are standing on the 
fore feet during stimulations in the range of 25–30 Hz (its natural frequencies). Our results also suggest that to 
elicit a stable muscle contraction while using a vibrating platform, training programmes should consider only 
static postures, or in alternative, participants should be instructed to hold the same posture for longer than five 
seconds. This approach therefore may have profound impact on training or rehabilitation protocols aiming 
towards postural and balance improvement or recovery.

Data availability
Since sharing data in an open-access repository was not included in our participant’s consent and therefore 
compromises our ethical standards, data are only available on request from the corresponding author.

Code availability
The code used for the analyses of the data will be shared upon request to the corresponding author.

Received: 29 October 2021; Accepted: 24 March 2022

References
	 1.	 Cardinale, M. & Wakeling, J. Whole body vibration exercise: Are vibrations good for you?. Br. J. Sports Med. 39, 585–589 (2005).
	 2.	 Rittweger, J. Vibration as an exercise modality: How it may work, and what its potential might be. Eur. J. Appl. Physiol. 108, 877–904 

(2010).
	 3.	 Delecluse, C., Roelants, M. & Verschueren, S. Strength increase after whole-body vibration compared with resistance training. 

Med. Sci. Sports Exerc. 35, 1033–1041 (2003).
	 4.	 Wyon, M., Guinan, D. & Hawkey, A. Whole-body vibration training increases vertical jump height in a dance population. J. Strength 

Cond. Res. 24, 866–870 (2010).
	 5.	 Osawa, Y., Oguma, Y. & Ishii, N. The effects of whole-body vibration on muscle strength and power: A meta-analysis. J. Musculo-

skelet. Neuronal Interact. 13, 342–352 (2013).
	 6.	 Alam, M. M., Khan, A. A. & Farooq, M. Effect of whole-body vibration on neuromuscular performance: A literature review. Work 

59, 571–583 (2018).
	 7.	 Saquetto, M., Carvalho, V., Silva, C., Conceição, C. & Gomes-Neto, M. The effects of whole body vibration on mobility and balance 

in children with cerebral palsy: A systematic review with meta-analysis. J. Musculoskelet. Neuronal Interact. 15, 137–144 (2015).
	 8.	 Cochrane, D. J. The potential neural mechanisms of acute indirect vibration. J. Sport. Sci. Med. 10, 19–30 (2011).
	 9.	 Burke, D. & Schiller, H. H. Discharge pattern of single motor units in the tonic vibration reflex of human triceps surae. J. Neurol. 

Neurosurg. Psychiatry 39, 729–741 (1976).
	10.	 Burke, D., Hagbarth, K. E., Lofstedt, L. & Wallin, B. G. The responses of human muscle spindle endings to vibration during isometric 

contraction. J. Physiol. 261, 695–711 (1976).
	11.	 Hagbarth, K. E., Hellsing, G. & Löfstedt, L. TVR and vibration-induced timing of motor impulses in the human jaw elevator 

muscles. J. Neurol. Neurosurg. Psychiatry 39, 719–728 (1976).
	12.	 Person, R. & Kozhina, G. Tonic vibration reflex of human limb muscles: Discharge pattern of motor units. J. Electromyogr. Kinesiol. 

2, 1–9 (1992).
	13.	 Ritzmann, R., Kramer, A., Gruber, M., Gollhofer, A. & Taube, W. EMG activity during whole body vibration: Motion artifacts or 

stretch reflexes?. Eur. J. Appl. Physiol. 110, 143–151 (2010).
	14.	 Pollock, R. D., Woledge, R. C., Martin, F. C. & Newham, D. J. Effects of whole body vibration on motor unit recruitment and 

threshold. J. Appl. Physiol. 112, 388–395 (2012).
	15.	 Cardinale, M. & Lim, J. Electromyography activity of vastus lateralis muscle during whole-body vibrations of different frequencies. 

