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Abstract

Purpose To characterise the mechanical and neuromuscular response of lower limb muscles in
subjects undergoing Whole Body Vibration (WBV) at different frequencies while holding two
static postures.

Methods Twenty-five participants underwent WBYV at 15, 20, 25 and 30 Hz while holding a static
‘hack squat’ and on ‘fore feet’ posture. Surface electromyography (sEMG) and soft tissue
accelerations were collected from Gastrocnemius Lateralis (GL), Soleus (SOL) and Tibialis
Anterior (TA) muscles.

Results Only specific WBV settings led to a significant increase in muscle contraction.
Specifically, the WBV-induced activation of SOL and GL was maximal in fore-feet and in response

to higher frequencies. Estimated displacement at muscle bellies revealed a resonant pattern
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never highlighted before. After stimulation starts, muscle oscillation reaches a peak followed by
a drop and a further stabilisation (few seconds after the peak) that suggests the occurrence of a
neuromuscular activation to reduce the vibration-induced oscillation.

Conclusion Lower leg muscles need a response time to tune to a vibratory stimulation, which
discourages the use of dynamic exercises on vibrating platforms. To maximize calf muscle
response to WBVs, a stimulation frequency in the range of 25-30 Hz and an ‘on fore feet’ posture

are recommended.

Keywords electromyography (EMG); soft-tissue acceleration; whole body vibration (WBV);

frequency; posture

Abbreviations

ANOVA Analysis of variance
SEMG (surface) Electromyography
FF Fore feet

GL Gastrocnemius lateralis
HS Hack squat

SoL Soleus

RMS Root mean square

TA Tibialis anterior

TVR Tonic vibration reflex
WBYV Whole body vibration
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Introduction

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
groups. Vibrations are generally delivered through lower limbs via the use of platforms on which
subjects stand. Training and rehabilitation programmes utilising this modality often include
physical exercise performed on such platforms (Dolny and Reyes, 2008). This approach has
become increasingly popular as it evokes a large muscle response and, more importantly, it
elicits muscles activity through physiological pathways (Granit and Steg, 1956), improving overall
motor performance while enhancing strength and flexibility (Alam et al., 2018; Delecluse et al.,

2003; Osawa et al., 2013; Rittweger, 2010; Saquetto et al., 2015; Wyon et al., 2010).

The mechanism believed to be responsible for such outcomes, known as Tonic Vibration Reflex
(TVR), has been proven to explain the increased and synchronised motor-unit (MU) firing rates
recorded during locally-applied (i.e., focal) vibrations (Burke et al., 1976; Burke and Schiller,
1976). Indeed, when vibrations are applied directly to tendons or muscle bellies, muscle fibres
length changes activating a reflex response from muscle spindles. This translates in an increased
MU firing rates phased-locked specifically to the vibratory cycle, i.e. the TVR (Burke and Schiller,
1976; Hagbarth et al., 1976; Person and Kozhina, 1992).

In WBYV, instead, vibrations are not applied locally, but transferred to the target muscles via the
kinematic chain determined by the body posture (Cardinale and Lim, 2003; Pollock et al., 2012;
Ritzmann et al., 2010); this provides similar muscular outcomes with respect to focal
stimulations as well as additional systemic postural responses, allowing better flexibility and

applicability to large exercise programmes (Rittweger, 2010).

Specifically, when the whole body is exposed to mechanical shocks (such as vibrations),
absorption strategies act to dampen oscillations and dissipate energy through modulation of
both muscle activity and joint kinematics, over which the body has prompt control (Gross and

