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Abstract: The positive effects of whole-body vibration exercise in rehabilitation, sport, fitness and
preventive medicine have led to a proliferation of vibrating platforms. However, discrepancies
have been claimed between the manufacturers’ vibration parameters and the vibration applied by
the platforms. In addition, the dimensions, materials and motors used in their manufacture mean
that each platform behaves differently. These factors can influence their transmission to the human
body and, consequently, their effects. Thus, measured vibration parameters were recommended
to report the vibration parameters as accurately as possible. Therefore, the present study aimed to
determine the feasibility of a large vibration platform. Measurements of vibration parameters and
their transmission were added. These parameters were measured using six accelerometers (platform,
ankle, knee, hip, third lumbar vertebra, and head) throughout five postures (toe-standing, erect,
high squat, deep squat, and lunge) and three vibration frequencies (20 Hz, 25 Hz, and 30 Hz). On
the platform, peak accelerations of 1 + 0.2 g, displacements of 1 & 0.1 mm at 20 Hz and 25 Hz and
0.6 mm at 30 Hz, and a frequency from the setting of +0.5 Hz were obtained. In the human body, peak
accelerations can exceed 2 g, and these transmissibility amplifications were found at the ankles and
knees. However, at the hip, accelerations plummet and transmissibility attenuation occurs all the way
to the head. The signal purity was highly satisfactory, although at the hip and third lumbar vertebra
when adopting the toe-standing and lunge, some less satisfactory results were found—especially
at 20 Hz and 30 Hz. Present data indicate that the long vibration platform can be used for exercise
and health in a safe way, although its specific behaviours have to be taken into account in order to
optimise its applicability.

Keywords: whole-body vibration; exercise; transmissibility; transmission

1. Introduction

Musculoskeletal tissue reacts to force through the capacity of perceiving and convert-
ing mechanical stimuli into biochemical activity [1,2]. These physiological mechanisms
allow bone and muscle cells to change their composition depending on the configuration
of these forces in terms of direction, magnitude, frequency, and exposure [1,2]. Whole-body
vibration exercise (WBVE) is used as non-pharmacological treatment and exercise modality
to improve bone [3,4] and muscle [5,6] mass through the delivery of mechanical forces
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into the body structures. Although the configuration of the forces can be adjusted by the
frequency and displacement settings of the platforms, the adopted posture has also been
shown to be decisive in the forces that are ultimately transmitted to the human body [7].
The positive effects reported in rehabilitation, sport, fitness, and preventive medicine [7]
have led to the development of different models of platforms and vibration devices [8,9];
however, research findings in the WBVE literature are inconsistent [10], and even harmful
effects have been warned of [11]. As a result, the generation of consistent and compre-
hensive knowledge about WBVE safety and application becomes hindered. Furthermore,
many of the WBVE research findings have not been replicated [12-15].

Resulting from methodological issues and inconsistencies reported in the literature,
researchers have called for the accurate reporting of protocols and performance of specific
vibration platform models [12-15]. For this, the provision of standardised vibration pa-
rameters of specific vibration platforms and protocols has been recommended [13,15]. The
standard parameters utilised in WBVE prescription include frequency, displacement, and
acceleration. Because of the variations that arise from different characteristics of both the
platform (i.e., dimensions, motors, and materials) and of each performed trial—consisting
of the setting (platform frequency and displacement), the participant (i.e., weight and
balance), and the posture—the platform inputs [12,14,16-19] and the transmitted vibration
forces at each body site [17,20-23] differ from the initial platform setting of frequency
(fset) and displacement ( Dset). In addition, the transmission mechanism of the vibration
stimulus across the human body is strongly non-linear [21,22,24,25]. As a consequence, the
configuration of the forces (i.e., frequency and magnitude) delivered into the cells (i.e., bone
and muscle) to change their composition is unknown. Thus, in order to generate consistent
and comprehensive knowledge, the most accurate way to provide the parameters should
be recorded on the platform and on the body simultaneously for each assessed trial [14,17].
On the one hand, although there are guidelines to report vibration platform parameters,
these are not common practices [12,13,15]. Moreover, these recommendations are especially
important when a new platform is introduced because its specific behaviour, due to its
characteristics (i.e., dimensions, motors, materials) [12-14], has not been reported previ-
ously. On the other hand, regarding human body transmission, no standard guidelines
have yet been reported.

Based on the available literature, due to the discrepancies between vibration platform
settings and the vibration applied by the platform, to inform of the vibration platform
feasibility, studies reported the vibration applied by the platform of frequency (fin) [26,27],
signal purity (Pi,) [25], displacement (Djy,) [16,28], and/or acceleration (aj, ) [16,17,20,26].
Overall, fi, and P, are better maintained than Dj, and a;,. Regarding human body trans-
mission, since cells will change their composition based on the configuration of the forces
they detect in the human body, the vibration stimulus is measured in the legs [17,20,29], the
hip and lower back [30], and the head [16,23,31] for muscle activation, bone remodelling,
and safety aspects, respectively. Furthermore, as forces can change their configuration in
their transmission to the human body, the transmission studies look for the feasibility of
vibration stimulus (positive effects and safety application). However, for technical reasons,
the vibration transmitted to the human body has to be recorded with different parameters.
Thus, to report the vibration transmission, the investigations have added human body
accelerations (aout) [17,32], the transmissibility (T) [16,18,20,21,31], and the signal purity
(Pout) [22,24,25]. Overall, studies have reported aoy: and T amplifications of the vibration
stimulus at the ankle [17,20,21] and attenuations over the knee, especially with bent-knee
postures [17,20,21,23] and as the frequencies increase [17,20,33]. Regarding Py, in general
investigations this has shown good retention [22,24,25], however, depending on the posture
adopted, caution should be exercised because in some joints it may not be satisfactory.

