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Abstract 

Different devices for mechano-acoustic muscle vibration became available on the market in the last ten years. Although the use of these vibrators is increasing in research and clinical settings, the features of their stimulation output were never described in literature. In this study we aimed to quantify and compare the stimulation output of the four most widespread pneumatic devices for focal muscle vibration available on the market.

A piezoelectric pressure sensor was used to measure the pressure profile generated by the four selected devices in the following experimental conditions: i) measurement of the output changes associated with variations of the stimulation amplitude for three stimulation frequencies (100 Hz, 200 Hz, and 300 Hz), ii) measurement of the output changes during a 20-min long stimulation at constant frequency (300 Hz) and amplitude, iii) measurement of the output changes associated with the progressive activation of all stimulation channels at constant frequency (200 Hz) for different amplitudes.

The maximum peak-to-peak amplitudes of the pressure waves were in the range 102 mbar - 369 mbar (below the maximum values declared by the different manufacturers). The shape of the pressure waves generated by the four devices was quasi-sinusoidal and asymmetric with respect to the atmospheric pressure. All output features had a remarkable intra- and inter-device variability. 

Further studies are required to support the technological improvement of the currently available devices and to focus the issues of vibration effectiveness, limitations, proper protocols, modalities of its application and assessment in neuromuscular training and rehabilitation.
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Introduction
An increasing number of devices for the induction of muscle mechano-acoustic vibration became available on the market in the last ten years. Muscle mechano-acoustic vibration is a physical therapy consisting in the application of pneumatic stimuli to the skin above the muscle(s) of interest, with the main objective to stimulate cutaneous and subcutaneous (i.e., Meissner, Merkel Ruffini, and Pacini) receptors without triggering visible muscle contractions [1,2]. Pneumatic stimuli are generally delivered using one or more dome-shaped cup transducers or oblong-shaped transducers positioned over the muscle belly. Stimulation can be delivered either in resting conditions or during voluntary (isometric or dynamic) muscle contractions. Several studies performed in healthy subjects [3-6] and in different patient populations (frail patients, neurological patients, orthopaedic patients) [7-14] showed clinical improvements following repeated sessions of focal mechano-acoustic vibration. It has been suggested that the physiological mechanisms underlying these improvements have a neural origin and that the vibration-induced activation of cutaneous and subcutaneous receptors could elicit supraspinal adaptations [1-3, 5, 6, 14]. Similarly to the neural adaptations induced by other physical therapy modalities such as neuromuscular electrical stimulation [15, 16], whole body vibration [17, 18], and focal vibration obtained by applying electromechanical transducers [19, 20], it may be hypothesized that also the neural adaptations elicited by muscle mechano-acoustic vibration are dependent on the features of the input to the physiological system, i.e. the output of the stimulator. Although the stimulation features are likely the main determinants of the physiological responses, the characteristics of the stimuli are often not detailed by the manufacturers.  Moreover, no previous study investigated the features of stimulation parameters such as pulse amplitude, shape and duration and their effect on the vibration-elicited neural adaptations or attempted to optimize the stimulation paradigm through manipulation of the stimulation parameters (e.g., stimulation frequency or duration). This lack of information potentially limits the capability to interpret the rehabilitation outcomes and to compare the results obtained using different devices. Therefore, the aim of this study was to characterize and compare the pressure profiles of the four most widespread pneumatic devices for focal muscle vibration available on the market.

Methods
Devices
We quantified and compared the stimulation output of four commercially available devices for muscle mechano-acoustic vibration:  Vibra 3.0 (AD Swiss MedTech, Switzerland), Synergy VISS (Vissman s.r.l., Italy), EVM (J&S s.r.l., Italy), Vibra Plus (Eurtronik Studioerre s.r.l., Italy). The overall features of the selected vibrators are similar: all devices induce muscle vibration through a time-varying air pressure generated by an air compressor and conveyed to the muscle(s) of interest through one or more polyurethane tubes. For each tube, the transmission of the vibration to the body is obtained through dome-shaped cup transducers or oblong-shaped transducers secured to the skin through elastic bands. It is important to note that the specific shape, size and material of these interfaces depend on the device as well as on the body region to treat: each manufacturer provides a set of different interfaces. The pressure wave can be transmitted to the body through one or more outputs (tubes). The number of outputs that can be activated simultaneously is 14 for all the devices, thus allowing to stimulate different body regionsat the same time. The output can be activated through the opening of valves in the back panel of each device. 