Nelson, 1988; Lafortune et al., 1996). Moreover, in WBV, somatosensory feedback pathways are
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enhanced by reflexes arising from mechanoreceptors in the lower limbs, with significant
implications for motor coordination and postural control during quiet stance (Fitzpatrick et al.,
1992). Human ability to keep an upright stance, in fact, depends on the integration of
somatosensory, vestibular and visual feedbacks (Horak et al., 1997; Peterka, 2002) that
translates in specific muscles activation patterns and body sway about the ankle joint (Winter,
1995). The ankle strategy - actuated by modulation of plantar- and dorsi- flexor activation - is
indeed considered the primary approach to reposition the centre of gravity either during quiet
stance or in response to external perturbations (Gatev et al., 1999; Winter, 1995). Cross-
correlation analyses between muscle activity and centre of pressure further confirm how leg
muscles (with particular focus on the Gastrocnemius Lateralis and Soleus) play a central role in
postural control dynamics (Fitzpatrick et al., 1992; Gatev et al., 1999). Therefore, it could be
inferred that, if selectively targeting lower leg muscles, WBV training may also improve

coordination and balance of different subpopulations.

Promising results of WBV training are reported in the literature (Bautmans et al., 2005; Bogaerts
et al., 2007; Lam et al., 2012; Mahieu et al., 2006; Ritzmann et al., 2014; Rogan et al., 2011;
Torvinen et al., 2002a; Turbanski et al., 2005; van Nes et al., 2004), but a few discording results
still jeopardize the systematic use of such approach in training and rehabilitation practices
(Torvinen et al., 2003, 2002b; Yang et al., 2015). Conflicting results might be related to the high
amount of variability in WBV settings (e.g., stimulation frequency, posture, stimulation
amplitude, stimulation duration etc.) used throughout different studies, while still lacking of
standardised training protocols. Among the most investigated variables, stimulation frequency
and subject posture have relevant impact in eliciting an efficient muscle tuning response to WBV

(Lienhard et al., 2014; Pollock et al., 2010; Ritzmann et al., 2013).

Previous findings suggest that muscles contract to reduce the soft-tissue resonance, especially
when the stimulation frequency, w,, is close to their natural one(Wakeling et al., 2003, 2002a;
Wakeling and Nigg, 2001a). This process, known as muscle tuning, is perpetrated by muscles to
minimize the soft-tissue vibrations (Wakeling and Nigg, 2001b)(Wakeling et al., 2001) and has
been recently proposed as one of the possible body reactions to WBV (Abercromby et al., 20073,
2007b). Therefore, a careful selection of stimulation frequency, wa, to match the resonant one,
wo, seems the key element to maximise muscle responses to WBVs (Cesarelli et al., 2010).

Generally, the natural frequency of a system depends on its mass, m, and stiffness, k, according

to the equation we=4/k/m (Rittweger, 2010); being the mass of a muscle constant, modulating
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muscle stiffness via a change in subject posture results in a change in the system’s natural
frequency. This seems to explain conflicting results in the literature when combined dynamic
and static exercises (holding a fixed posture e.g. hack squat) are performed on platforms (Bosco
et al., 1999; Fagnani et al., 2006) (Wyon et al., 2010). During dynamic exercises on a vibrating
platform the body kinematic chain involved in the transmission of the mechanical stimulus
changes continuously, making extremely difficult to define the stimulus delivered at the target
muscle group. However, during static exercises on a platform, the energy dissipated through
joint kinematics is constant and muscle contraction is the major mechanism tuned to dampen
vibration. Indeed, Abercromby et al. confirmed that static exercises during WBV enhance higher
muscle response than performing dynamic exercises, during which muscles contract in an

eccentric and concentric fashion (Abercromby et al., 2007a).

With the present study, the authors want to provide a comprehensive analysis of the effects of
WBYV on lower leg muscles. In particular, this paper reports the findings on muscle activity and
soft-tissue mechanical dynamics and their link to both vibration frequency and subject posture,
when WBYV is delivered via a side alternating platform. Suggestions are presented on the
appropriate approach to use for training professionals and practitioners, with consideration

given to potential implications for postural control enhancement 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. 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.

Pairs of Ag/AgCl surface electrodes (Arbo Solid Gel, KendallTM, CovidienTM 30 mm x 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 accordingly to SENIAM guidelines
(Hermens et al., 2000). 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)
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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 = +16g, 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 long
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 open source software OMGUI developed by

Newcastle University (“AX3 OMGUI Configuration and Analysis Tool, v38, GitHub,” 2015).