J. Strength Cond. Res. 17, 621–624 (2003).
	16.	 Corum, M., Topkara, B. & Turker, K. S. Physiological mechanism underlying beneficial neuromuscular effects of whole-body 

vibration: Is it tonic vibration reflex ?. J. Musculoskelet. Neuronal Interact. 32, 1–6 (2022).
	17.	 Zaidell, L. N., Mileva, K. N., Sumners, D. P. & Bowtell, J. L. Experimental evidence of the tonic vibration reflex during whole-body 

vibration of the loaded and unloaded leg. PLoS One 8, 1–9 (2013).
	18.	 Wakeling, J. & Nigg, B. Modification of soft tissue vibrations in the leg by muscular activity. J. Appl. Physiol. 90, 412–420 (2001).



9

Vol.:(0123456789)

Scientific Reports |         (2022) 12:6232  | https://doi.org/10.1038/s41598-022-10137-8

www.nature.com/scientificreports/

	19.	 Wakeling, J., Nigg, B. & Rozitis, A. Muscle activity damps the soft tissue resonance that occurs in response to pulsed and continu-
ous vibrations. J. Appl. Physiol. 93, 1093–1103 (2002).

	20.	 Wakeling, J., Liphardt, A. M. & Nigg, B. Muscle activity reduces soft-tissue resonance at heel-strike during walking. J. Biomech. 
36, 1761–1769 (2003).

	21.	 Wakeling, J. & Nigg, B. Soft-tissue vibrations in the quadriceps measured with skin mounted transducers. J. Biomech. 34, 539–543 
(2001).

	22.	 Wakeling, J., Von Tscharner, V., Nigg, B. & Stergiou, P. Muscle activity in the leg is tuned in response to ground reaction forces. J. 
Appl. Physiol. 91, 1307–1317 (2001).

	23.	 Abercromby, A. et al. Variation in neuromuscular responses during acute whole-body vibration exercise. Med. Sci. Sports Exerc. 
39, 1642–1650 (2007).

	24.	 Abercromby, A. et al. Vibration exposure and biodynamic responses during whole-body vibration training. Med. Sci. Sports Exerc. 
39, 1794–1800 (2007).

	25.	 Lam, F. M. H., Lau, R. W. K., Chung, R. C. K. & Pang, M. Y. C. The effect of whole body vibration on balance, mobility and falls in 
older adults: A systematic review and meta-analysis. Maturitas 72, 206–213 (2012).

	26.	 Ritzmann, R., Kramer, A., Bernhardt, S. & Gollhofer, A. Whole body vibration training—Improving balance control and muscle 
endurance. PLoS One 9, e89905 (2014).

	27.	 Bautmans, I., Van Hees, E., Lemper, J. C. & Mets, T. The feasibility of whole body vibration in institutionalised elderly persons and 
its influence on muscle performance, balance and mobility: A randomised controlled trial [ISRCTN62535013]. BMC Geriatr. 5, 
1–8 (2005).

	28.	 Torvinen, S. et al. Effect of a vibration exposure on muscular performance and body balance. Randomized cross-over study. Clin. 
Physiol. Funct. Imaging 22, 145–152 (2002).

	29.	 Mahieu, N. N. et al. Improving strength and postural control in young skiers: Whole-body vibration versus equivalent resistance 
training. J. Athl. Train. 41, 286–293 (2006).

	30.	 Rogan, S., Hilfiker, R., Herren, K., Radlinger, L. & De Bruin, E. D. Effects of whole-body vibration on postural control in elderly: 
A systematic review and meta-analysis. BMC Geriatr. 11, 1–8 (2011).

	31.	 Bogaerts, A., Verschueren, S., Delecluse, C., Claessens, A. L. & Boonen, S. Effects of whole body vibration training on postural 
control in older individuals: A 1 year randomized controlled trial. Gait Posture 26, 309–316 (2007).

	32.	 van Nes, I., Geurts, A., Hendricks, H. T. & Duysens, J. Short-term effects of whole-body vibration on postural control in unilateral 
chronic stroke patients: Preliminary evidence. Am. J. Phys. Med. Rehabil. 83, 867–873 (2004).

	33.	 Turbanski, S., Haas, C. T., Schmidtbleicher, D., Friedrich, A. & Duisberg, P. Effects of random whole-body vibration on postural 
control in Parkinson’s disease. Res. Sport. Med. 13, 243–256 (2005).

