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    FOREWORD




    


    


    


    


    


  




  

    Vibrations. Good vibes. Bad vibes. Too much of vibes. Not enough of them. When I first heard of vibrations, I was in my teens, and it was all about the good vibes coming from great music bands. After that, as an orthopaedic trainee, I was taught that vibrations were bad: helicopter pilots and truck drivers were exposed to exactly the kind of vibrations which induced asynchronous contractions of the back muscles, and had direct deleterious effects on the vertebral discs. The result includes low back pain and osteoarthritis of the lumbar spine. Following this, somebody had the great idea to test vibrations in clinical practice. Lo and behold, some science was injected into vibration science, and it was found that if too much is not too good (actually, it is pretty bad), a measured amount of the right kind of vibration can bring good. Prof. Saggini has been on the forefront of this “good vibes movement”.




    Prof. Saggini is a thoughtful, skilled clinician, armed with foresight and rigour. He started observing and experimenting, and has been able to produce much of the present day scientific evidence on this fascinating topic. “Mechanical vibration: therapeutic effects and applications” show, as Prof. Saggini would say, that “nothing rests”. Indeed, we are moving all the time, and vibration is at the centre of our life.




    Progressing from the basic sciences of vibration, the scene is set for clinical applications, in a variety of forms. The truth, however, is that: this edition of “Mechanical vibration: therapeutic effects and applications”, provides the beginning, and, through the strict scientific work that Prof. Saggini will continue to perform, more truth will come out of it.




    Enjoy!




    

      Nicola Maffulli


      School of Medicine Surgery and Dentistry, University of Salerno


      Italy

    


  




  




  




  

    

      PREFACE


    


  




  

    Current evidence shows that the entire Universe vibrates; gravitational waves may be regarded as ripples in the curvature of space-time propagating in an oscillatory fashion and travelling outward from the source.




    Any given complex body is capable of vibrating in several different ways, each one being characterized by its own frequency.




    The inorganic matter is made up of atoms that are in a constant state of motion; depending on the atomic speed, inorganic matter will exist in a solid, liquid, or gaseous state. By the same token, the human body is made up of atoms in continuous vibration, the latter being necessary for the homeostatic maintenance of the organism.




    Several essential cellular processes, including cytoskeleton activity, enzymatic reactions, chromosome packaging and replication, nucleic acids transcription and translation, and protein folding and unfolding, generate forces resulting in intracellular movement. For instance, protein polar oscillation during cell division and cytoskeleton assembly greatly contribute to such intracellular dynamics by generating polarizing ionic currents and charge-induced nanoscale movements. The net effect of these events is the vibration of the entire cell and its components.




    It is currently thought that the transduction of intracellular movements allows the cell to emit vibration waves carrying information about intracellular metabolic status. The latter mirrors the energy internal to the cell, being the proportional to intensity and frequency of the ensuing vibrations.




    Mechanotransduction analysis assesses the causal relationship between mechanical forces, intracellular signaling, and subsequent changes in cell behavior. Indeed, mechanical forces seem to play a crucial role in several aspects of living tissues, including organization, growth, maturation, and normal functioning.




    Physical signals are known to travel faster than signaling through chemical mediators, the latter being limited by dependence on diffusion. Accordingly, physical signals appear to represent a more effective way of cell signaling whenever a rapid response is required.




    The human body is constantly subjected to vibrations deriving from the surrounding environment, including sources such as industrial machinery as well as common means of transport (terrestrial, nautical, and aerial). Overall, such vibrations may be viewed as different forms of the same primitive mechanical oscillation – i.e., endless “variations on the theme” acting at both the macroscopic and the microscopic level. Any vibration or oscillation will induce a tuning response by the cell through changes in signal transduction, resulting in potentially healthy (therapeutic) or adverse effects. Indeed, to quote Paracelsus, «Omnia venenum sunt: nec sine veneno quicquam existit. Dosis sola facit, ut venenum non fit».




    In sum, it appears indisputable that nothing rests: everything surrounding the human body vibrates at an exclusive frequency, and so does the human body. Accordingly, it seems crucial to develop a deeper understanding of the physical parameters of vibration (amplitude, frequency, direction of the stimulation, and duration of the exposure), as well as to gain better knowledge regarding ways to modulate vibrations in order to improve body homeostasis by means of:




    

      	relief of pain and pathological inflammation, both acute and chronic;




      	bone and soft tissues regeneration, and musculoskeletal functional improvement;




      	amelioration of common neurological diseases, including motor impairment.


    




    My hope in writing this book is to clarify further the medical role of vibrations in improving human health.

Raoul Saggini


    Physical and Rehabilitation Medicine


    Department of Medical Oral and Biotechnological Sciences


    School of Specialty in Physical and Rehabilitation Medicine


    “Gabriele d’Annunzio” University, Chieti-Pescara


    Italy
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      Abstract




      The matter is made up of particles, firmly assembled, as in the solids, or rarefied, as in the gases. When a force acts on a particle it moves determining different physical phenomena depending on the different characteristics of that particle and the surrounding ones.-This model represents the action of a blast or a mechanical pulse, just one hit and the system can manage the supplied energy by damping and distributing it.




      Each system has a specific behavior, mainly depending on the frequency of the stressing force; if the system has a frequency of resonance whose value is close to the frequency of the stressing force, energy is stored in the system, movements of the particles become larger and, at the end of the energy supply, the system continues to oscillate, giving back the stored energy, implying that the longer the oscillation the lower is the damping.




      The vibration of a physical system can propagate the movement through a vibrational wave, generated by the application of external forces generating internal stress, strain and reaction, a disturbance that travels through a medium from one place to another like a wave. When the vibration is forced by a mechanical system, the stimulus can be applied in order to generate a different kind of vibration. In order to generate a vibration, it is necessary to apply an external force: however, the response of a mechanical system to an external force can vary not only depending on the nature of the stimulus, but also according to the composition of the system itself. The mathematical model of a vibration system may take the form of acoustic waves.
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    Matter is made up of particles, tightly assembled, as in the solid, or rarefied, as in the gases. When a force acts on a particle, it moves it, but the other particles of the whole system try to limit its movement, propagating its momentum in the same




    direction of the acting force (transmission), distributing its momentum among the other particles (absorption), degrading its phase and propagation direction (diffraction) or bouncing it back (reflection) [1] (Fig. 1).
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Fig. (1))


    Energy distribution of the whole system when a force acts on a particle.



    This model is the action of a gust of wind or mechanical impulse, one shot and the system can handle the energy provided by damping and distribution.




    If the force is applied for a duration longer than the time of strain it decays and if it is, eventually, variable in time, the system can react and store part of the supplied energy, starting a vibrational movement/strain variable in time. From an energy perspective, in a time longer than decay time, the supplied energy is equal to the distributed energy.




    Each system has a specific behavior, mainly depending on the frequency of the stressing force (harmonic oscillation); if the resonance frequency of the system has a value which is near to the frequency of the stressing force, energy is stored in the system. So the movements of the particles become larger and, as the energy supply stops, the system continues to oscillate, and releases the energy previously stored, implying that the longer the oscillation is the lower the damping.