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 ones (Ritzmann et al., 2013): a peak-to-
peak amplitude of 4 mm was used. For each subject, ten trials were collected to evaluate the
effect of different stimulation frequencies -0, 15, 20, 25, 30 Hz- and two subject postures: hack
squat (HS) and fore-foot (FF). During HS trials, subjects were asked to keep their knees flexed at
about 70°, with 0° corresponding to the knee fully extended, and a goniometer was used to
check the angle at the beginning of each HS trial. During FF trials, subjects were asked to keep
their heels in contact with a parallelepiped-shaped foam (30 x 4 x 3 cm) glued on the platform,
to ensure their heels were 3 cm off the ground. Trials were administered in a random order with

a one-minute break between consecutive trials.

Hereafter, trials with vibratory stimulation are referred to as “the WBV trials” (HS;5 HS,¢ HS,5
HS3y FF 15 FF,y FF,5 FF3,) and the others as “the baseline trials” (HS, and FFy). WBV trials
consisted of 40 seconds: recordings contained 10 seconds with no vibration (WBV, s portion),
once the subject acquired the prescribed posture, followed by 30 seconds of WBVs at the
prescribed frequency (WBV,,, portion). Baseline trials were used to assess the relevant subject-

specific EMG baseline activity (HS, and FF,) 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-
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In-Gait Lower-Limb model. 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.

Data processing and features extraction-EMG Data

To isolate the muscle activity preceding the stimulation (WBV,¢) from the one actually induced
by the vibrations (WBV,,, ), each WBV trial was split into two epochs: 10 and 30 seconds,
respectively. The central portions of these signals (6 and 20 seconds, respectively) were
extracted and retained for analyses. Similarly, the central 20 seconds of the baseline trials (HS,
and FF,) were extracted and retained for analyses. In total, ten 20 second-long epochs and eight

6 second-long epochs were analysed for each muscle and subject.

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

(RMSpgseiine) and the WBV, ¢ epochs (RMSy gy ofr)-

To remove motion artefacts from WBV,, s and WBV,,, epochs (Fratini et al., 2009a), 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 applied to epochs

derived from WBYV trials delivered at 15, 20, 25 and 30 Hz, respectively, following the calculation:

frequency spectrum upper limit

tfilters = round( , -
stimulation frequency

For each WBV trial, two rRMS vectors were computed on both artefact-free epochs (WBV ¢
and WBV,,) (Fratini et al., 2009a) and used to calculate the relevant mean RMS values:
RMSygyofr~and RMSy gyon, respectively. To compare the values obtained during the different
trials, a factor taking into account the proportion of power removed by the comb-notch filter
was calculated (Lienhard et al., 2015):

RMSypyorf~

Bias =
RMSwgvosr

and was used to adjust RMSy, gy on Values:

1

adjRMSy gy = RMSygyon * Bias
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To evaluate the WBV-induced increment of muscular activation, RMSpqseiine Were subtracted
from the adjRM Sy, 5, obtained for the WBV trials in the respective posture. These resulting

values will be hereafter referred to as the incrementRMSy, gy :
incrementRMSy gy = RMSyasetine — AAJRM Sy gy

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

Data processing and features extraction-Acceleration data

Baseline trials were not included in the following analyses: 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 Hz (Nowak et al., 2004; Prieto et al., 1996), and
to retain only vibration-induced muscle displacements, located mostly at the stimulation
frequency and its superior harmonics (Fratini et al., 2009a). Filtered epochs were then double
integrated to estimate local displacement along the different axes (dispy, dispy, disp,) and the
constant values introduced by each integration were removed with a 5 Hz high-pass filter. The

total displacement recorded at each muscle level was estimated as:

DISPror(t) = Jdispx(t)z + dispy (£)? + disp,(t)?

wheret = 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 DISPror
(MovAvgDISPryr) was calculated using a 250ms sliding window (Figure 1). To compare muscle
displacement among different subjects, MovAvgDISPrqyr 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. MovAvgDISPror from all participants were used for statistical analyses.
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Fig. 1 On the left side, muscle displacement obtained from double integration of the soft-tissue acceleration recorded
at the GL site, HS3. Displacement along time is reported for the x, y and z axis. On the right, 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

Statistics
For each muscle, a cluster-based permutation test was used to compare the mechanical

response of muscles over time (Maris, 2012; Maris and Oostenveld, 2007) for:

o  MovAvgDISPror between the two postures at different frequencies (four tests);

o  MovAvgDISPror between frequency pairs in HS and FF (twelve tests).