Therefore, determining the feasibility of the vibration platform inputs and their trans-
mission outputs through consistent reporting parameters may help to improve issues
of non-replicability and inconsistency of the current literature. This becomes especially
relevant when a new platform design is introduced due to the described variability be-
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tween commercial vibration platforms [27]. As such, this study aims to explore vibration
transmission from a new large vibration platform (LVP) by examining its fin, Pin, Din, and
ain, throughout the human body outputs of T, Poyt, and aoy¢ in different postures.

2. Materials and Methods
2.1. LVP System Overview
The LVP (Vislide, Viequipment, Barcelona, Spain) is a novel vibration platform

(Figure 1) (https:/ /vi-equipment.com/vislide/). Unlike the majority of available commer-
cial vibration platforms, the LVP dimensions are 2 m x 595 mm.

Figure 1. The large vibration platform (LVP) used in the present study as usual WBV platform.

The LVP is equipped with one rotational motor (0.18 kW; 3000 rpm) attached under
the LVP capable of generating harmonic vibrations of 20, 25, or 30 Hz. These frequencies
can be pre-selected on the device. As the motor rotates on the x-axis, it generates harmonic
vibrations in mainly the y- and z-axes [26] (Figure 2). Thus, the LVP is a synchronous
vibration platform [7,13,15].
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Figure 2. Triaxial acceleration of the LVP for the x-axis (medio-lateral), the y-axis (antero-posterior),
and the z-axis (vertical).

2.2. Participants

Twenty physically active volunteers from the National Institute of Physical Educa-
tion of Catalonia participated in this study. The sample was composed of twenty men
(mean =+ SD: aged 22.3 £ 2.6 years, height 1.78 &+ 0.05 m, weight 71.8 £ 7.0 kg, body mass
index 22.6 £ 1.6 a.u.). Inclusion criteria specified healthy and physically active participants
with experience in the postures used. Exclusion criteria comprised a history of head trauma,
musculoskeletal disorders, cardiovascular diseases, or any condition that would prevent
using WBVE [34]. Participants were instructed to refrain from engaging in any strenuous
physical activity 24 h before the experiment. During the vibration exposure, they were
asked to report immediately any discomfort or unusual symptoms, such as dizziness. If
these occurred, then the experiment would be terminated. All participants gave written con-
sent to participate. The procedures of this study complied with the Declaration of Helsinki
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(2013) and were approved by the local Ethics Committee “Comité d’Etica d’Investigacions
Cliniques de I’Administracié Esportiva de Catalunya” (06/2018/CEICGC).

2.3. Acceleration Device and Placements

To measure the LVP inputs and its transmission outputs, six wireless inertial measure-
ment units (WIMU, Realtrack Systems, Almeria, Spain) with a 16 Hz processing capability
were used. The WIMU consists of a triaxial accelerometer with a limit acceleration range
of 100 g, a sensitivity of 0.000488 g, and an acquisition system recording at a sampling
frequency of 1000 Hz. For LVP inputs, a WIMU was well-fixed to the centre of the surface
by an adjustable fixing strap between the marks of the feet [35]. To calculate the human
body outputs, a total of five WIMUs were attached to five body locations, the ankle (AN,
medial malleolus), knee (KN, tibial tuberosity), hip (HI, great trochanter), lumbar (L3, third
lumbar vertebra), and head (HE, forehead) using double-sided tape and elastic bands to
minimise skin translation [21,22,24,25].

2.4. Experimental Setting and Testing Conditions

An experimental study with repeated cross-over design was adopted. Thus, both the
LVP inputs and its transmission outputs to the human body were recorded simultaneously
across fifteen trials generated by the combination of three fst (20, 25, and 30 Hz), and
five static postures [25,36]. The postures were toe-standing (TS), with knees relaxed and
heels raised; erect (ER), with knees relaxed; high squat (HS), with knee flexion at 30°;
deep squat (DS), with knee flexion at 90°; and lunge (LU), one leg balanced with knee
flexion at 30°. These postures were chosen because they are the most common in the
literature [21,23-25,30]. All the postures were performed without holding help, however,
as participants had experience with the postures used, they were able to adopt the postures
safely. Nevertheless, the three researchers were careful in ensuring the safety and correct
posture of the participants. As is customary in transmission studies, the participants were
barefoot [16,17,20,21], and they were instructed to locate their feet on the platform marks
separated by 28 cm [35] and to maintain an even distribution of plantar pressure [12,14]. The
participants visited the laboratory on one occasion, and the experimental protocol began
with 5 min of familiarisation with the vibration stimulus and postures (1 min x posture at
30 Hz), which served as a warm-up [7,13,14,20]. After the warm-up, 5 min of rest was used
for the WIMUs’ attachment, which were well-fixed with elastic bands to the body sites.
Then, fifteen experimental bouts were recorded and counterbalanced, which were organised
in three sets of five bouts. Each bout of WBV exposure lasted 30 s (s) followed by 30 s of
rest between bouts, and 3 min of rest between sets to avoid fatigue in the participants. To
determine LVP feasibility, both its performance and its transmission were explored through
assessed vibrations applied by the platform across three frequencies (20, 25, and 30 Hz) and
five postures (TS, ER, HS, DS, and LU). On the one side, the performance of the LVP was
characterised through its inputs of fin, Pin, Din, and aiy; on the other side, the transmissions
to the human body were characterised through the outputs of T, Poyt, and aout at AN, KN,
HI, L3, and HE.