    Matter transmits variable applied oscillating forces, through propagating waves, and it is able to store part of the supplied energy as static waves: the latter are good for resonators in order to reach a sharp frequency, a larger and steady amplitude, a phase variation, but are not good when the medium has to transfer energy, i.e. when the medium is a feeder.




    In the latter case, resonances must be avoided either by increasing the propagation resistance (absorption related to damping) or keeping the transmitted signals away from resonance situations.




    A mechanical vibration is a periodic back-and-forth motion of the particles of an elastic body or medium (i.e. with a mass and volume). The phenomenon occurs when the physical system is displaced from its equilibrium condition and responds to the stimulation with an internal motion that tends to restore equilibrium.




    This general assumption has to be completed with the consideration that the medium has an elastic behaviour; this means that the particles in the solid can periodically and symmetrically oscillate around their position of a small Δx (Δx = xf – xi, where xf is the final position and xi is the initial position). The possible change in the solid position and shape generates a reaction force which is able to restore the original configuration.




    Whereas the elastic behaviour releases all the energy stored by the body deformation, plastic behaviour keeps part of the deformation/strain permanently and releases only part of the supplied energy.




    In physical systems, only small forces/strains/displacements can be considered as elastic.




    The vibration of a physical system can propagate the movement through a vibrational wave, which is generated by the application of external forces generating internal stress, strain and reaction, a disturbance that travels through a medium from one place to another like a wave.




    Vibrations can be divided into two main categories: free and forced. Free vibrations occur when the system is transiently disturbed by an external force (such as an impulse) and then allowed to move without restraint. A classic example is the mass-spring system. In the equilibrium position, the system has minimum energy and the mass is at rest. If an impulsive force is applied to the mass, the system will respond with a periodic vibration around the initial position, and in case of a damped system, the mass will tend to return to the equilibrium position of minimum potential energy with smaller and smaller displacements.




    Mechanical waves transport energy as they travel through the medium, but they do not carry any matter along with them.




    Forced vibrations occur if a system is continuously driven by an external force. Considering the above example, if the force applied to the mass is a function of time, the resulting oscillation of the system will be dependant by this force and by the geometrical characteristics of the mass-spring system. The forced signal can be generated by some kind of sources, such as acoustic wave generators, laser generators and mechanical vibrators.




    An acoustic wave is a particular kind of vibration that propagates through a longitudinal wave, that consists of a sequence of pressure pulses or elastic displacements of the medium where the wave propagates (as exposed below).




    Sound waves need to travel through a medium such as a solid, liquid, or gas. In gases and liquids, the wave is transmitted through a sequence of compressions (dense fluid) and rarefactions (less dense fluid) The sound waves move through each of these mediums by vibrating the molecules in the matter. The molecules in solids are packed very tightly. Liquids are not packed as tightly as solids, gases are very loosely packed. The spacing of the molecules enables sound to travel much faster through a solid than a gas. Sound travels about four times faster and farther in water than it does in air (Fig. 2).




    The frequency of an acoustic wave is the number of times the wave reaches its maximum in a second. Frequency is measured in Hertz; a snapshot of a travelling wave would show many crests and troughs; the distance between two crests is the wavelength.




    Audible sounds are within the range of 20 – 20.000 Hertz, about 10 octaves: sounds below 20 Hertz are called infrasound, (air resonance, earthquake, beat), sounds above 20.000 Hertz are called ultrasounds (Figs. 3, 4).




    Ultrasounds with very high frequency (f > 3 MHz) are used in diagnostic imaging, as they generate echo images of reflected waves; high density structures (bones) generate neat and sharp echoes, while soft tissues generate low or no echoes.




    The pressure wave has an elastic behaviour while the pressure variation is little compared to the medium pressure.




    If there is a variation in the pressure, which is comparable to medium pressure, then the medium cannot be considered as elastic. At sea level (0.1 MPa) a wave of 10 Pa amplitude acts like a wave, whereas a 1 MPa amplitude blast creates asymmetric pulses made of steep high pressure peaks and long vacuum intervals (Fig. 5).
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Fig. (2))


    Frequency range of musical instruments. From: http://www.dak.com.
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Fig. (3))


    Audible sound frequencies. From: http://patient.info/health/perforated-eardrum.
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Fig. (4))


    Frequency vibration range. From: http://www.everydayhearing.com/hearing-loss/what-is-my- hearing-range.



    Whereas the minimum rarefaction value is 0, the upper limit of compression is very high; blasts and shock waves create vacuum bubbles in liquids (cavitation), which are able to generate queer conditions in medium interfaces.




    The term “laser” is an acronym for “light amplification by stimulated emission of radiation”. Lasers work as a result of resonant effects. The output of a laser is a coherent electromagnetic field, a coherent beam of electromagnetic energy: all the waves have the same frequency and phase.
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Fig. (5))


    Shockwave and acoustic wave. From: http://www.electrotherapy.org/modality/shockwave- therapies; http://dev.physicslab.org/.



    In a basic laser, a chamber called cavity, is designed to internally reflect infrared (IR), visible-light, or ultraviolet (UV) waves so that they reinforce each other. The cavity can contain gases, liquids, or solids. The choice of cavity material determines the wavelength of the output. At each end of the cavity, there is a mirror. One mirror is totally reflective and it impedes allowing none of the energy to pass through; the other mirror is partially reflective, allowing approximately 5 percent of the energy to pass through. Electromagnetic energy is pumped into the cavity from an external source. As a result of pumping, an electromagnetic field appears inside the laser cavity at the natural (resonant) frequency of the atoms of the material that fills the cavity. The waves reflect back and forth between the mirrors. The length of the cavity is such that the reflected and re-reflected wave fronts reinforce each other in the phase at natural frequency of the cavity substance creating a standing wave. Electromagnetic waves at this resonant frequency emerge from the end of the cavity that has the partially-reflective mirror. The output may appear as a continuous beam, or as a series of brief, intense pulses that can heat the medium, generating pressure waves, i.e. vibrations [2].
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Fig. (6))


    Longitudinal (a) and transverse (b) forced system. From: http://www.danielcelton.com.



    When the vibration is forced by a mechanical system, the stimulus can be applied in order to generate different kinds of vibrations. In a mass-spring system, if a force is impressed parallel to the direction of the movement (single degree of freedom), it will generate a longitudinal wave (pressure wave, like in gases), with movements along the abscissa axis; a force perpendicular to the movement will generate a transversal wave, with movements along the ordinate axis. The combination of the two kinds of waves described above, generates a superficial wave.




    Among the forced systems, we should focus on systems driven by forces that are periodic functions. This kind of applied forces leads to the important phenomenon of resonance. Resonance occurs when the frequency of the periodic force applied in the system approaches the natural (free) frequency of vibration of the medium (like the laser optical cavity). The resulted energy in the vibrating system, determines an increase in the amplitude (Figs. 6, 7).




    The stored increase in the amplitude of resulting signal can be limited by the presence of a damper, but the response can be very great. Indeed, soldiers marching across a bridge can set up resonant vibrations sufficient to destroy the bridge structure. A similar folklore exists about opera singers shattering wine glasses.
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Fig. (7))


    Particles movement in mechanic waves. From: http://www.acs.psu.edu/ drussell/ Demos/ waves/wavemotion.html.