Time series comparisons were performed over the portion of the signals between the vibration
onset and t, 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 comparison (Gerber, 2020). To overcome the
multiple comparison problem introduced by the number of comparisons run for each muscle,
the cluster p values were further Bonferroni corrected.
0.05 0.05

ted = = = 0.003125
corrected Pyqiue #Comparisons (4 + 12)

To test whether the electromyography activity increased significantly during WBVs, for each

muscle, eight Wilcoxon signed rank tests (frequency (4) x posture (2)) compared the
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incrementRMSy, gy 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 stimulation frequency and subject posture on
incrementRMSy, gy [frequency (4) x posture (2)], with Bonferroni corrections. 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 test (Mohd Razali and Bee Wah,
2011). 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) (Field, 2013).

Results
All subjects were able to undergo WBV stimulations while holding the prescribed postures. The

average ankle angles measured in Fore Feet were -9.35° + 6.42 where a negative measure
indicates a plantar flexion. When participants underwent the WBVs in Hack Squat, the average

knee angle was 70.77° + 4.43.

Muscle dynamics analysis
Our results confirmed that the muscles dynamics differed significantly depending on the posture

and frequency: overall, a larger displacement was observed in HS trials and at lower frequencies.

A characteristic mechanical peak was recorded shortly after the start of the stimulations in both
postures, with the only exceptions of TA and SOL muscles when stimulated at 15 Hz. Moreover,
although peaks varied among muscles, postures and frequencies, the average displacement
showed a similar trend with a successive drop and a further stabilisation some seconds after the

peak (Fig. 2).

More in detail, although peak heights seemed stable across the frequency range, the drop
changed significantly among muscles and postures (Figure 2). GL displacement after the peak,
was significantly smaller at higher frequencies - at 20, 25 and 30 Hz rather than at 15 Hz
(p=.0002) and at 30 Hz rather than at 20 (p=.0014) (Fig. 2, a.1) in HS. In FF, a similar trend was
recorded: a smaller displacement was found at 30 Hz with respect to 25 Hz (p=.0004) (Fig. 2,
a.2).

10
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The average displacement recorded at the SOL site was smaller at 30 Hz than at 15 (p=.0006),
20 (p=.0002) and 25 Hz (p=.0014) while in HS (Fig. 2, b.1). Similarly, in FF, a smaller displacement
was recorded at 30 Hz than at 15 (p=.0002), 20 (p=.001) and 25 Hz (p=.0002) and at 25 Hz than
at 15 Hz (p=.0006) (Fig. 2, b.2).

The mechanical response of TA also confirmed the trend observed for the other two muscles.
Its displacement was always smaller at higher frequencies in HS ( HS ;5 < HS, , p=.0004;
HS,5 < HS3q, p=.0006; for the other comparisons, p=.0002) (see Fig. 2, c.1) and in FF (p=.0002)
(see Fig. 2, c.2).

_ | a1 b.1 c.l
€ 4! 4 4
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2 3 3 3
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g 2 2 ‘
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o 1 1} 1
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5 ; 5 i 5 = 15 Hz
0 2 4 6 0 2 . 4 6 0 2 4 6 20 Hz
time [s] time [s] time [s]
‘ 25 Hz
T a.2 b.2 c2 30 Hz
4 4t 4 !
E
=
&9 3 3 3
2
g 2 2t 2
>
<
& 1 | 1
=
0 0 — — 0 1
0 2 4 6 0 2 4 6 0 2
time [s] time [s] time [s]