2.5. Data Processing

Raw accelerometery data with removed gravitational forces were acquired from
each WIMU and downloaded via SPRO software (Realtrack Systems, Almeria, Spain,
https:/ /www.hudl.com/en_gb/products/wimu). The high-frequency noise of the signals
was removed using a 2nd-order low-pass Butterworth filter with a cut-off frequency of
120 Hz. Data from the first 10 s were dismissed for each 30 s trial to ensure a stationary
vibration signal. A 5 s window of the signal from the 10 s mark was selected and processed
to obtain the analysed parameters [16].
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2.5.1. Frequency

Measurement of the f associated with the vibration induced by the platforms is im-
portant for ensuring the feasibility of the vibration stimulus. As some effects are frequency-
dependent [17,20,33], it is crucial to know at which frequency the participants were exposed.
Otherwise, we cannot attribute a certain effect to a given frequency. Furthermore, as fi, can
be different to the associated fset [18,31], closed data between both are needed to ensure
its feasibility. The frequency where the largest peak of the power spectral density (PSD)
of the three components of a;, occurs is assumed to be fi, [37]. For the purpose of this
investigation, an estimate of the PSD was obtained using Welch’s method implemented
in MATLAB R2019a by the function pwelch [37]. A block size of 2000 samples with a 50%
overlap and a Hamming window was considered.

2.5.2. Signal Purity

The signal purity (P) assesses how much power of the spectral density of the measured
signals is concentrated close to the fi,. This is important to ensure that T calculations are
feasible. In particular, it is considered that the P is the signal proportion of the PSD located
between +1 Hz of the excitation frequency fi, [22]. Thus, P (1) can be computed as follows:
Zzt [Sxi + Syi + Szi}

P:
YN [Sxi 4+ Syi + Sai]

1)

where S, Sy, and S, are the power spectral densities of the three components of vibration
of a triaxial accelerometer; i is the index that moves along the frequency sampling; N is
the block size of 2000; and i and i are defined as f; ~ fi, —1and f;, = fi, +1. Low
P values indicate large distortion due to non-linear effects, indicating an exposure at the
output position mainly governed by an excitation frequency multiple of fj, instead of itself
fin. In this work, it is considered that P values below 80% imply that the result at that
accelerometer is discarded; satisfactory values were considered above 80% [22,24,25].

2.5.3. Displacement

The displacement (2) has been found to be an inconsistent parameter across settings
[16,27,28,31] and it is the maximal distance from the lowest to highest point of the total
vibration excursion [13]. It can be computed as outlined below:

peak
a:
= @
2
21 in
where aﬁfak is the peak value of the a;, and is accurately defined in the following section.

2.5.4. Acceleration
To quantify the acceleration input (a,,) on the LVP, two indicators are used as follows:

peak value (apeak) and root mean square (RMS) value ( RMS) [13,15]. The aﬁfak was used

. a.
m m
for the statistical analysis of the LVP performance, whereas the a5 was used for T calcu-

in
lation. However, for the vibration acceleration outputs, (a,,), only the RMS value (a EXS)
was used because the signals at body sites were not purely sinusoidal and the peak value
of these waveforms could lead to inaccurate results (as shown, for example, in Figure 3).

On the one hand, the peak value is calculated as the mean of the peak accelerations from
the triaxial acceleration signal (af‘n + aiyn +aZ )/3. On the other hand, the RMS value (3) is
calculated using the three components of the acceleration as follows [16,22,24,25]:

M

A= | Y (a4 a4 ad) 3)
j=1
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where j is the index that moves along the sampling in time; and M is the total amount of
sampling values in the analysed signal. Both peak and RMS values are expressed in g, and
they have been calculated using the WIMU raw data in the time domain.

Ankle acceleration signal at 25 Hz

Acceleration (g)

25

05 1 15 2 25 3 35 4 45 5
Time (s)

Figure 3. Example of vibration signal at the ankle (blue line) and its corresponding RMS value
(orange line).

2.5.5. Transmissibility

The T (4) is a ratio between the input and output vibration signals and is used to
investigate the vibration amplification (T > 1) or attenuation (T < 1) as the signals are
transmitted through the human body [16,22,24,25].

RMS
— aout (4)
- a.RMS

in

T values indicate the amplification or attenuation of the vibration stimulus at certain
body sites with respect to the platform input. Amplification indicates the proximity of a
resonance to the body structure. Conversely, attenuations imply that the body structure is
absorbing the vibration energy induced by the platform.