    Let us focus on the resonance principle, approaching with the mass-spring taken as an example (with mechanical force applied to the system) (Fig. 8).
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Fig. (8))


    Mass-spring system. Modified from: http://www.mdpi.com.



    In this simple example, a mass is connected to a wall through a spring and a damper. Let x(t) denotes the displacement, as a function of time of the mass relative to its equilibrium position (x0). The general equation of the displacement x(t) is as follows:




    

      

        	[image: ]



        	(1)

      


    




    Where, m is the mass, b is the damping constant, k is the spring constant and the dependency of x and F by time is omitted.




    Consider the case of undamped, free vibration (b = 0 and F = 0):
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        	(2)

      


    




    

      The characteristic equation is:
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          	(3)

        


      




      And the solutions are:
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          	(4)

        


      




      The general solution for x(t) is,
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          	(5)

        


      




      that can be expressed as:
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          	(6)

        


      




      Where, [image: ] is the natural pulsation (i.e. 2πf with f frequency of the system).




      The vibrating movement has a frequency which is equal to the number of oscillations in a second, and that can be composed of a single frequency or by several components. The vibration signals are usually created by many frequencies which appear simultaneously, so it can be very difficult to determine instantly how many vibrating components there are in the signal by only analysing the time domain profile.




      The energy derived by various oscillations can be measured by Fourier analysis in the frequency spectrum. The Fourier transform allows us to deal with non-periodic functions.




      The plane wave decomposition in the individual frequency components is called frequency analysis, with the graphical representation of different energy contributions in frequency.




      Now consider the case of forced vibration, that is to say the same system as before with an applied force:
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          	(7)

        


      




      If we apply a sinusoidal force with a frequency equal to the natural frequency of the system, we will be able to observe the resonance phenomenon:
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          	(8)
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          	(9)

        


      




      The first term in the solution is considered as described previously, while the third term is a sinusoidal wave whose amplitude increases proportionally with the elapsed time. This phenomenon is called resonance (Fig. 9).




      The first term in the solution is as seen previously, while the third term is a sinusoidal wave whose amplitude increases proportionally with elapsed time. This phenomenon is called resonance (Fig. 9).




      As said, in order to generate a vibration, it is necessary to apply an external force: the response of a mechanical system to an external force can change not only depending on the nature of the stimulus, but also on the composition of the system itself. Starting from this consideration, the vibrational waves can be classified using multiple approaches, for example, based on the linearity of the system, the degrees of freedom of the system’s mathematical model, or considering the kind of vibration observed.




      In the latter case, the mechanical vibrations are usually classified into 5 categories: shear (or transverse), longitudinal (or compression), torsional, bending and surface waves.
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Fig. (9))


      Response to a resonant signal.



      Solid systems can carry (propagate) all kinds of waves, while fluid systems can propagate longitudinal (compression) waves only. Instead, at the boundary of fluid, there is a specific condition: i.e. the sea surface can carry transversal (surface) waves whose energy can vary not only with the wave’s eight (amplitude), but also with the wavelength: high and short waves carry more energy than the small and long waves [3] (Fig. 10).
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Fig. (10))


      Classification of mechanical vibrations.



      In a transversal vibration, the motion of the particles in the medium is perpendicular to the direction of the wave. In this kind of wave, the particles do not move along with the wave, they simply oscillate around their individual equilibrium position as the wave passes by. The up-and-down position of the particles determines the amplitude of the wave, while the distance from a peak to another peak is called wavelength. The simplest transverse wave has a waveform which is easy to imagine, since the movement with crests and troughs generates a sine wave that propagates in the surrounding space.




      Whereas the snapshot of a transversal wave is a sine function plot, the movement of a particle of the medium propagating the wave is a mass-spring straight oscillation perpendicular to the direction of propagation.




      A longitudinal wave in an elastic solid makes the particles oscillate along the direction of the propagation, and the motion of the oscillating medium is parallel to the motion of the wave itself.




      A longitudinal wave changes the local density of the medium, that is; its pressure: a longitudinal wave begins with a compression, that is, the point of maximum density on the medium of the wave. The opposite of the compression is the rarefaction, the point of minimum density on the wave medium. Compressions and rarefactions are observed alternate along the length of the medium, and the wavelength is the measurement of the distance between compressions, or between rarefactions. In a longitudinal wave, compressions and rarefactions slide from one end to the other, in the same direction that the wave travels.




      The pressure change generates a secondary pressure wave which is transversal to the direction of propagation of the wave, according to the medium Poisson’s ratio, and creates the geometric effect of the wave propagation: for example, a sphere for a sound in free air, wavy circles on water surfaces.




      A torsional wave is a motion in which the vibrations in the medium are periodic rotational motions around the direction of propagation.




      A surface wave is an example of waves that involves a combination of both longitudinal and transverse movements. A surface wave is observed in the sea water motion and, like a wave travels through the waver, the particles travel in clockwise circles. The radius of the circles decreases which is inversely proportional to the depth of the water.




      In deep water, when the water depth is bigger than both the wavelength and the wave amplitude, surface waves can be considered just as transversal wave with up and down particle motion.




      The mathematical model of a vibration system may take the form of acoustic waves [4]. In order to write the equations, it is necessary to use the equation of continuity, Newton’s law and the gas law. The definitions that will be used to describe the model are the following:




      [image: ] particle displacement




      [image: ] equilibrium density
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      [image: ] equilibrium pressure
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      [image: ] change in pressure




      Equation Of Continuity: Assuming that the wave propagates in the air, we consider a small portion of the medium, modelled as a cylinder of surface and length (Fig. 11).




      
[image: ]


Fig. (11))


      Geometry of a small cylinder of air.



      According to the hypothesis, dx is so small that any variable changes linearly in the cylinder, and the mass is conserved in the cylinder dx. So the equation for mass conservation can be written as (V0 is the volume without displacement):
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      As assumed before, all variables are linear in the cylinder, so we can express the particle displacement (Taylor series) as:
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      So we can express the volume with the displacement as:
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      Because of the mass conservation, the displaced mass equals the mass without displacement as shown below:
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          	[image: ]



          	(17)
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          	(18)

        


      




      The last term of the left side in (18) can be omitted, so the final form of the continuity equation is:
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          	(19)

        


      




      Perfect gas law: In order to write the gas law, we have to assume that there is no energy transfer in the cylinder due to propagation, so the system is considered adiabatic.
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      We can express dV using the volume formula with particle displacement using (15):
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      We can as well express dP as the pressure equation:
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      We can now write (22) using (24) and (25) and considering that in the adiabatic process, dQ = 0:
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      Using (19) in (29), we can derive the final form of the gas law:
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      Newton’s law: Consider the cylinder with surface S and length dx. We can model the forces that act on the cylinder at the opposite sides (Fig. 12):
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Fig. (12))


      Geometry of the force acting on a cylinder.



      The force in (34) accelerates the air which creates a counter-force:
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          	(36)

        


      




      Eq. (36) is the Euler equation.