Fig. 2 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<.003125) and the conditions considered for each comparison are listed via the

colour-wise legend. The vertical dotted line represents the vibration onset

Muscle activity analysis

Normality was confirmed for the dependent variables in most of the conditions, for all three
muscles. incrementRMSy, g, was not always normally distributed for TA, but the latter
distributions were similarly skewed to those that met normality. Four subjects were removed
from the incrementRMS,, 5, dataset of GL and SOL, and three from that of TA, since
represented outlier values. Distribution of incrementRMS, 5, values for the different muscles,

posture and frequencies is depicted in Figure 3.
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A significant WBV-induced muscle activation (incrementRMSy,g,) was observed in all
conditions for the GL (see first row of Table 1) and in most of the conditions for the SOL, apart
from HS;5 (see second row of Table 1). Instead, the TA showed a significant response to WBVs

only for 15 and 30 Hz and FF,¢ (see third row of Table 1).

HS FF

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

0026  .0043  .0091 .0160 .0158 .0120 .0193 .0329
GL (.0067) (.0063) (.0077) (.0154) | (.0269) (.0139) (.0298) (.0744)
p=.023* p=.002* p<0001* p<.0001* | p<.0001* p<.0001* p<.0001* p<.0001*
0031  .0031  .0092 .0179 .0203 .0159 .0194 .0325
SOL  (0157) (.0143) (.0186) (.0157) |(.0372) (.0171) (.0217) (.0641)
p=.051  p=.039* p=002* p<.0001* | p<.0001* p<.0001* p<.0001* p<.0001*
0349  .0128  .0229 .0310 .0026 .0023 .0044 .0089
TA (.0571) (.0622) (.0633) (.0644) | (.0053) (.0080) (.0090) (.0166)
p=.012* p=396 p=241  p=.045* | p=.021* p=165  p=019* p=.01*

Table 1 Results of the Wilcoxon signed rank tests used to test whether the WBV-induced increment of muscle
activation (incrementRMS,;,5y) was significant. The mean (SD) of incrementRM Sy, g, measured in each condition

is reported, as well as the p-value of each test (N=25)

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< .0001) and subject posture were
statistically significant (F(1, 20) = 15.433, p=.001). Specifically, GL-sEMG activity increased more
in FF than in HS (p=.001) and 30 Hz was the stimulation frequency that evoked the highest
muscular activation when compared to 15 Hz (p<.0001) and 20 Hz (p=.001). The WBV-induced
increment of GL activation was also higher at 25 Hz than at 20 Hz (p=.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<.0001)) and subject posture (F(1, 20) = 6.357, p=.02)) main effects were found. The
WBV-induced increment of SOL activity was higher in FF than in HS (p=.02) and 30 Hz was the
stimulation frequency in which the highest SEMG increment was found when compared to 15
Hz (p=.002), 20 Hz (p=.004) and 25 Hz (p=.037). Moreover, a 25 Hz stimulation led to a higher
muscle activation than 20 Hz (p=.009). No significant interaction nor main effect was instead

found for the TA (N=22).
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Fig. 3 Box plots of incrementRMSwsy 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 Gramm (Morel,

2018)

Discussions

Although every muscle shows a peculiar response to WBVs - significantly determined by subject
posture and stimulation frequency - a common mechanical pattern, never highlighted before,
can be observed from our results. In response to vibratory stimulations, the extent of oscillations
of muscles shows a rising phase, a peak oscillation and a subsequent drop, all of which
completed within 4 to 5 seconds after the vibration onset, followed by a sustained stable
response (plateau). Neither the stimulation amplitude nor the posture of participants varied
during individual tests, hence a neuromuscular response must be responsible of this
phenomenon. This interpretation is supported by the muscle tuning theory, which reports that
soft-tissue oscillations arising in response of impact forces applied to the feet are dampened by
an increase in muscle activation (Wakeling et al., 2003, 2002b; Wakeling and Nigg, 2001b).
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 muscles (Wakeling and Nigg,
2001a), and its harmonics (Burke and Schiller, 1976; Hagbarth et al., 1976; Hirayama et al., 1974,
Homma et al., 1972; Martin and Park, 1997; Person and Kozhina, 1992, 1989). 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 characteristic raising
and falling curves observed in our recordings. This increase in muscle stiffness in fact, not only