For all devices the time profile of the compressed air inducing the muscle vibration is a periodic signal whose features (duration, frequency, and amplitude) can be set by the operator through an interface on the front panel of the device. The amplitude of the stimulation pulse is not defined as absolute pressure values (mbar), but in terms of “levels” (from 1 to N, see Table 1 for details) and the correspondence between the level/level increase and the absolute pressure/pressure increase is not detailed by any manufacturer. Only one device (Vibra Plus) allows to set an additional parameter of the stimulation pulse: the offset with respect to the atmospheric pressure (this parameter referred to as “sensitivity” by the manufacturer). In order to ensure a like-with-like comparison between all the devices, we decided to set the “sensitivity” of Vibra Plus to 0 (no offset) for all the tests.

The features of the stimulation output in terms of shape of the stimulation pulse, amplitude range, number of stimulation levels, and stimulation frequencies are reported, together with the hardware features of each device, in Table 1. 

Measurement setup
The pressure profile generated by each device was measured with a piezoelectric pressure sensor (Kistler 4264A differential transducer, pressure range: ±1bar, frequency range: 0 – 2 kHz; Kistler Group, Winterthur, Switzerland). The analog output of the sensor was amplified (G=102 V/V), low-pass filtered (ft= 1 kHz, 2th order Butterworth filter), sampled at 2048 Hz, digitalized through a 16 bits analog-to-digital converter (DUE Bio amplifier - OT Bioelettronica, Torino, Italy). The conditioned signal was then displayed and stored on a personal computer through a custom-made software (BluePlot, LISiN, Politecnico di Torino, Torino, Italy). All the devices considered in this study transmitted the air pressure to the area of interest through transducers that adhere to the skin of the subject. In this study the pressure sensor was connected directly to the tube end at the subject side without interposing the interface between the tube and the pressure measuring system. We adopted this experimental setup because we were interested in characterizing the pressure output generated by each device without the confounding factor of the interfacing system. Indeed, different devices have a set of interfaces with different shapes or materials. In addition, interfaces with different sizes and shapes can be selected within the same device. This large setup variability within and between devices would hinder a proper standardization of the experimental setup and therefore the interpretation of our experimental findings. Finally, it is worthy to note that the four stimulators were compared using the setup indicated by the manufacturer in terms of tube length and type. 
Experimental procedures
The selected devices were characterized in three experimental conditions (EC) aimed to: (i) measure the features of the pressure waves (EC1); (ii) assess the temporal stability of the stimulation output  (EC2); (iii) investigate the effect of the number of active outputs on the pressure wave of a single output (EC3). All the experiments were performed in the same day. In the following paragraphs the description of the experimental procedures for each condition is reported.

EC1. Measuring the features of the pressure waves

The pressure wave of the output #1 was measured for all the amplitude levels selectable in each device (staircase stimulation from the minimum to the maximum level). In this experimental condition, all other outputs (from #2 to #14 for all devices) were closed through the valves located in the back panel of all devices.  All measures started 5minutes after switching on the stimulators to allow a proper warm-up of the systems as indicated by some of the manufacturers. After starting the recording, the stimulation level was increased every 4 seconds starting from the minimum (level 1 for all the devices) up to the maximum level (level 4 for EVM, level 10 for VIBRA 3.0 and VIBRA PLUS, level 15 for VISS), resulting in 16-s long acquisitions for EVM (4 stimulation levels), 40-s long acquisitions for VIBRA 3.0 and VIBRA PLUS (10 stimulation levels), and 60-s long acquisitions for VISS (15 stimulation levels). A digital metronome was used to provide to the operator with the exact timing for the amplitude increase. This procedure was repeated in random order for three stimulation frequencies (100, 200, and 300 Hz). These three frequencies were specifically selected as they are the most commonly adopted for clinical applications.   
EC2. Assessing the temporal stability of the stimulation output
We characterized fluctuations and changes of the pressure waves during a 20-min long stimulation at 300 Hz and “medium” amplitude (level 5 for VIBRA 3.0 and VIBRA PLUS, level 7 for VISS and level 3 for EVM). As for the previous condition (EC1) we considered the output #1, while all other outputs (from #2 to #14 for all the devices) were closed.