      Wave equation: Finally, we can write the wave equation, initiating from (29) and deriving each member as follows:
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      Using (37) in (36):
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      By defining the speed of sound c as:
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      we can finally write the wave equation for displacement ξ(x, t):
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      To express the wave equation for the pressure, we have to derive each member in equation (36) as follows:
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      And using (19) and then (30):
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      Speed of waves: A possible solution for the wave equation (40) is as follows:
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      Where ξ0 is the maximum displacement of the particles or the amplitude of oscillation, [image: ] is the natural frequency, [image: ] is the wave number, and λ is the wavelength.




      Deriving (44) and applying the results in (40):
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      This is a fairly profound result. It tells us that the plane wave solution for particle displacement is a good solution, defining the speed of the wave (speed of sound) not arbitrary, but dependant on the gas variables. At room temperature and sea surface pressure, this results in the nominal speed of sound in the air of 345 m/s.




      If instead of the equation of gas we used the bulk liquid equation, we would have found a similar result:
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      This is the bulk module. When the bulk module and density of water are used, a nominal value for the speed of sound (longitudinal waves) in water is 1500 m/s.




      In the human body, soft tissues respond to vibration/sound like a soft container full of water, but the stiff structures of the body reflect, diffract or refract the longitudinal (pressure) waves that propagate in it, allowing the use of reflected waves for ultrasound imaging.




      Table 1 summarizes the speed of wave in different mediums.




      

        Table 1 Speed of sound in different mediums.
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      Energy of waves: The energy carried by the wave can be modelled considering the main kind of waves: the longitudinal and the transverse ones. If we consider one dimensional longitudinal or transverse waves propagating in an elastic medium, the energy can be expressed in terms of kinetics energy. The total mechanical energy of an infinitesimal mass element dm in the elastic medium is:
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      Where, we should consider that the mass can be related to the density of the medium in the space dx:
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      So, the final expression for the energy is:




      

        

          	[image: ]



          	(49)

        


      




      Wave energy defines how much energy the wave can carry, but another important information is how deep in the body the wave can travel before absorption, i.e. in a long way, the wave can interact more deeply in the molecules of body [5] (Fig. 13).
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Fig. (13))


      Mechanic vibration penetration in body tissues. From: http://caputino-bme.blogspot.it/.



      The higher the frequency, the better is the image resolution and smaller is the depth of penetration in the tissues.
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      Abstract




      The mechanical vibration is the simplest and purest form of vibratory energy application in physical and rehabilitation medicine. After the first observations of the effects of vibrations, the scientific research has been directed to the identification of the molecular mechanisms that mediate signal trans-duction at the tissue level. Although these mechanisms are still not fully understood, and despite the adverse effects observed in subjects improperly exposed to vibratory sources for various reasons, during the last century, the mode of application of mechanical vibration has gradually evolved from whole-body to focal and mechano-acoustic forms, as much as the field of application has gradually expanded spreading from the initial skeletal and muscle applications to the current motor impairment conditions associated with the most common neurological diseases.
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      INTRODUCTION




      The musculoskeletal system is a complex biological machine designed for movement and locomotion. This system is structured in such a way to respond




      with modifications both in metabolism and in structure to the functional needs of the organism and to the stresses transmitted from the environment, according to the principle of the so-called “Wolff’s law”, for which «form follows function» [1].




      To describe the conditions that allow the maintenance of the system, a theory of the stimulus of everyday stress was formulated, which describes the intensity of a mechanical stress in terms of stimulation of daily stress. According to this theory, if a stimulus stressful for the system is greater than a threshold stimulus, the homeostatic balance will be positive (and oriented towards anabolism), while if the stimulus is lower than the threshold stimulus, the homeostatic balance will be negative (and oriented towards catabolism). When daily loads to be supported are drastically reduced (as occurs in disuse for palsy or immobilization, chronic degenerative diseases, or in case of reduced gravity), it results in degradation of the protein structure that forms the contractile component of the muscle and changes in microarchitecture of the bone, with reduced muscle tone and bone mass.




      A type of mechanical stress is represented by vibratory stimulation. From a purely mechanical point of view, vibration is the mechanical oscillation of some measure or mobile body around an equilibrium point; the oscillation being the motion that it makes to return to the starting position. In a mechanical model constituted by a body of mass m, bound to a spring whose elastic constant is denoted by k, and put into oscillation, the mass m moves with regularity with respect to the reference position. In addition, the movement may reproduce self-identically to regular time intervals, having a so-called “periodic character” (Fig. 1).
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Fig. (1))


      In a system consisting of a mass constrained to a spring and placed in oscillation it will produce a smooth movement of a periodic nature.



      The simplest periodic function is the simple or natural harmonic motion, whose trend in function of time is represented by a sinusoid or sinewave with constant amplitude and period. In a periodic oscillation, amplitude or magnitude is the maximum extent of the motion (peak-to-peak displacement of the wave, measured in millimeters), whereas period is the duration of time between two consecutive passages of the mobile body at the equilibrium point (a cycle) and is the reciprocal of frequency, that is the number of cycles per unit of time; thus, period and frequency are related through the following relationship:




      

        

          	[image: ]

        


      




      Where f is the frequency (expressed in Hertz, Hz), and T is the period (usually measured in seconds). Frequency has also an inverse relationship to the wavelength, that is the spatial period of the wave (usually determined by considering the distance between two consecutive crests, troughs, or zero crossings):
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      Where f is the frequency, v is the propagation velocity, and λ (lambda) is the wavelength (Fig. 2).
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Fig. (2))


      Basic characteristics of the sinusoid or sinewave.

    




    

      ANATOMICAL DISTRIBUTION OF MECHANORECEPTORS




      The vibratory perception constitutes a type of mechanical sensitivity, and hence involves Receptors structures sensitive to mechanical pressure or distortion, i.e., the mechanoreceptors [2]. Mechanoreceptors are found in various types of tissues, as skin, muscles, tendons, ligaments, articular capsules, periosteum, blood vessels.




      

        Mechanoreceptors In Skin




        In the skin, there are four principal types of mechanoreceptors (all innervated by myelinated Aβ fibers), categorized by morphology, perceived sensation, receptive field size, and rate of adaptation [3, 4] (Fig. 3).
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Fig. (3))


        Schematic representation of cutaneous mechanoreceptors. From: Purves D, Augustine GJ, Fitzpatrick D, Hall WC, LaMantia AS, McNamara JO, Williams SM, Eds. Neuroscience. 3rd ed. Sunderland (MA): Sinauer Associates 2004; 8: p. 193.