dampens the oscillations to a controlled level (observed plateau phase), but in turn shifts the
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natural frequency of the soft tissue toward higher values (Wakeling and Nigg, 2001a), and away
from the WBV one. These dynamic analyses advance the understanding of muscles reaction to
WBVs according to stimulation characteristics and, specifically, highlight that only after a period
of time, which in this study is around 5 seconds, this reaction can completely settle. This may
also explain why static exercises are found to be more effective than the dynamic ones
(Abercromby et al., 2007a): during the first, muscles have time to tune to WBVs while during the
latter the kinematic chain is continuously altered, leading to continuous changes in muscle

contraction and sensitivity to vibrations (Burke et al., 1976).

The analysis of the physiological response of muscles to WBVs did instead highlighted specific
combinations of posture/frequency able to produce maximal results. Recordings have been
appropriately filtered for vibration-induced motion artefacts and therefore WBV-induced
muscle activations were not overestimated (Fratini et al., 2014, 2009a; Romano et al., 2018). As
expected, muscles behaved differently: GL activity was significantly enhanced in all WBV
combinations, supporting the previously-demonstrated beneficial effects of WBV (Cardinale and
Lim, 2003; Di Giminiani et al., 2013; Krol et al., 2011; Marin et al., 2009; Roelants et al., 2006),
while for the SOL and the TA only specific combinations were able to significantly increase
muscle activation. These findings highlight the importance of the selection of the most
appropriate WBV parameters combinations, as it is clear that some settings are not effective in

producing a greater activation of target muscles.

Among those combinations, undergoing WBV in Fore Feet was found to lead to a higher increase
of GL and SOL sEMG activity rather than holding a Hack Squat position, confirming previous
research findings (Ritzmann et al., 2013). Contracted muscles are in fact more responsive (Burke
et al., 1976), and in our case this can be explained as GL and SOL are both plantar-flexors
therefore more engaged in FF than HS (Carls66, 1961; Okada, 1972). WBVs delivered at 30 and
25 Hz triggered a greater activation in both muscles rather than 20 and 15 Hz, as similar findings
reported (Di Giminiani et al., 2013) and supporting previous proposal of GL natural frequency
residing between 25 and 30 Hz (Cesarelli et al., 2010). These conclusions are further confirmed
by the observation of the permutation test results. Most differences were appreciable for the
plateau phase, rather than the peak, where the displacement of GL and SOL soft-tissue
compartments was significantly reduced at 30 Hz than at other WBV frequencies, further
supporting the claim that this frequency is the one triggering the largest tuning effect. No

specific effect was instead found for the TA. This results might be explained by (i) the stimulation
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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 Hz (Wakeling et al., 2002a); (ii) the selected postures that did
not lead to an appropriate level of TA engagement, limiting its response to WBVs (Burke et al.,

1976).

Combining the above, it can be inferred that 30 Hz-Fore Feet might be the best combination of
stimulation frequency and subject posture when aiming to effectively enhance both GL and SOL
muscular responses. For the explored combinations, instead, the TA muscle showed that WBVs
elicit muscular activity but did not allow to identify any combination producing a significantly

higher response. Therefore, a wider range of frequencies and postures should be explored.

Conclusions

Our results highlighted that WBVs via side-alternating platforms can be optimised for calf muscle

training, if aimed at achieving the maximal level of elicited response, and in particular:

e Inorderto allow muscles to produce a stable contraction, training programmes should only
include static exercise on a vibrating platform or, at least, participants should hold the same
posture for a minimum of five seconds.

e Calf muscles produce maximal response if participants are standing on the fore feet during
stimulations.

e Vibration frequencies in the range of 25-30Hz should be used during WBV training sessions

for calf muscles.

The systematic targeting of the plantar flexors via proper selection of stimulation frequency and
subject posture represents an opportunity to maximise the ankle strategy outcome and the

possibly improve postural control mechanisms.

Future studies aimed at investigating both the postural acute and chronic effect on calf muscle-

training via mean of WBVs are desirable to further confirm and expand the findings of this study.
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