EC3. Investigating the effect of the number of active outputs on the pressure wave
The aim of this experiment was to assess to what extent the pressure profile of one output was affected by the activation of other outputs. To this end, we set a constant stimulation amplitude and frequency and we measured the pressure of the output #1 while progressively opening (every 6 s) all the valves. Also in this case the timing was provided by a digital metronome. The stimulation frequency was set to 200 Hz and three stimulation levels were considered (low, medium and high), resulting in three 84-s long acquisitions for each device. The level “low” was 1 for all the devices, the level “medium” was 5 for VIBRA 3.0 and VIBRA PLUS, while it was 7 for VISS and 3 for EVM, and the level “high” was 10 for VIBRA 3.0 and VIBRA PLUS, 14 for VISS and 4 for EVM.
Data analysis
Experimental signals were analyzed with Matlab software (R2016b,  The MathWorks Inc., MA, USA). Before any analysis, the pressure signals were digitally low-pass filtered (1 kHz cutoff frequency, 4th order non-causal Butterworth filter) and converted to mbar. Since the pressure measures were differential and the atmospheric pressure was considered as reference value, in our data 0 mbar corresponds to the atmospheric pressure. 

The first step of the analysis was common for all the ECs and included the segmentation of the pressure signals into their constituent stimulation cycles. To this end, we computed the power spectral density of the pressure signal to identify the actual stimulation frequency and we generated a synthetic single cycle of sinusoid with a period equal to the inverse of the measured stimulation frequency. The onsets of peaks of the cross-correlation function between the original signal and the synthetic period of the sinusoid were used to identify all the cycles of the pressure signal.
Signals detected in EC1 were analyzed as follows. The first 2 seconds of each stimulation level were excluded from the analysis to avoid possible transient signal changes due to the time required by the stimulator to reach the selected stimulation level after an amplitude increase. The cycles of the last 2 seconds of each stimulation level were then averaged to obtain a set of N single-cycle pressure templates, with N equal to the number of stimulation levels. The peak-to-peak (Ppp) amplitude, the mean amplitude (Pmean) of each pressure template, and the amplitude change (ΔP) associated with each stimulation step were considered to describe the output signal of each stimulator for all the three frequencies selected. The Kruskal-Wallis ANOVA (followed by Dunn’s post-hoc test) was adopted to assess the differences among the three tested stimulation frequencies in the peak-to-peak pressure increases obtained by increasing the stimulation level.  

Signals detected in EC2 were analyzed as follows. We grouped and averaged the pressure cycles of the first 10 s of each minute of the 20-min long stimulation and we computed the cross-correlation at time lag zero between the initial pressure template (first 10 s) and each of the following 19 templates (one per minute). 

Signals detected in EC3 were analyzed as follows. We first identified the instants corresponding to the activation of each additional output. In this way, we segmented the pressure signal in 14 intervals (i.e., signal of output #1 with no additional active outputs for interval 1, with one additional active output for interval 2, with two additional active outputs for interval 3, and so forth). Afterwards, we averaged the cycles of the last three seconds of each interval to obtain a set of 14 pressure templates (i.e., one for each interval). Similarly to the analysis of EC1 signals, we did not considered the first three seconds of each interval to avoid possible transient abnormalities due to the change in the stimulator status (i.e., add of one active output). Variations in the pressure waves were quantified by computing the cross-correlation at zero lag between the template of the first interval (with no additional active outputs) and those of subsequent intervals (with increasing number of active outputs).  
Results 

EC1. Measuring the features of the pressure waves

Figure 1 reports the pressure profiles generated by the four devices during the staircase stimulation at three different stimulation frequencies. A qualitative analysis of the traces reported in Figure 1 shows that, for all the devices, the pressure profiles are not symmetric with respect to the atmospheric pressure, which in our study is 0 mbar (being the atmospheric pressure the reference value for our differential sensor). In this study, we used the average amplitude of each pressure template (Pmean) to characterize the pressure waveform. Pmean was always positive for VIBRA 3.0, VISS and VIBRA PLUS, always negative for EVM, and for all the devices its absolute value increased linearly with the increase of stimulation level. Specifically, the following ranges of Pmean were obtained: 40 ÷ 98 mbar for VIBRA 3.0; 5 ÷ 110 mbar for VISS; -3 ÷ -62 mbar for EVM; 11 ÷ 26 mbar for VIBRA PLUS. 
The peak-to-peak pressure (Ppp) increased linearly with the increase of the stimulation level for all devices and frequencies (Figure 2a). It is however worthy noting that the range of pressures was remarkably different for different devices: the Ppp associated with the minimum stimulation level was approximately 10 mbar for VISS at all stimulation frequencies, while it was 233 mbar for VIBRA 3.0 (at the stimulation frequency of 100 Hz).  Moreover, the comparison between different traces of individual panels in Figure 2a, shows that the stimulation frequency affected the stimulation output (Ppp) differently for different devices. This behaviour is also revealed by the data reported in Figure 2b, where the pressure change per stimulation step (ΔP) is shown for different frequencies. ΔP values were significantly different for different stimulation frequencies in VIBRA 3.0 (P<0.0001) and EVM (P=0.03), while no significant differences were observed for VISS (P=0.08) and VIBRA PLUS (P=0.44).
EC2. Assessing the temporal stability of the stimulation output