2.6. Statistical Analyses

Statistical analyses were conducted using PASW Statistics 19 (SPSS, Inc., Chicago, IL,
USA). Data are presented as means and standard deviations, and the significance level was
set at p < 0.05. Shapiro-Wilk tests were used to assess the normality of the data. In order to
investigate the effect of fs.t and postures on LVP performance and its transmission through
the human body, four separate two-way (within-subjects factors: three frequencies and
five postures) repeated-measures ANOVAs were performed to evaluate LVP performance

(fin, Pin, Din, af:fak). Likewise, three separate three-way (within-subject factors: five body
sites, three frequencies, and five postures) repeated-measures ANOVAs were performed to
evaluate LVP transmission (aggfs, T, and Pyy¢). The Greenhouse-Geisser epsilon adjustment
was used when the assumption of sphericity was violated. Post hoc analysis using the
Bonferroni paired t-test was performed for any overall significant results. Effect sizes are

expressed as partial eta squared (%,) for the ANOVA analysis.

3. Results

The LVP performance through fi,, P, Dy, afjak, and aﬁlMS are reported (Table 1).

Regarding the LVP transmission, data are provided through a®MS and T (Figure 4), and
Pyut (Table 2).
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Table 1. LVP performance metrics across different frequency settings and body positions. Data are
presented as mean (SD).

Frequency

Setting (Hz) LVP Inputs Mean TS ER HS DS LU
fin (Hz) 20.5 20.5 (0.0) 20.5 (0.0) 20.5 (0.0) 20.5 (0.0) 20.5 (0.0)
Pin (%) 99.6 99.5(0.2) 99.3 (0.3) 99.7 (0.2) 99.8 (0.1) 99.7 (0.2)
20 Dj,, (mm) 1 1.0 (0.0) 0.8 (0.1) 1.0(0.1) 1.1(0.1) 1.1(0.1)
Apeak (8) 0.8 0.9 (0.0) 0.7 (0.1) 0.9 (0.1) 0.9 (0.1) 0.9 (0.1)
arwms (8) 0.5 0.5(0.0) 0.4 (0.0) 0.5(0.0) 0.5 (0.0) 0.5(0.0)
fin (Hz) 25.4 25.4(0.2) 25.4(0.2) 25.5 (0.0) 25.5 (0.0) 25.4(0.2)
Pin (%) 99.4 99.1(0.4) 99.5(0.3) 99.6 (0.2) 99.6 (0.2) 99.3 (0.5)
25 Dj,, (mm) 1 1.0(0.1) 1.0 (0.1) 0.9 (0.0) 0.9 (0.0) 1.0(0.1)
Apeak (8) 12 1.4 (0.1) 1.3(0.1) 1.2 (0.1) 1.2(0.1) 1.3(0.1)
arwms (8) 0.8 0.9 (0.0) 0.8 (0.0) 0.8 (0.0) 0.7 (0.0) 0.8 (0.0)
fin (Hz) 30.5 30.5 (0.0) 30.5 (0.0) 30.5 (0.0) 30.5 (0.0) 30.5 (0.0)
Pin (%) 99.7 99.5(0.1) 99.7 (0.1) 99.7 (0.1) 99.7 (0.1) 99.7 (0.1)
30 Djn (mm) 0.6 0.7 (0.0) 0.6 (0.0) 0.6 (0.0) 0.6 (0.0) 0.6 (0.1)
Apeak (8) 1.1 1.2 (0.0) 1.1(0.1) 1.1 (0.0) 1.0 (0.0) 1.1(0.1)
arms (8) 0.6 0.7 (0.0) 0.6 (0.0) 0.6 (0.0) 0.6 (0.0) 0.6 (0.0)
Table 2. Signal purity outputs at different body sites, frequencies, and across body positions. Data
are provided in percentage (%) as mean (SD).
. Frequency . .
Body Site Setting (Hz) Toe-Standing Erect High Squat Deep Squat Lunge
20 98.0 (1.7) 98.5(0.8) 98.1(1.5) 98.2 (1.1) 96.0 (1.6)
Ankle 25 99.1(0.7) 98.9 (0.8) 99.0 (0.8) 99.0 (1.0) 96.5 (2.7)
30 98.8 (1.1) 99.5 (0.3) 99.3 (0.4) 99.3 (0.6) 98.3 (1.4)
20 96.3 (3.4) 99.1 (0.5) 98.6 (1.5) 97.8 (2.9) 97.4 (2.0)
Knee 25 98.2 (1.8) 98.6 (0.9) 98.0 (1.7) 97.5 (2.6) 97.0 (2.1)
30 97.4 (2.6) 99.3 (0.3) 98.7 (0.7) 98.4 (1.3) 97.3(1.9)
20 745 (18.7) 97.9 (1.7) 94.8 (3.5) 93.7 (3.6) 77.2 (18.0)
Hip 25 83.1(9.0) 96.0 (7.2) 93.2 (4.0) 95.6 (3.1) 85.8 (9.1)
30 64.6 (16.0) 96.5 (2.3) 88.5(9.9) 91.6 (7.1) 70.8 (16.8)
20 67.2 (22.1) 98.5 (0.8) 96.8 (2.3) 89.2 (12.3) 88.6 (14.4)
L3 25 71.6 (17.7) 97.8 (1.7) 96.8 (2.0) 92.0(7.7) 92.0(7.1)
30 48.7 (16.8) 97.3 (1.6) 94.6 (6.3) 78.4 (19.6) 80.6 (10.5)
20 87.3(9.8) 99.0 (0.8) 77.1 (20.3) 90.3 (5.7) 36.7 (21.4)
Head 25 94.0 (4.0) 99.1 (0.7) 88.8 (9.3) 84.7 (15.9) 45.5 (26.6)
30 78.5 (16.5) 98.6 (1.6) 79.5 (14.3) 82.0 (21.0) 31.3(22.7)
TOE STANDING TOE STANDING
25— 49
- 20Hz = 20 Hz
? 2.0 == 25Hz =2 25Hc
5 P
2 &= 30 H £ == 30H7
o 15+ b
§ 1.0 é “
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L] I Sk =Y R e
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Figure 4. Cont.
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Figure 4. Root mean squared (RMS) acceleration outputs and their transmissibility at different
frequencies and across different body positions. Data are presented as mean (SD).

