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ABSTRACT


The article suggests a mathematical description of peeling by ultrasound technologies.

INTRODUCTION

Ultrasonic peeling can be referred to the surface peeling which is atraumatic because the corneal layer (dead cells) is peeled from the skin surface. A decrease in thickness of the corneal layer permits to remove hyperkeratosis regions, to increase living corneal layers thickness, to improve a skin tint (color) and to clear hyperpigmented regions.

The ultrasonic peeling technology has been developed in the Bauman Moscow State Technical University.
During ultrasonic peeling the ultrasonic vibration effect is produced on the system of a pharmaceutical substance in solution (gel, cream) (antiseptics or 
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-hydroxy-acids of low concentration) and a biological tissue of the skin (corneal layer and epidermis).
Flow characteristics of solutions can be shown as:
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where ( – shear stress; 
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 shear rate.
It is known [1] that this relation is similar to one shown in Fig. 1.
( - viscosity
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 i.e. shear stress is a function of shear rate.
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Fig. 1. “Flow curves”         I, III – Newtonian flow; II – abnormal flow
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Fig. 2. Viscosity and shear rate relation in Newtonian flow (a) and in general case (b), see designations in Fig.1.
An investigation of the flow of non-Newtonian fluids is a very intricate theoretical and application problem, which has not been solved till now.   
Let 
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н  be maximum shear rate, which can arise in the system.

Obviously 
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As it follows from Fig. 1, 
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 and 
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 relation looks like “flow curves” shown in Fig. 2.
Note that the area under the curve 
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can be calculated by the equation
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Let us consider now an equivalent rectangle
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(which area equals 
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Relation between shear stress and shear rate, being realized to the maximum in the system, is an apparent viscosity:
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Therefore, within the 0…
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 range of 
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 variation the antiseptic solution can be approximately considered as Newtonian fluid, i.e. 
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(bearing in mind that flow curves are constant).

Viscosity can be calculated as:
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Note, that 
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 are determined by the flow curve configuration.
Now let us consider the fluid flow, when cavitation process is caused by an ultrasonic vibration transmitter. Resting fluid, lying on the surface (corneal) skin layer is exposed to ultrasonic effect by means of an ultrasonic generator and a tool, which results in formation of microbubbles, i.e. cavitation. Let us analyze properties of a cavitating bubble and its influence on fluid properties.
Let us consider a cavern (bubble), and denote:
P-pressure, created by the surrounding fluid on the cavern; Pн- pressure of saturated vapors in the cavern; Pг – pressure of gases (from air) ; 
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- surface tension coefficient. For simplicity the cavern is assumed to be a sphere. Therefore, equilibrium of the bubble in the fluid is given by the equation:
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Where 
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 - sphere radius.
From gas dynamics it is known that 
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 , where 0 <B=const ; T- temperature ºС
Hence, it is obvious that if 
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 , the cavern expands.

In view of the Boyle’s law 
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, where 
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- initial gas pressures and cavern radius, respectively.

Therefore,
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Where
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Thus,
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If the gas state variation law is adiabatic 
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Hence, the cavern varies its radius under the action of an outside force 
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In case of the Clapeyron’s law
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The cavern critical radius is  
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In the isothermal case:
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In the adiabatic case:
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Note that the bubble critical radius can be found providing:
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The presence of caverns makes fluid compressible. The latter means that its density depends on pressure. Approximately this dependence can be considered to be a linear one. This fact is theoretically and experimentally validated in [2].
Hence, as a result of interaction of corneal layer cells and microbubbles, the latter collapse, therefore the overpressure (microlocal pressure) is created in the region of their  effect, which results in peeling of dead (corneal layer) cells.  
   There are a lot of imperfections such as cracks (irregularities) on the skin surface (corneal layer).  When filled with fluid, air remains in cracks. Besides, penetrating through the surface of the fluid due to diffusion, gases are dissolved therein, cavitation is developed.    
For the sake of simplicity the cavern is presumed to be a sphere. Fluid is practically incompressible and at the initial point of time is at rest. Suppose that the fluid motion is irrotational and the fluid is isotropic and homogeneous. Moreover, the bubble moves only along the radius.

Denote 
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[image: image56.wmf](

)

R

t

- cavern radius at the point of time t .
By virtue of the above assumptions a frictionless liquid and a viscous fluid behaves identically.    
Thus, 
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- pressure on the cavern wall at the point of time t; 
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- gas density; 
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 – fluid pressure in a remote point. Suppose that the bubble is filled with perfect gas, i.e.
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where 
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- saturation pressure depending on temperature.

Therefore,
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- outside force (ultrasonic) acting on the cavern radius variation. Obviously, three situations are possible:
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3) 
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Let us determine the critical value of 
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Thus, the dynamic conditions of the bubble collapse have been found.
Hence, as a result of interaction of corneal layer cells and microbubbles the latter collapse, therefore, in the region of ultrasonic effect the overpressure is created, which results in peeling of keratinized (dead) cells.      
It is known that the corneal layer is an unwettable surface. Note that a criterion for high quality peeling is wettability of surface, which can be described by the following conditions: let 
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 be surface tension at the skin-air interface, 
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– surface tension at the skin-solution interface, 
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 - contact angle.
Condition of the surface wettability is as follows:
σ1 = σ2  + σ3 · cosθ
If 
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 – the surface is wettable, if 
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– the surface is unwettable.

Therefore, upon carrying out the ultrasonic peeling the skin surface becomes wettable which permits to draw a conclusion about the efficiency of ultrasonic peeling.  
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