The temporal stability of the stimulation output was excellent for all the devices, as shown in Figure 3. Consistently, the cross-correlation values throughout the 20-min stimulation were always greater than 0.98 for all the four tested devices. The good temporal stability of the output was also confirmed by the low values of the percent amplitude reduction between the first and the last pressure templates (corresponding to the 1st and 20th minute of stimulation): 2.4% for VIBRA 3.0, 4.0% for VISS, 4.6% for EVM, 5.7% for VIBRA PLUS.
EC3. Investigating the effect of the number of active outputs on the pressure wave

The effect of the number of active outputs on the pressure profiles recorded from output #1 is shown in Figure 4. The presence of additional stimulation outputs affected, although to a different extent, the pressure profile of output #1 of the different devices. For all the stimulation levels, VIBRA 3.0 output maintained a similar shape of the pressure profile (leftmost panels in Figure 4), although the average pressure level decreased with the increase of the number of active outputs (e.g., Pmean was 86 mbar with 1 active output and decreased to 35 mbar with 10 active outputs for the “high” stimulation level at the frequency of 200 Hz – lower leftmost panel in Figure 4). The pressure profiles generated by VISS and EVM were highly affected by the concurrent activation of additional stimulation outputs for all the stimulation levels (central panels in Figure 4). The same behaviour was observed for the level “low” in VIBRA PLUS, which instead exhibited a rather stable output waveform in terms of both shape and average level (Pmean) for “medium” and “high” levels (rightmost panels in Figure 4). The cross-correlations between the pressure templates obtained with one active output and those with increasing number of active outputs confirmed the observations reported above. Indeed, as shown in Figure 5, three devices (VISS, EVM and VIBRA PLUS) exhibited a strong dependence of the pressure profiles on the number of active outputs (cross-correlation values below 0.9) at least for the “low” stimulation level.
Discussion
The characterization of the stimulation output generated by the four devices for focal muscle vibration showed the following main features: i) intra-device variability of the amplitude and shape of pressure waves for different stimulation levels, ii) inter-device variability of the amplitude and shape of pressure waves for different stimulation frequencies, iii) asymmetry of the pressure waves with respect to the atmospheric pressure, iv) dependence of the amplitude and shape of pressure waves on the stimulation frequency and the number of active outputs, v) high temporal stability of the pressure waves during the prolonged (20-min long) stimulation. 

The shape of the pressure waves generated by the four devices was quasi-sinusoidal and asymmetric with respect to the atmospheric pressure. This asymmetry implies that the amplitude and area of the positive phase of the pressure waves (i.e., the extent and duration of the compression generated by the vibration transmission through the interface) differ from the amplitude and area of the negative phase (i.e., the extent and duration of the suction generated by the vibration transmission).

These output features had a remarkable intra-device variability: for example, the VISS device showed for the stimulation frequency of 100 Hz a positive phase of the pressure wave followed by a negative phase that was almost absent for the stimulation frequency of 300 Hz. Similarly, the VIBRA 3.0 device showed for the stimulation frequency of 100 Hz a negative phase of the pressure wave that was absent for the other frequencies tested (200 Hz and 300 Hz). The pressure wave asymmetry showed also a remarkable inter-device variability: in fact, three devices had a positive phase of the wave greater than the negative one, while the EVM device showed the opposite. It is currently not defined, and should be investigated in future studies, whether the pressure wave asymmetry represents a relevant determinant of the vibration effectiveness and whether the positive pressure waves have a different vibration effectiveness with respect to the negative pressure waves. 
Another observation relative to the shape of the pressure waves was that this output feature changed with the number of the active outputs, especially for the “low” stimulation level of three devices.  This dependence of the pressure profile on the number of the active outputs seems a technological limitation related to the air compressor design of three of the four tested devices and could limit the effectiveness of the concurrent application of pneumatic stimuli to different regions of a muscle as well as to different muscles.
The maximum peak-to-peak amplitudes of the pressure waves were below the maximum values declared by the different manufacturers and a relevant intra-device variability was observed. In fact, the highest amplitude values were generated by the four devices for the lowest frequency tested (i.e., 100 Hz). On this basis, it could be suggested that this stimulation frequency should be adopted when the maximum stimulation amplitude of the pressure waves is required to optimize the vibration effectiveness. Consistently, the current literature suggests the use of frequencies equal or lower than 100 Hz to elicit muscle relaxation effects [2], while frequencies between 100 and 150 Hz are recommended to improve proprioception [11], and frequencies above 200 Hz are usually adopted for muscle strengthening [2, 4, 7].
The maximum amplitude of the pressure waves and the amplitude changes between stimulation steps also showed a remarkable inter-device variability. In fact, the “high” stimulation level at the frequency of 100 Hz produced peak-to-peak pressures of about 170 mbar for EVM and VIBRA PLUS,  260 mbar for VISS, and 370 mbar for VIBRA 3.0. The amplitude changes between stimulation steps were between 10 and 20 mbar for VIBRA 3.0 and VISS, between 30 and 50 mbar for EVM, and around 10 mbar for VIBRA PLUS. An obvious implication of the present findings is that the same “absolute” stimulation level does not generate the same amplitude of the pressure waves for different devices. As a consequence, the comparison of studies performed with different devices can be difficult. It is therefore highly recommended that the device manufactures provide device-specific (as well as frequency-specific) tables indicating the correspondence between the stimulation levels and the relative amplitudes of pressure waves.
Finally, we showed in one experimental condition (i.e., one stimulation frequency, one stimulation level, and one output active) an excellent temporal stability of the pressure waves during the prolonged (20-min long) stimulation. Although this result must be confirmed in other conditions, this stability is an important prerequisite for a prolonged application of pneumatic stimuli to the skin above the muscle(s) of interest. 