3.1. LVP Performance
3.1.1. Frequency and Signal Purity Inputs
The LVP showed a f;,, of +0.5 Hz from its f., except in some trials at 25 Hz where

it was +0.4 Hz (Table 1). Furthermore, P;, were always over 99% across fs.+ and postures
(Table 2).

3.1.2. Displacement Inputs
The D;, showed differences between f,; (F = 713.88, p < 0.001, ]2, = 0.974), pos-
tures (F=113.27, p < 0.001, %, = 0.856), and its interactions fs+ x postures (F = 69.53,

p <0.001, %, = 0.785). The main effect was a significant reduction in D;, (p < 0.001) at
30 Hz (0.59 + 0.00, 95% CI: 0.583-0.601) versus 20 Hz (1.00 + 0.01, 95% CI: 0.978-1.013)
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and 25 Hz (0.96 = 0.01, 95% CI: 0.941-0.978). Overall, significant differences were found
among postures (p < 0.006), except between TS-LU (p = 1). The LVP showed higher D;, in
TS (0.90 +£ 0.00, 95% CI: 0.891-0.908) and LU (0.89 + 0.01 95% CI: 0.880-0.908), followed
by DS (0.84 £ 0.00, 95% CI: 0.833-0.849), HS (0.82 + 0.00, 95% CI: 0.813-0.829), and ER
(0.78 + 0.01, 95% CI: 0.777-0.802).

3.1.3. Acceleration Inputs

The a!¢™ (Table 1), showed differences between fet (F = 558.40, p < 0.001, 2 = 0.967),
postures (F = 115.40, p < 0.001, % = 0.859), and its interactions fs,; x postures (F = 50.09,

p<0.001, 2 = 0.725). The higher a/™ were detected at 25 Hz (124 % 0.01, 95% CL:
1.219-1.259), followed by 30 Hz (1.11 = 0.01, 95% CI: 1.094-1.127), and 20 Hz (0.85 = 0.01,
95% CI: 0.831-0.859). Although the posture comparisons showed significant effects, no
effect was found among TS-LU (p = 0.121), ER-HS (p = 0.271), and HS-DS (p = 0.089). The

highest afj"" was detected at TS (1.14 + 0.01, 95% CI: 1.131-1.152) and LU (1.11 + 0.01, 95%
CI: 1.092-1.131), followed by DS (1.04 4 0.00, 95% CI: 1.027-1.045), HS (1.02 + 0.01, 95% CI:
1.012-1.034), and ER (1.01 =+ 0.01, 95% CI: 0.996-1.026).

3.2. LVP Transmission
Acceleration Outputs

The aR®MS showed differences between body sites (F = 297.56, p < 0.001, % = 0.940),

out
fset (F =110.25, p < 0.001, % = 0.853), postures (F = 218.79, p < 0.001, %, = 0.920), and
its interactions body sites x fs (F = 82.11, p < 0.001, ;2, = 0.812), body sites x postures
(F=109.18,p < 0.001,% =0.852), fset X postures (F=29.75,p < 0.001,%, = 0.610), and body
sites x fser X postures (F =21.16, p < 0.001, f, = 0.527). A decreased akMS was identified

out
as the forces were transmitted from the AN upward (Figure 4), especially from the HI to
the HE (HI-L3, p = 0.014; HI-HE, p = 1; L3-HE, p = 0.120). It should be noted a strong
decrease between KN and HI (AN, 1.26 £ 0.07, 95% CI: 1.12-1.40; KN, 0.94 + 0.04, 95%
CI: 0.85-1.03; HI, 0.10 £ 0.01, 95% CI: 0.09-0.11; L3, 0.09 £ 0.01, 95% CI: 0.08-0.09; HE,
0.10 + 0.01, 95% CI: 0.09-0.11). Between fsr, the highest aj,/® were detected at 25 Hz
(0.64 £ 0.03, 95% CI: 0.583-0.690) followed by 30 Hz (0.49 £ 0.03, 95% CI: 0.427-0.544)
and 20 Hz (0.37 4 0.01, 95% CI: 0.346-0.384). Among postures, higher a*M5 were found
the more crouched the posture was, especially when comparing TS versus ER, HS, DS,
and LU (TS, 0.25 £ 0.01, 95% CI: 0.219-0.273; ER, 0.50 £ 0.02, 95% CI: 0.458-0.550; HS,
0.55 % 0.02, 95% CI: 0.503-0.595; DS, 0.57 & 0.02, 95% CI: 0.522-0.622; LU, 0.61 +£ 0.03, 95%

CI: 0.555-0.661).