	34.	 Yang, X., Wang, P., Liu, C., He, C. & Reinhardt, J. D. The effect of whole body vibration on balance, gait performance and mobility 
in people with stroke: A systematic review and meta-analysis. Clin. Rehabil. 29, 627–638 (2015).

	35.	 Torvinen, S. et al. Effect of 4-min vertical whole body vibration on muscle performance and body balance: A randomized cross-
over study. Int. J. Sports Med. 23, 374–379 (2002).

	36.	 Torvinen, S. et al. Effect of 8-month vertical whole body vibration on bone, muscle performance, and body balance: A randomized 
controlled study. J. Bone Miner. Res. 18, 876–884 (2003).

	37.	 Ritzmann, R., Gollhofer, A. & Kramer, A. The influence of vibration type, frequency, body position and additional load on the 
neuromuscular activity during whole body vibration. Eur. J. Appl. Physiol. 113, 1–11 (2013).

	38.	 Lienhard, K., Cabasson, A., Meste, O. & Colson, S. S. Determination of the optimal parameters maximizing muscle activity of the 
lower limbs during vertical synchronous whole-body vibration. Eur. J. Appl. Physiol. 114, 1493–1501 (2014).

	39.	 Pollock, R. D., Woledge, R. C., Mills, K. R., Martin, F. C. & Newham, D. J. Muscle activity and acceleration during whole body 
vibration: Effect of frequency and amplitude. Clin. Biomech. 25, 840–846 (2010).

	40.	 Fratini, A., La Gatta, A., Bifulco, P., Romano, M. & Cesarelli, M. Muscle motion and EMG activity in vibration treatment. Med. 
Eng. Phys. 31, 1166–1172 (2009).

	41.	 Hermens, H. J., Bart, F., Catherine, D.-K. & Gunter, R. Development of recommendations for SEMG sensors and sensor placement 
procedures. J. Electromyogr. Kinesiol. 10, 361–374 (2000).

	42.	 AX3 OMGUI Configuration and Analysis Tool, v38, GitHub. (2015).
	43.	 Davis, III, R. B., Ounpuu, S., Tyburski, D., & Gage, J. R. A gait analysis data collection and reduction technique. Human Movement 

Science, 10(5), 575–587 (1991).
	44.	 Nowak, D. A., Rosenkranz, K., Hermsdörfer, J. & Rothwell, J. Memory for fingertip forces: Passive hand muscle vibration interferes 

with predictive grip force scaling. Exp. Brain Res. 156, 444–450 (2004).
	45.	 Prieto, T. E., Myklebust, J. B., Hoffmann, R. G., Lovett, E. G. & Myklebust, B. M. Measures of postural steadiness: Differences 

between healthy young and elderly adults. IEEE Trans. Biomed. Eng. 43, 956–966 (1996).
	46.	 Fratini, A., Cesarelli, M., Bifulco, P. & Romano, M. Relevance of motion artifact in electromyography recordings during vibration 

treatment. J. Electromyogr. Kinesiol. 19, 710–718 (2009).
	47.	 Lienhard, K., Cabasson, A., Meste, O. & Colson, S. S. Comparison of sEMG processing methods during whole-body vibration 

exercise. J. Electromyogr. Kinesiol. 25, 833–840 (2015).
	48.	 Maris, E. & Oostenveld, R. Nonparametric statistical testing of EEG- and MEG-data. J. Neurosci. Methods 164, 177–190 (2007).
	49.	 Maris, E. Statistical testing in electrophysiological studies. Psychophysiology 49, 549–565 (2012).
	50.	 Gerber, E. M. permutest. (2020). https://​uk.​mathw​orks.​com/​matla​bcent​ral/​filee​xchan​ge/​71737-​permu​test. (accessed 20 May 2020).
	51.	 Mohd Razali, N. & Bee Wah, Y. Power comparisons of Shapiro–Wilk, Kolmogorov–Smirnov, Lilliefors and Anderson–Darling 

tests. J. Stat. Model. Anal. 2, 21–33 (2011).
	52.	 Field, A. Discovering Statistics Using IBM SPSS statistics. (SAGE Publication Ltd, 2013).
	53.	 Morel, P. Gramm: Grammar of graphics plotting in Matlab. J. Open Source Softw. 3, 568 (2018).
	54.	 Lienhard, K. et al. Relationship between lower limb muscle activity and platform acceleration during whole-body vibration exercise. 