A final remark concerns a limitation of the present study. The experimental paradigm adopted for the stimulation output characterization (i.e., use of a pressure sensor directly connected to one tube) differs from the clinical application of the vibration to the body (i.e., tubes connected to transducers applied over the skin). Although this approach allows to characterize the device itself, our results do not allow to speculate on whether and to what extent the observed differences between pressure waveforms affect the actual stimulation of cutaneous or subcutaneous receptors, as this likely depends on the filtering effect of the tissues under the transducer. Similarly, the effect of any coupling or cross-talk between the outputs positioned over the same limb deserves further investigation.
Conclusions
The stimulation output generated by the four devices for focal muscle vibration showed intra-and inter-device variability of the amplitude and shape of pressure waves that were highly dependent on the stimulation frequency and number of active outputs. Further studies are required to support the technological improvement of the currently available devices and to focus the issues of vibration effectiveness, limitations, proper protocols, modalities of its application and assessment in neuromuscular training and rehabilitation.
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Table 1. Comparison between the stimulation features declared by the manufacturer of each device. NA: information not available.
	
	Device Name

	
	VIBRA 3.0
	VISS
	EVM
	VIBRA PLUS

	Pulse shape
	Square
	Square
	NA
	NA

	N. stimulation levels
	10
	15
	4
	10

	Max pressure (mbar)
	600
	630
	400
	540

	Frequency range (Hz)
	30 - 900
	30 - 300
	20 - 300
	30 - 400

	N. of active outputs
	14
	14
	14
	14

	Tube length (cm)
	180
	150
	150
	150


Figure Captions 

Figure 1. 
Stimulation outputs of the four devices for the three tested stimulation frequencies (100 Hz, 200 Hz, 300 Hz). For each graph, the color-coded superimposed traces are the pressure profiles for all the stimulation levels of each device. The pressure measures are relative to the atmospheric pressure, which thus corresponds to 0 mbar.
Figure 2. 
(a) Peak-to-peak amplitudes of the pressure waves for the three tested stimulation frequencies (100 Hz, 200 Hz, 300 Hz) and for all the stimulation levels of each device. 
(b) Box-plots (reporting median, interquartile range and min-max values) of the peak-to-peak pressure increases obtained by increasing the stimulation level for the three tested stimulation frequencies. 
Figure 3. 
Stimulation wave recorded at output #1 during a 20-min long stimulation. One pressure cycle for each minute of the of the 20-min long stimulation is reported in each graph. The stimulation frequency was 300 Hz. The pressure measures are relative to the atmospheric pressure, which thus corresponds to 0 mbar. Stim Lev: stimulation level.
Figure 4. 
Effect of the number of active outputs on the shape of the stimulation wave. For each graph, the color-coded superimposed traces are the pressure waves obtained at output#1 by increasing the number of stimulation outputs concurrently active (blue: 1 active output, red: 14 active outputs). The stimulation frequency was 200 Hz. The pressure measures are relative to the atmospheric pressure, which thus corresponds to 0 mbar.
Figure 5. 
Cross-correlation between the pressure waves recorded at output #1 with 1 active output and with increasing the number of active outputs. For each graph, different traces represent different stimulation levels.
PAGE  
18