3.3. Transmissibility

Differences between body sites (F =311.13, p < 0.001, % =0.942) and postures (F = 205.20,
p <0.001, 3 = 0.915) but not between fst (F = 1.55, p = 0.23, 5 = 0.075) were identified. When
it comes to interactions, differences in body sites x fs; (F = 39.65, p < 0.001, % =0.676),
body sites x postures (F = 115.60, p < 0.001, %, =0.859), fset x postures (F=9.33, p <0.001,
% =0.329), and body sites x fs.¢ x postures (F =16.12, p < 0.001, % = 0.459) were identified.
Overall, the T detected amplifications at AN and KN and attenuations from the HI to HE,
although from the AN upward shows a decrement (Figure 4). In addition, it should be
noted that a strong decrease occurred at HI (AN, 1.97 £ 0.10, 95% CI: 1.762-2.180; KN,
1.37 £ 0.07, 95% CI: 1.365-1.653; HI, 0.16 & 0.01, 95% CI: 0.149-0.174; 1.3, 0.142 £ 0.01, 95%
CI: 0.130-0.153; HE, 0.17 4 0.01, 95% CI: 0.151-0.188) and a minor effect of T occurred
as it moved up from the HI to the HE (HI-L3, p = 0.017; L3-HE, p = 0.109; HI-HE, p = 1).
Posture comparisons showed an increase in T at ER, HS, DS, and LU (TS, 0.36 &£ 0.02, 95%
CI: 0.320-0.397; ER, 0.83 + 0.04, 95% CI: 0.753-0.909; HS, 0.90 + 0.04, 95% CI: 0.822-0.971;
DS, 0.93 £ 0.04, 95% CI: 0.851-1.012; LU, 0.94 £ 0.04, 95% CI: 0.853-1.016). Conversely,
non-significant effects were found between ER-HS (p = 0.098) and DS-LU (p = 1).
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Signal Purity Outputs

Data revealed statistically significant effects between body sites (F = 73.71, p < 0.001,
5 =0.795), feet (F = 46.42, p < 0.001, 3 = 0.710), postures (F = 89.15, p < 0.001, ; = 0.824),
and its interactions body sites x fi.; (F =15.54, p < 0.001, % = 0.450), body sites x postures
(F=7541,p< 0.001,%, =0.799), fset X postures (F=7.00, p <0.001, %7 =0.269), and body sites
X fset X postures (F =3.40, p = 0.002, 3 = 0.151).

Overall, Py, was well-retained (Table 2), especially AN and KN that were over 96%.
Although the P,,; displayed a worse retention from the HI to the HE, this was over 80%,
despite a few exceptions in TS and LU (AN, 98.4 £ 0.14, 95% CI: 98.13-98.72; KN, 98.0
+ 0.21, 95% CI: 97.52-98.41; HI, 86.9 £ 1.09, 95% CI: 84.64-89.19; L3, 86.0 &= 1.51, 95% CI:
82.83-89.6; HE, 78.17 £ 1.80, 95% CI: 74.39-81.92). Between fs, the Py, at 25 Hz (91.9
=+ 0.54, 95% CI: 90.77-93.03) was better retained, followed by 20 Hz (89.9 £ 0.83, 95% CI:
88.15-91.60) and 30 Hz (86.7 £ 0.98, 95% CI: 84.66-88.75). In posture comparisons, better
Pyt retention is observed at ER (98.3 £ 0.12, 95% CI: 98.04-98.54), HS (93.5 4+ 0.72, 95% CI:
91.94-94.95), and DS (92.5 + 0.92, 95% CI: 90.60-94.43), and slightly less P, retention at TS
(83.8 + 1.44, 95% CI: 80.81-86.83) and LU (79.4 4+ 1.34, 95% CI: 76.48-82.30).

4. Discussion

The aim of this study was to explore vibration transmission through the human body
in different postures on an LVP to determine its feasibility. The main difference in the LVP
compared with other commercial platforms is its larger dimensions, which can potentially
influence the platform’s performance [12,14]. From the best knowledge of the authors,
this is the first study to investigate a comprehensive and consistent set of inputs (fin, Pin,

Dy, af;eak, and afM5) delivered by an LVP and its corresponding outputs in the human
body (1153’35, T, and Pyy¢). Furthermore, this was assessed in different static postures, which

allowed for rigorous characterisation of the feasibility of the vibration device.

4.1. Frequency and Signal Purity Inputs

Similar to some of the findings of this study (Table 1), several studies have re-
ported well-retained fi, [12,27] and Py, [25]. When comparing fi, with feet, Pel et al.
(2009) [26] found slight differences between 0 and +1 Hz. Similarly, Alizadeh-Meghrazi
et al. (2014) [27] analysed several commercial platforms and showed very good agreement
between fi, and its corresponding fser. In line with those studies, the LVP f;, has been
found to be slightly higher than fset (+0.5 Hz) and consistent across postures (Table 1).
Controversially, two studies describe differences between +3 Hz [31] and up to —13 Hz [18].
However, the fi, has been shown as a stable parameter from its fse [12,14]. Regarding Pi,,
(Table 2), which is considered satisfactory above 80% [22,24,25], the results for the LVP
on this investigation showed purity values consistently over 99%. Similarly, Lam et al.
(2018) [25] reported Pi, over 93% across fset and postures. Thus, the LVP fi, and Pj, were
well-maintained from its fset among trials and does not seem to be affected by the large
dimensions of the LVP.