        Tactile corpuscles (Meissner corpuscles) consist of flattened supportive cells arranged as horizontal lamellae surrounded by a connective tissue capsule and located in the papillary ridges of the dermis, have the highest sensitivity (lowest threshold) and respond to light touch. Bulbous corpuscles (Ruffini endings), located in the dermis, consist of nerve terminals interspersed in collagen fibrils longitudinally passing through a thin and spindle-shaped capsule and linking the corpuscle up to the dermal collagen at its poles, thus providing the mechanical connection to the fibrous tissues of the dermis and detecting tension deep in the skin and fascia and change of joint angle. Merkel discs consist of expanded extremities of branches of myelinated axons enclosed into specialized epithelial cells (Merkel cells), are placed at the tip of the intermediate epidermal Ridges and have sustained response to pressure. Lamellar corpuscles (Pacinian corpuscles), located in the deeper layers of the skin, consist of a single unmyelinated afferent neuron wrapped in 20-60 concentric lamellae constituted by flat epithelial cells, fibroblasts and fibrous connective tissue (mainly types II and IV collagen network) separated by gelatinous material (more than 92% of which is water); the lamellae filter mechanical deformations thus responding to gross pressure changes and especially rapid vibrations [5-7] (Fig. 4).
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Fig. (4))


        Light microscopy and schematic representation of a Pacinian corpuscle. Copyright© 2012 Pearson Education, Inc.



        Vibration of frequency between 20-40 Hz are detected by Meissner corpuscles [8], stimuli of frequency above 60 Hz are detected by Pacinian corpuscles, which have the highest sensitivity (1 mm) at a frequency of 250-300 Hz, thus representing the vibration receptors for excellence [9]. Any deformation in the Pacinian corpuscle causes bending or stretching of the afferent neuron, thus opening pressure-sensitive sodium ion channels in the axon membrane and hence generating action potentials (Fig. 5); this happens only when the skin is rapidly distorted but not when pressure is continuous, because of the mechanical filtering of the stimulus in the lamellar structure that envelop the nerve ending and because the latter does not carry on indefinitely depolarization. Ultimately, the stimulation perceived by the Pacinian corpuscle is the velocity of deformation and the information transmitted to the central nervous system is the frequency of stimulus rather than the pressure of the exerted load [10, 11].
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Fig. (5))


        A Pacinian corpuscle consists of a neuron wrapped in layers of connective tissue, with a myelinated nerve ending (axon) (a) A tactile (pressure or vibration) stimulus causes the neuron within the connective tissue to deform, opening the Na+ channels and allowing the ion to enter the cell (b). This produces initially a depolarizing generator potential and then an action potential. From: Rhoades R, Pflanzer RG. Human Physiology. 4th ed. Pacific Grove: Brooks/Cole 2003.



        The receptive field of a receptor is defined as the cutaneous area in which a stimulus triggers the firing of the corresponding afferent neuron; thus, if the skin is stimulated in two points in the same receptive field, the spatial difference is not perceived (Fig. 6).
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Fig. (6))


        Receptive field in tactile perception.



        Depending on the properties of their receptive fields, two different types of mechanoreceptor have been distinguished: the type I has a small and well defined field, whereas the type II has a wider field with obscure border. The receptive field of type I mechanoreceptors contains several zones of maximal sensitivity within a sharply demarcated area of high and relatively uniform sensitivity; the receptive field of type II mechanoreceptors consists of a single zone of maximal sensitivity and a wide surrounding area where the sensitivity fades out gradually [4]. Since the receptive field size increases with the depth of receptor in the skin, Pacinian corpuscles that are the deepest ones have the largest receptive field (Fig. 7).




        Depending upon the nature of their response to a prolonged step indentation of the skin, cutaneous mechanoreceptors have been further classified into two major categories: 56% are fast-adapting (FA, also called rapidly adapting or RA) and respond with a burst of impulses only at the onset and removal of the stimulus, i.e.. when the stimulus is moving; the remaining 44% are slow-adapting (SA) and respond with a prolonged discharge [12-14] (Fig. 8).




        The FA I mechanoreceptors are mostly sensitive to the rate of skin indentation, whereas the FA II mechanoreceptors are highly sensitive to acceleration and higher derivatives; overall, the fast-adapting mechanoreceptors, particularly the FAII, respond not only when the indentation is increasing, but also when the stimulus is retracted. The SA I mechanoreceptors show a high dynamic sensitivity and often a quite irregular sustained discharge, having an excellent sensitivity to edge outlines of objects indenting the skin, the SA II mechanoreceptors on the other hand have a less pronounced dynamic sensitivity and a very regular sustained discharge; overall, the slow-adapting mechanoreceptors exhibit a sustained discharge during constant skin indentation in addition to their discharge during increasing skin indentation, and often show a spontaneous discharge in the absence of tactile stimulation [4].
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Fig. (7))


        Receptive field size of cutaneous mechanoreceptors as measured with von Frey hairs. Redrawn from: Johansson RS, Vallbo ÅB. Tactile sensory coding in the glabrous skin of the human hand. Trends neurosci 1983; 6: 27-32.



        Since there are no radical differences in receptive field properties between units in the various regions of the glabrous skin, a critical factor for the resolution is the density of afferent units. Indeed, the distribution of cutaneous mechanoreceptors is not homogeneous on body surface, their density being higher in certain regions (e.g., on fingertips) than in others (e.g., on forearm).




        In the hand, the density is characterized by a pronounced regional variation, increasing in the proximo-distal direction, with a slight increase from the palm (relative density: 1.0) to the main part of the finger (relative density: 1.6) and an abrupt increase from the main part of the finger to the fingertip (relative density: 4.2), which is the preferred site for tactual exploration. Whilst the differences in overall density are essentially explained by the type I units, the type II units are almost evenly distributed over the whole glabrous skin area. The spatial distribution of densities of the type I units, as much as their receptive field properties, is coherent with their role in tactile spatial discrimination; at the same time, the findings that the type II units have a low density, which is also relatively uniform from the wrist to the finger, and that they are widely distributed in deep fibrous structures (i.e., joint Capsule, interosseous membranes and tendon sheets), corroborates the conclusion that their main role in tactile sensibility does not lie as much as in detailed spatial discrimination but rather in proprioception and kinesthesia [15] (Fig. 9).
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Fig. (8))


        Rate of adaptation of cutaneous mechanoreceptors. Graphs show the impulse discharge (lower trace) to perpendicular slope indentation of the skin (upper trace) for each mechanoreceptor type. FA, fast adaptation; SA, slow adaptation. From: Johansson RS, Vallbo ÅB. Tactile sensory coding in the glabrous skin of the human hand. Trends neurosci 1983; 6: 27-32.



        
[image: ]


Fig. (9))


        Distribution density of cutaneous mechanoreceptors in the palm. From: Vallbo AB, Johansson RS. The tactile sensory innervation of the glabrous skin of the human hand. In: Gordon G, Ed. Active Touch, the Mechanism of Recognition of Objects by Manipulation. Oxford: Pergamon Press Ltd 1978; pp. 29-54.



        In the palm there are about seventeen thousand mechanoreceptive units [15]; the density of distribution is so high as to lead to the overlapping of single receptive fields, up to a two-point discrimination (that is the minimum distance at which two points of touch can be perceived as separate) of 2 mm in fingertips (Fig. 10).
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Fig. (10))


        Overlapping of receptive fields in the hand.