J. Strength Cond. Res. 29, 2844–2853 (2015).
	55.	 Di Giminiani, R., Masedu, F., Padulo, J., Tihanyi, J. & Valenti, M. The EMG activity-acceleration relationship to quantify the optimal 

vibration load when applying synchronous whole-body vibration. J. Electromyogr. Kinesiol. 25, 853–859 (2015).
	56.	 Tankisheva, E. et al. Transmission of whole body vibration and its effect on muscle activation. J. Strength Cond. Res. 27, 2533–2541 

(2013).
	57.	 Beerse, M., Lelko, M. & Wu, J. Acute effect of whole-body vibration on acceleration transmission and jumping performance in 

children. Clin. Biomech. 81, 105235 (2021).
	58.	 Friesenbichler, B., Lienhard, K., Vienneau, J. & Nigg, B. M. Vibration transmission to lower extremity soft tissues during whole-

body vibration. J. Biomech. 47, 2858–2862 (2014).
	59.	 Cook, D. P. et al. Triaxial modulation of the acceleration induced in the lower extremity during whole-body vibration training: A 

pilot study. J. Strength Cond. Res. 25, 298–308 (2011).
	60.	 Huang, M. & Pang, M. Y. C. Muscle activity and vibration transmissibility during whole-body vibration in chronic stroke. Scand. 

J. Med. Sci. Sport. 29, 816–825 (2019).
	61.	 Wakeling, J., Pascual, S. & Nigg, B. Altering muscle activity in the lower extremities by running with different shoes. Med. Sci. 

Sport. Exerc. 34, 1529–1532 (2002).

https://uk.mathworks.com/matlabcentral/fileexchange/71737-permutest


10

Vol:.(1234567890)

Scientific Reports |         (2022) 12:6232  | https://doi.org/10.1038/s41598-022-10137-8

www.nature.com/scientificreports/

	62.	 Okada, M. An electromyographic estimation of the relative muscular load in different human postures. J. Hum. Ergol. (Tokyo) 1, 
75–93 (1972).

	63.	 Carlsöö, S. The static muscle load in different work positions: An electromyographic study. Ergonomics 4, 193–211 (1961).
	64.	 Di Giminiani, R., Masedu, F., Tihanyi, J., Scrimaglio, R. & Valenti, M. The interaction between body position and vibration fre-

quency on acute response to whole body vibration. J. Electromyogr. Kinesiol. 23, 245–251 (2013).
	65.	 Cesarelli, M. et al. Analysis and modelling of muscles motion during whole body vibration. EURASIP J. Adv. Signal Process. 2010, 

26–28 (2010).
	66.	 Honma, S. & Seki, Y. Muscle spindles in phasic and tonic muscle. Tohoku J. Exp. Med. 83, 391–397 (1964).
	67.	 Dewangan, K. N., Shahmir, A., Rakheja, S. & Marcotte, P. Vertical and fore-aft seat-to-head transmissibility response to vertical 

whole body vibration: Gender and anthropometric effects. J. Low Freq. Noise Vib. Act. Control 32, 11–40 (2013).

Author contributions
Conception and design: I.R., T.B., P.B. and A.F. Data acquisition and analysis: I.R. Interpretation: I.R. and A.F. 
Drafting manuscript: I.R., T.B., P.B. and A.F.

Competing interests 
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to A.F.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note  Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access   This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http://​creat​iveco​mmons.​org/​licen​ses/​by/4.​0/.

© The Author(s) 2022

www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Characterisation of the transient mechanical response and the electromyographical activation of lower leg muscles in whole body vibration training
	Materials and methods
	Participants and experimental design. 
	Whole body vibration stimulation protocol. 
	Data processing and features extraction-acceleration data. 
	Data processing and features extraction-EMG Data. 
	Statistical analyses. 
	Ethics approval. 
	Consent to participate. 
	Consent for publication. 

	Results
	Discussions
	Conclusions
	References