4.2. Displacement Inputs

In line with previous investigations [16,19,28,31], LVP Dy, can vary between fset
and postures up to 0.4 mm and 0.3 mm, respectively (Table 1). Despite the relevance
this may have because Dj, affect directly the resultant acceleration (i, = fin x D;;,) [13],
studies usually reported averaged data [21,23,25,26,29,32]. For this reason, it has not
been possible to compare Dj, obtained in different postures in this investigation with
previous studies. However, when the values of a;, are provided for each fst and posture,
the approximate value of Dj, can be calculated. As the fst increase from 20 Hz, the
LVP showed well-maintained Dj, at 25 Hz (—0.05 mm) and reductions up to 0.4 mm at
30 Hz (Table 1). Overall, the studies measured similar behaviour showing progressive
and sometimes non-proportional reductions as the fset increase [16,27,28]—in which it is



Appl. Sci. 2024, 14, 9516

11 of 15

possible to determine the corresponding Dy, [18,20,21,25,26]. Distinctively, in two studies,
the trend was reversed [29,31]. In the literature, as the fs increases, there are large
reductions up to 0.9 mm [20,27] and 0.5 mm [21,29], analysing gaps of 10 Hz and 5 Hz
of fset, respectively. However, these non-proportional behaviours appear at different
settings, and are more likely to appear at high feet and Dt [21,27,29]. Regarding postures,
the LVP Dy, showed differences up to +0.3 mm adopting TS and LU compared with ER
(Table 1), as was advised previously [14]. However, only one study provided the data
across different postures, which reported similar differences (0.4 mm) [19]. Otherwise, in
this study, the opposite behaviour from standing (ER) to crouched postures was reported
(1.5mm, 1.2 mm, 1.2 mm, and 1.1 mm at 180°, 165°, 150° and 135° of knee flexion) differing
from the LVP (Table 1). The LVP D;, was shown as a variable and specific parameter
among fset X postures. These specific responses can be due to the specific characteristics
of the LVP (i.e., materials, dimensions, and motors) in conjunction with body-weight
distribution [12,14]. These different reactions between trials suggest that the vibrating
device and the human body work together. Therefore, the present results support the
claims of these authors, who call for an analysis of the transmission of each of the vibration
devices [12-15].

4.3. Acceleration Inputs

Overall, the resultant agfak measured on the LVP (0.8-1.2 g) are lower than previous

research (~1.1-5.5 g) [16,20-23,25,26,29]. Previous studies have shown that 30 Hz and

low affak (~=0.2-0.3) are enough to significantly increase bone mass density in long ex-

posures [1,3,4] (long exposures: 8 months and 1 year). However, no significant effects
were found in a short period of time (8 weeks) when applying intensities around 1-1.5 g

of aﬁfak [28]. Regarding muscle activity, the resulting afneak of between ~0.5 and 1 g re-
ported positive effects [5,6,20,21,38]. However, whereas differences were found when the

vibration stimulus were applied [5,6,38], the increase in the a];eak did not result in a clear

increase in muscle activation [5,6,20,21,38]. In terms of safety, an exposure below 1 g aﬁleak

has been suggested by various investigations [11,22,30,39]. Considering application and

safety studies, platform inputs between 0.5 and ~1 g of a&eak can be considered to have a
good dose-response effectiveness whilst ensuring safety aspects in exercise protocols. As
usual [16,20,21,28], the LVP increase in fset from 20 Hz to 25 Hz have shown a large increase

(+30%) in the a?neak, otherwise, similar outcomes were found at 30 Hz (Table 1). Conversely,

previously investigated platforms can induce higher aﬁleak as the fset increase [16,20,21,28].
Between postures, the findings of this study showed differences on the LVP a?ne ak up to

0.2 g, whereas a previous study reported changes up to 0.4 g [19]. Overall, postures aﬁleak

differences on LVP seems not to be a remarkable effect, taking in account the previous data
reported by Pang et al. (2013) [28] and Liao et al. (2016) [5] who did not reported additional

effects on bone turnover and muscle activity when applying +0.5 g of a];eak. Given the fi,

stability among fset, as can be expected, between the fst and postures, the agleak follows

the Dj, dynamics as explained above. These data support the feasibility of the vibration
stimulus of the LVP in terms of afneak.

4.4. Acceleration Outputs

Across body sites, aoyt can change by far from the initial a;, [21,22,24,25,30]. Thus,

measuring aRMS of the human body has been suggested as a more accurate procedure that

leads to a better understanding of the vibration effects on the human body [17] and avoids
inconsistencies [12,13,15]. At the AN, a®™S was up to 1.9 g on the LVP, which is lower

out

than what other studies have reported ~4 g [17,21,25]. However, at KN, the a’MS yyag

out

similar between the LVP and these studies (~1.5 g), or even lower (=1 g) [26]. Increased

muscle activation was seen under leg exposure at these intensities (1-2 g of aX¥%) [17,21].