        Together, the receptive field size and the distribution density of cutaneous mechanoreceptors determine the spatial resolution with which stimuli are perceived, and the spatial resolution is not uniform in different areas of body surface, as illustrated in Fig. (11).
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Fig. (11))


        Spatial resolution (as the distance in mm where the two points can be felt as separate) in different areas of body surface. From: Weinstein S. Intensive and Extensive Aspects of Tactile Sensitivity as a Function of Body Part, Sex, and Laterality. In: Kenshalo DR, Ed. The Skin Senses. Springfield (IL): Charles C. Thomas 1968; pp. 195-222.



        In the foot, cutaneous mechanoreceptors act differently from those of the palm: firstly, a large percentage (70%) are fast-adapting and randomly distributed throughout the plantar surface of the foot (without accumulation in the toes); secondly, they have larger (three times greater) receptive fields predominantly gathered on the plantar surface of the metatarsal-tarsal region of the sole and elevated activation thresholds compared to the palm [16] (Fig. 12).
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Fig. (12))


        The receptive field for each receptor type in the foot sole. The receptive field has been outlined with a monofilament 4-5 times greater than the initial threshold value. From: Kennedy PM, Inglis JT. Distribution and behaviour of glabrous cutaneous receptors in the human foot sole. J Physiol. 2002; 538(Pt 3): 995-1002.



        Lastly, whereas they show no background discharge activity with the foot in an unloaded position and in absence of intentionally applied stimulation, they are sensitive to contact pressures [17] and to modifications in the distribution of pressure, conditioning spatially oriented whole-body tilts whose direction depends on the foot areas stimulated and is always opposite to vibration-simulated pressure increase [18, 19] (Fig. 13).




        For details, see: Kavounoudias A, Roll R, Roll JP. The plantar sole is a ‘dynamometric map’ for human balance control. Neuroreport 1998; 9(14): 3247-52.




        Therefore, somatosensory input from the foot has been recognized as an important source of sensory information in controlling standing balance and movement control [20, 21] – as well as visual [22, 23], vestibular [24-27] or muscular [28, 29] systems – making the sole a “dynamometric map” equipped with numerous sensors able to spatially code every pressure applied against the sole (Table 1).
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Fig. (13))


        Mean oriented postural responses induced by applying vibratory stimulation (100 Hz, 0.2-0.5 mm) to the anterior and posterior areas of the soles. Traces are the mean trajectories (mm) of the Center of Pressure (CoP) during the first 3 seconds of recording. The pictograms indicate the vibration sites. Because the subjects’ displacements were very small under both control and four vibration conditions, a larger scale was used in C and D.



        The processing of the cutaneous messages from the sole together with the other sensory messages allow the central nervous system to constantly acquire information about body position and trigger adequate responses to reduce the gap between the body position and the equilibrium position [18, 19]. Data supporting the role of plantar cutaneous messages in postural control have been obtained through two different experimental approaches. A first method consists of temporarily eliminating the exteroceptive and/or proprioceptive inputs by cooling [17, 30-38] or anesthetizing [39, 40] the sole, or applying an ischemic block of afferent fibers: in all cases, the suppression of these inputs increased the postural instability [20, 41-43]. The second approach consists of changing the characteristics of the supporting surface on which the subject is standing [39, 44, 45].




        

          Table 1 Profiles of cutaneous mechanoreceptors in the foot sole.
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            From: Kennedy PM, Inglis JT. Distribution and behaviour of glabrous cutaneous receptors in the human foot sole. J Physiol 2002; 538(Pt 3): 995-1002.

          




        


      




      

        Mechanoreceptors In Muscle




        Mechanoreceptors in muscle tissue are corpuscles 10-12 mm long and 1-2 mm in diameter called muscle spindles, highly specialized sensory structures that are able to determine position of the muscle and to detect amount and rate of change in length of the muscle, hence conveying information to the central nervous system via sensory neurons. Placed in the interfascicular connective tissue within the belly of a skeletal muscle and arranged with their longitudinal axis in parallel to the extrafusal muscle fibers, spindles are composed of 3-12 intrafusal muscle fibers: the central nuclear bag fibers, with nuclei concentrated in bags, and the smaller nuclear chain fibers, with nuclei aligned in a chain [46, 47]. In their central non-contractile parts intrafusal muscle fibers are coiled by two types of sensory nerve endings: primary (Ia) afferent and secondary (II) afferent fibers (Fig. 14). The first ones are larger and faster and because of their rapid adaptation they stop firing when muscle stops changing length, constantly monitoring the velocity of muscle stretching; on the contrary, the second ones are non-adapting and continue firing when movement has ceased, constantly informing on instantaneous length or position of still muscle [48, 49].
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Fig. (14))


        Detailed representation of a muscle spindle.



        In the dorsal horn of the spinal cord, the Ia afferent fiber of the muscle spindle bifurcates. One branch make synapse directly on alpha motoneurons that innervate the same (homonymous) muscle; in this way, activation of the Ia afferent induces a monosynaptic activation of the alpha motoneuron, which in turn generates the muscle contraction, and as a result the stretch of the muscle is quickly counteracted (stretch or myotatic reflex) (Fig. 15a). The other branch innervates the Ia inhibitory interneuron, which in turn innervates the alpha motoneuron that synapses onto the opposing (antagonist) muscle; because the interneuron is inhibitory, it prevents the firing of the opposing alpha motoneuron, thus reducing the contraction of the opposing muscle (reciprocal inhibition in the stretch reflex) (Fig. 15b).




        It has been demonstrated that mechanical vibration on a single muscle is able to activate Ia and II afferent nerve fibers of the muscle spindle [50], and hence the alpha motoneurons: this elicits the so-called “Tonic Vibration Reflex” (TVR) [51-53], consisting in the sustained contraction of the vibrated muscle and simultaneous relaxation of its prime antagonist [54-60].
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Fig. (15))


        Physiology of spinal reflexes. Copyright© 2006 Pearson Education, Inc., publishing as Benjamin Cummings.

      


    




    

      VIBRATIONS, RESONANCE AND TUNING RESPONSE: THE TENSEGRITY MODEL




      In daily life, the body interacts with the external environment and experiences externally applied forces. During walking, a train of vibratory waves is generated and transmitted along the body upon impact of the foot to the ground; these vibrations (with frequency typically between 10-20 Hz) are transmitted through the foot, leg, and spine [61-63], thus making walking the most widespread mechanical stress adequate to maintain muscles and bones within a range of functionality.




      Overall, during most recreational or occupational activities, vibrations within the tissues of the body can be induced from the collision of either a part of the body or sporting or working equipment in contact with the body against an object (as occurs when the heel strikes the ground during each running stride [64] or the hand or a racket hits a ball); after every impact the tissues continue to vibrate as a free oscillation, that is vibrating at their natural frequency, with the amplitude of these vibrations decaying because of damping within the tissues. In the event of less irregular forms of vibration (as may occur during bike riding or driving) the continuously oscillating input force leads the soft tissue vibrations to attuning to the same frequency as the input force, but at a greater amplitude if the natural frequency of the tissues is close to that of the input force (resonance) [65].




      

        Table 2 Summarizes the major classes of somatic sensory receptors.
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          From: Purves D, Augustine GJ, Fitzpatrick D, Hall WC, LaMantia AS, McNamara JO, Williams SM, Eds. Neuroscience. 3rd ed. Sunderland (MA): Sinauer Associates 2004; 8: p. 190.

        




      




      The natural frequency of a vibrating system depends on its mass and stiffness. The latter is based on the skeletal muscle tone, which in turn is modulated by the interaction between the actin and myosin myofilaments [66], and so increases in muscle activity can increase the tissue stiffness (and therefore the tissue natural frequency). Indeed, studies have shown that increments in the natural frequency of whole muscle groups match with the joint torques developed by the muscle and typically range between 10-50 Hz for the lower extremity muscles (zero to maximal activity [67]). Conversely, muscles can also damp externally applied vibrations, and indeed vibration energy is more absorbed by activated muscle [62, 68] than by muscles in rigor [69], suggesting that the actomyosin bundles play an important role in the vibration damping process. Wakeling and Nigg determined the natural frequencies for the tissues for each posture by measuring the vibration response to a complex vibration covering a range of frequencies (10-65 Hz, amplitude 5 mm) and therefore described changes in resonance that occurred with altered limb posture and muscle activity; they found that most vibration damping occurred at the resonant frequencies of the tissues, match with the highest levels of muscle activity. Since the responses of the lower extremities to continuous vibrations or sequences of single, impact-like input were similar, they suggests that the body has a strategy of “tuning” its muscle activity to minimize the vibrations that pass through the soft tissue regardless of the features of the input force, in an attempt to tolerate more vibration energy and reduce potential harmful effects [64, 70].




      Actually, the effect of the input force amplitude on the tuning response has not yet been determined, nor is it known if there is a minimum amplitude below which the tissue reaction is not triggered. Conversely, at high force amplitudes, the tissue maximum damping will not be as effective at scattering the vibration energy, so we do not yet know which is the most effective range of vibration amplitudes that can be applied safely in order to evoke a significant tuning response. Indeed, it has been shown that improper vibratorious exposure may have deleterious effects on the soft tissues, including muscle fatigue [71], reduction in muscle contraction force [72] and motor unit firing rate [73], delay in nerve conduction velocity, and weakened perception [74]. More specifically, for vibratory stimulation frequency greater than 75 Hz, and acceleration greater than 1 g (where 1 g is the acceleration due to the Earth’s gravitational field or 9.81 m/s2), several adverse effects are reported in literature, including low back pain, circulatory disorders such as Raynaud’s syndrome, nervous alterations, disorders of perception, dizziness [75-77]; however, the evidence of a dose-response association is feeble and the causal link remains to be clarified. Moreover, most of the adverse effects of vibrations are related to prolonged exposure to occupational reasons [78-80]. Hence, precise regulation exists at least in occupational medicine, expressly for some categories of individuals are subject to different types of vibration for occupational reasons: use of jackhammer and other utensil, drive of heavy vehicles, and much more [81]. On the other hand, vibration therapy – at least using the whole-body technique – also has various contraindications, as shown in Table 3.




      Nevertheless, according to the muscle tuning theory, the muscular response to externally applied forces is related not only to the interaction between the amplitude and frequency of the vibration input but also to the muscle tone (state of relaxation or contraction), intercurrent length variation (shortening or elongation movement), combined effect of all the muscles interlinked with a same joint as much as the position of the body [82, 83]. In human body, pre-stress (pre-




      

        Table 3 Contraindications to whole-body vibration.
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          From: Kasturi GC, Adler RA. Osteoporosis: nonpharmacologic management. PM R 2011; 3(6): 562-72.

        




      




      existing) tension is provided by a matrix of connective tissue, whereas the counterbalancing compression is provided by the bones and fluids. Since tension is continuous and compression is discontinuous, such that continuous pull is balanced by oppositely discontinuous pushing forces, according to a model inspired by R. Buckminster Fuller’s structural principle of «tensegrity» (portmanteau of “tensional integrity”) – which describes «a structural-relationship principle in which structural shape is guaranteed by the finitely closed, comprehensively continuous, tensional behaviors of the system and not by the discontinuous and exclusively local compressional member behaviors» [84] – the human body can be seen as a tensegrity structure which distributes stresses to establish a force balance and stabilize itself against shape distortion[85] (Fig. 16).




      Hence, pre-stress plays an important role in determining the mechanics of the musculoskeletal system [86]. As engineers have developed reinforced concrete beams with pretensioned steel bars as “pre-stress” structures, similarly muscles, tendons and ligaments are endowed with tensile properties that allow them to put




      
[image: ]


Fig. (16))


      A tensegrity structure with cytoskeletal filaments network used to generate the computational tensegrity model. Black lines represent microfilaments, red lines represent intermediate filaments, the thick gray beams represent microtubules, the black triangles (A1, A2, and A3) indicate the anchoring points to the substrate (blue). From: Sultan C, Stamenović D, Ingber DE. A computational tensegrity model predicts dynamic rheological behaviors in living cells. Ann Biomed Eng 2004; 32(4): 520-30.



      together the bones articulated at any joint, stabilizing body in any posture: in this way, even when the bones diverge from each other, the joint does not dislocate. Moreover – since the structure of each joint is assembled by a number of muscles, tendons and ligaments – a critical role in defining the joint potential strength, power, speed, and range of motion is played by the number and position of these tensile elements (i.e., the architectural arrangement): indeed, where tendons and ligaments loosen, it results in joint instability, increased wear on the articular cartilage, pain, and loss of function [87] (Fig. 17).




      The variety of structural components that constitute the musculoskeletal system possess a broad spectrum of mechanical properties without using many types of materials. This is possible because of a hierarchical organization of tissues in several length scales, so that the smaller building elements themselves show specialized architecture [88, 89]. The existence of discrete networks within bones, cartilage, tendons, ligaments and muscles maximizes their structural efficiency (e.g., strength/mass ratio) as much as stress damping, since the same stress will be distributed to and resist by many smaller elements rather than a single continuum [85]. Even on the smallest size scale (the molecular level), architectural organization contributes significantly to the mechanical strength of biologic tissue, as explained beyond. In the bone, the mineral component containing hydroxyapatite crystals accounts for the compressive stiffness, while the collagen fibrils augment the tensile strength [88] (Fig. 18).




      
[image: ]


Fig. (17))


      Schematic diagram of a generic articular joint (left) and grossly simplified corresponding internal stresses in bone, cartilage, and ligaments (right). External forces acting on the joint are indicated as compressive (C) or tensile (T). From: Chen CS, Ingber DE. Tensegrity and mechanoregulation: from skeleton to cytoskeleton. Osteoarthritis Cartilage 1999; 7(1): 81-94.
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Fig. (18))


      Hierarchical structure of the human compact bone. From: Lakes R. Materials with structural hierarchy. Nature 1993; 361: 511-5.



      The action of stress in bone is influenced by the shape of the bone itself, its loading conditions, and the strain exerted by the surrounding muscles and tendons; contractile fibroblasts also conceivably pre-stress the collagen network during the process of tissue development and remodeling, before the surrounding extracellular matrix mineralizes (Fig. 19).
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Fig. (19))


      The loading of the femur in upright position and its modulation by the muscular tension. External forces acting on the bone are indicated as compressive (C) or tensile (T). For details, see: Chen CS, Ingber DE. Tensegrity and mechanoregulation: from skeleton to cytoskeleton. Osteoarthritis Cartilage 1999; 7(1): 81-94.