In addition, at HI and L3, the LVP aRMS ranged between ~0.1 and 0.3 g versus ~0.1 and

out
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0.9 g as seen in previous studies [16,21,23,25,26]. Regarding bone turnover at these body

sites, studies showed ~80% [30] of ~0.2-0.3 g agleak reached the HI and L3, showing a
good dose-response [1,3]. These intensities correspond to ~0.14-0.21 g of aXMS, similar to

the LVP (Table 2). The HE aRMS on the LVP can reached 0.3 g, whereas in other studies,
this was between 0.6 and >1 g [16,21,23,25]. However, by adopting HS, DS, or LU, the HE
agll}fs can be reduced <0.1 g on the LVP, whereas in other studies, this was <0.5 g [16,21,23].
Regarding safety aspects, there are no detailed guidelines for HE accelerations in WBVE.
Notwithstanding, by adopting a posture, users can benefit from the potential safe use of
vibration [34]. Between fiet and postures, changes in aXMS were reduced as the vibrations
were transmitted upward (Table 2). Overall, large changes in af\° were found at AN
and KN (>1 g), whereas at HI, L3 and HE were reduced (<0.1 g), although in the HE
adopting ER can be reduced nearly 50% (0.14 g) at 30 Hz and up to 0.05 g adopting LU.
Similar outputs were reported previously between fset [17,21,25,26] and postures [24,25].
In addition, although changes were usually higher than the LVDP, studies reported lower
KN aRMS (0.1-0.5 g) than the LVP between the feet. Overall, the highest LVP a®MS occurred

at 25 Hz adopting LU and the lowest at TS at 30 Hz (Table 2). Otherwise, previous studies

found the highest aRMS as the fiet increases [17,21]. Although the LVP aﬁfak was lower than
other platforms, present results suggest that the LVP aRMS is enough to induce changes
in the body structures. Furthermore, from a aXM° point of view, practitioners should pay
more attention to leg acceleration when they prepare the exercises for each training session

because the changes between trials (frequencies x postures) displayed higher outcomes.

4.5. Transmissibility

Overall, the findings of this study suggest that T decreases as the vibration stimulus
is transmitted from AN to HE; however, T showed amplification values (>2) at AN and
KN in most of the frequencies and postures. The main effect on LVP was a strong decrease
in the T at HI (<0.5) that was maintained to the HE. However, previous studies showed
amplifications at AN and the attenuation turning point at KN [21,22,24,25,31]. In line
with previous investigations [17,20,21], T on the LVP increased clearly at AN along with
increases in the fset, however, this effect was reversed at KN, especially at HS, DS, and
LU, where T decreased as the fst increased. This behaviour could be attributed to an
increased muscle activation as the lower-leg muscles above the AN react to the vibration
stimulus [17,20,21,33]. Regarding posture comparisons, by adopting TS the T drops on the
LVP across the human body, as previous studies have shown [24,25]. This effect might be
relate to the dampening capability of the foot arch [40]. Other postures showed higher T
values, especially at AN and KN when HS, DS, and LU were adopted. However, these
postures showed a large T attenuation from HI to HE. In the HE, the ER showed the highest
T (0.6) versus other postures (<0.2). Thus, although the vibration is largely attenuated from
AN to HE, it is recommended to avoid the ER posture because the trunk and head are less
tolerant to the vibration stimulus than the legs [7]. All these T values support the feasibility
of the LVP transmission to the human body.

4.6. Signal Purity Outputs

Overall, Py, on the LVP (Table 2) was satisfactory (>80%), especially at 25 Hz. At
AN and KN, almost perfect sinusoidal waveforms were maintained (>96%), as reported
previously [24,25]. Similar outcomes have been reported that showed few minimum
violations below 80% at HI, L3, and HE, especially when TS and DS postures are adopted.
In the present study, P,,+ was also satisfactory at HI and L3 with few minimum violations
at TS, DS, and LU. Thus, at the HI, the LVP showed less Py (<80%) when adopting TS
and LU at 20 and 30 Hz, whereas ER, HS, and DS were satisfactory for all the fget. Overall,
at L3, the Py, was satisfactory at ER, HS, DS, and LU for all the fst, whereas it was not
satisfactory at TS. Overall, these results showed a good feasibility of the vibration stimulus;
however, practitioners should take into account the specific values in order to obtain the
desired changes in the body structures.
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5. Conclusions

The performance of the localised vibration platform (LVP) and its transmission demon-
strated good feasibility. However, the specific behaviour of the LVP across different fre-
quencies fget and postures suggests that the vibration platform and the human body work
as a coupled system, emphasizing the importance of properly characterising each vibra-
tion platform in whole-body vibration exposure studies. In this context, the current data
provide a significant contribution to the field as they offer a more detailed approach to
how vibration is transmitted through the body under various conditions. Moreover, the
addition of the aRMS measure to the transmission reports serves as an additional tool to
quantify the magnitude of exposure in the human body, which facilitates understanding
the dose-response relationship in whole-body vibration exposure (WBVE) studies. This
improved accuracy in characterising vibration transmission not only enhances the safety
and applicability of vibration platforms but also increases the replicability of studies, of-
fering a more consistent and reliable framework for future research. Therefore, this study
contributes to the field by providing more comprehensive and reliable methodologies to
evaluate and apply vibrations in health and performance contexts.
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