      Pre-stress also plays an important role in determining the mechanics of cartilage and soft tissues [86]. In cartilage and ligaments, the collagen network is pre-stressed and stretched by the osmotic force of hydration of embedded proteoglycan molecules [89-93] (Fig. 20); the cellular elements themselves may bear some mechanical loads.
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Fig. (20))


      Hierarchical tensegrity structure of a ligament from an articular joint. External forces acting on the ligament are indicated as compressive (C) or tensile (T). For details, see: Chen CS, Ingber DE. Tensegrity and mechanoregulation: from skeleton to cytoskeleton. Osteoarthritis Cartilage 1999; 7(1): 81-94.



      Besides small amounts of proteoglycans (depending on the site and the mechanical loading conditions), glycoproteins (including tenascin-C and fibronectin), elastic fibers (including elastin and microfibrillar proteins), water and cells (mainly fibroblasts, but also endothelial and synovial cells and chondrocytes) [94], tendon is primarily made up of collagen molecules (almost entirely type I collagen, followed by types III and V and traces of other collagens, probably reflecting differences in mechanical properties [95]) self-assembled into cross-striated fibrils and arranged in a hierarchical structure composed of fibrils, fiber bundles, fascicles and tendon unit aligned with its long axis [96] (Fig. 21). The end-to-end crosslinks between collagen molecules within fibrils are responsible for the elastic response of tendon, whose magnitude is directly related to the collagen fibril length (more than the fibril diameter) and therefore the number of collagen molecules that are cross-linked end-to-end in series [97, 98].
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Fig. (21))


      Schematic representation of the hierarchical structure of the tendon. Modified from: Silver FH, Freeman JW, Seehra GP. Collagen self-assembly and the development of tendon mechanical properties. J Biomech 2003; 36(10): 1529-53.



      Hence, according to the tensegrity model, mechanical forces – applied to either the whole body (e.g., gravity) or a part of the body (e.g., stretching or compression) – are transmitted across structural elements that results physically interconnected, inducing a response that depends on the level of pre-stress tension and, more importantly, is orchestrated at a cellular and molecular level [99-102]. This occurs because cells express on their surface specific transmembrane receptors (such as integrins) able to recognize and respond to mechanical stimuli, transmitting them from the extracellular matrix to the cytoskeletal filament network (Fig. 22). The integrin-transmitted mechanical deformation (“outside-in signaling”) triggers perturbations in kinetic or thermodynamic parameters (molecular motion, dissociation and association constants) and modifications in cytoskeletal scaffold organization (conformational changes in actin bundle assembly and microtubule polymerization) [103-106] (Fig. 23) and affects different cellular functions through activation of membrane ion channels (direct chemical response), signal-transducing molecules in cooperation with growth factor receptors (with release of chemical second messengers such as kinases), interference on binding interaction between cytoskeletal filaments and various organelles (with proteic synthesis and secretion), or even changes in nuclear matrix structure (with induction of the expression of specific genes). This retroactively allows to regulate force transmission across the cell surface by altering ability of integrins to anchor to the cytoskeleton or by modulating exposure of their extracellular binding sites (“inside-out signaling”) (Fig. 22). In this way, the balance between inward and outward forces results to be critical for control of cell shape, migration, growth, proliferation, differentiation, and eventually survival or death [107].
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Fig. (22))


      Schematic representation of the transmission of mechanical stimuli from the basement membrane (A) or the extracellular matrix (B) to the cytoskeletal scaffold, through clustering of dimeric (α,β) integrin receptors and induced recruitment of focal adhesion proteins (such as Vinculin [Vin], Paxillin [Pax], Talin [Tal]), and examples of signaling cascade.
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Fig. (23))


      Contribution of cellular tensegrity to mechanochemical transduction through perturbations in kinetic or thermodynamic parameters and modifications in cytoskeletal scaffold organization. For details, see: Ingber DE. Tensegrity II. How structural networks influence cellular information processing networks. J Cell Sci 2003; 116(Pt 8): 1397-408.



      In conclusion, it is clear that tensegrity provides a mechanism of conversion of mechanical stress into cellular responses through a variety of molecular pathways, and, in wider terms, a mechanistic basis to explain how application of physical therapies might condition and influence cell and tissue physiology [108-110].


    




    

      VIBRATION AND THE MUSCULOSKELETAL SYSTEM: THE MECHANOSTAT THEORY




      Within the so-outlined tensegrity model, it has been proposed that vibrations could be used as a rehabilitation and a training aid.




      In 1880s, the French neurologist Jean-Martin Charcot, observing that patients suffering from Parkinson’s disease experienced a reduction in their rest tremor and a better sleep after a train carriage ride or after horseback riding, fashioned a vibratory chair (fauteuil trépidant) that simulated the rhythmic shaking of a carriage and where he replicated the experience seating patient for 30-minute daily sessions [111]. His student and junior colleague Georges Gilles de la Tourette extended these observations and fashioned a helmet that vibrated the head on the premise that the brain responded directly to the pulsations, reporting efficacy in «neurasthenic invalids» and migraine [112] (Fig. 24).
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Fig. (24))


      Charcot observed that patients with Parkinson’s disease experienced a reduction in their rest tremor after taking a train carriage ride or after horseback riding, so he developed a therapeutic vibratory chair that simulated the rhythmic shaking of a carriage (left). His student Gilles de la Tourette later developed a vibratory helmet to shake the head and brain (right). From: Goetz CG. The history of Parkinson’s disease: early clinical descriptions and neurological therapies. Cold Spring Harb Perspect Med 2011; 1(1): a008862.



      Although after Charcot’s death vibratory therapy was not widely pursued, his ideas were developed further by different therapists and vibratory appliances reemerged in 21st century medicine: since between 1890 and 1910, G. Taylor and JH. Kellogg in USA, and G. Zander in Sweden adapted Charcot’s protocols producing different kinds of vibration therapy for arms and back. The first application of whole-body vibration (WBV) technique dates back to 1949, when Whedon et al. reported the positive effects achieved through the application of vibrations generated by an oscillating bed on metabolic and physiological alterations of bedridden in plaster cast patients [113]. In this direction, in experiments conducted on animal models, the vibratory stimulation at high frequency seemed to be able to greatly stimulate osteogenesis [114-117], whereas studies in human indicate that it improves bone mineral density, muscle strength and proprioception, especially in people with osteoporosis or those with motor impairment from neuromuscular diseases of various etiologies [83, 118-124]. The effect of vibration exercises on bone tissue directly through micro deformation of tissue matrix and cells (particularly osteocytes and bone lining cells seem to be located in the bone to act as the sensors of local strains [125]) [126-136], through mechanocoupling of shear stresses transmitted by the intramedullary pressure [137-140], and/or through mechanotransduction of electric fields (called “streaming potentials” [138, 141-147]) generated in endocanalicular and intra-lacunar fluid flow [148-
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