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Abstract:



A method of microparticle separation from larger volumes of suspension is proposed. A piezoelectric cylinder is selected as an ultrasonic wave actuator, the diameter and length of which the volume of the suspension to be purified depends. Numerically and experimentally, it is demonstrated that the low-level pressure field nodal circles of ultrasonic radiation standing waves concentrate microparticles at different velocities depending on the fluid viscosity. Numerical mathematical modeling has allowed us to identify the basic dynamic characteristics of the piezoelectric actuator to ensure a more effective process of microparticle separation. An important feature of the proposed method is that the ultrasonic radiation stresses that are directly applicable to cell membranes are inadequate to cause them damage.
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1. Introduction


Acoustic standing wave technology creates new opportunities to improve advanced particle and cell separating systems. The influence of ultrasonic waves on the diffracting phase is interesting itself as one of the fundamental physics effects of ultrasound. The work in [1] deals with the problem of ultrasound in the context of biomedical and clinical applications. It is suggested that only radiation pressure should be taken into account as a mechanism of drifting. Apart from the acoustic radiation forces, Rayleigh streaming flows are normally detected in acoustic-fluidic manipulation and sorting devices [2]. Several experimental studies were performed [3] to examine the ways bio-particles can be manipulated using acoustics. For the evaluation of the effectiveness of this technology, digital particle image velocimetry is an optical method of flow visualization, which is described in terms of linear system theory [4,5], and the conditions for correlation analysis as a valid interrogation method are determined.



Continuous flow acoustic standing wave separation of particles in microscale systems was described in detail in [6,7,8,9,10,11]. A new type of h-shaped ultrasonic resonator was applied to separate biological particles in [12]. Another study was performed on yeast cells and the red blood cells of rats and guinea pigs in a standing ultrasonic wave in order to identify the empirical boundary conditions of their concentration and separation [13]. An innovative acoustic filter, created using a multilayered piezoelectric resonator for the purpose of retaining mammalian cells in cell culture fermentations, was presented in [14].



The work in [15] describes the method applied to biological and non-biological particles in suspension. The mathematical model of blood flow and pressure has been presented in [16,17]. Adequate cellular biophysical data can be extracted without invasion due to ultrasound scattering, which allows tissue characterization and determination of red blood cell aggregation [18,19]. Some years ago, power ultrasound was considered too expensive for water treatment in the industry [20]. De-watering of bio-sludge (consisting of water, biomass and extracellular polymeric substances) is a complicated process [21]. Ultrafiltration, microfiltration, high performance tangential flow filtration, membrane chromatography and an electrophoretic membrane contactor have become extremely important when dealing with biotechnological products and their separation and purification [22]. In addition, a cell separation device that uses competing electrostatic and acoustic radiation forces to separate cells is presented in [23].



The novelty of this work lies in offering a method for faster purification of larger volumes of microparticles from the biological suspension. It is based on directing ultrasonically-excited heavier suspension particles towards the node areas of standing acoustic pressure waves.




2. Materials and Methods


2.1. Simulation Procedure


Several biotechnological applications of particle trapping and separation have been reported where ultrasound resonances in microchannels were used to create acoustic fields, giving rise to acoustic radiation forces on suspended particles. Such an acoustophoretic phenomenon creates pressure fluctuations in a fluid medium of moving particles. As the diameter of the particles is much smaller than half the wavelength of the acoustic standing wave, these forces act mainly in one direction, and the particles move towards either a pressure node or pressure anti-node. However, the use of a microchannel produces a very small amount of particles and is therefore useful only in laboratory tests.



Acoustic radiation force is an important nonlinear force exerted by acoustic fields on particles. The acoustic radiation force Frad on the particle can be calculated as the time averaged second-order forces acting on a fixed surface ∂Ω in the inviscid bulk, encompassing the particle. For inviscid fluids, vector Frad is the sum of the time-averaged second-order nonlinear acoustic pressure field [image: ] and momentum flux tensor [image: ] [24],


[image: ]



(1)




where ρ0 is the fluid density, [image: ] is the first-order acoustic velocity field, [image: ] is the first order linear pressure field, [image: ] is the explicit expression for the compressibility and n is the normal vector.



The radiation force acting on a small particle placed in a standing wave is a gradient force of the potential function Urad [25]:
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(2)
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where ρp is the particle density, c is the speed of sound and f1 is real-valued and depends only on the compressibility ratio between the particle and the fluid.



The dipole scattering coefficient f2 is related to the translational motion of the particle and depends on the viscosity of the fluid; K is the bulk modulus of the fluid; Kp is the bulk modulus of the particle; and Vp is the volume of the particle. The acoustic radiation force on a compressible, spherical, micrometer-sized particle of radius r = 5 × 10−6 m suspended in a viscous fluid in an ultrasound field of wavelength λ = 4.5 × 10−3 m at room temperature was analyzed, thus r << λ. The numerical model contained a piezoelectric actuator cylinder with an internal radius of R = 5.5 × 10−3 m and a direct piezoelectric effect, which was electrically excited by the harmonic law at frequencies f0 = 350 kHz. The cylinder was filled with a fluid, and by exciting the piezoelectric cylinder at a certain frequency, the standing waves were exposed in it. The modeling procedure was composed of two stages: in the first stage, the particles in a water suspension were simulated; in the second stage, biological suspension properties were attributed to the fluid. Particle parameters were the same in both cases. A 2D model of the system was studied. The model uses the following physical quantities: speed of sound in water: c = 1.57 × 103 m/s; the speed of sound in biological suspension: c = 1.48 × 103 m/s; ρp = 4 × 103 kg/m3 is the particle density; Kp = 2.2 GPa is a bulk modulus of the particle; and the amplitude of the normal acceleration of the transducer is a0 = 7.5 × 106 m/s2.




2.2. Experimental Validation Procedure


To validate the results of the modeling, experiments with a piezo-driven ultrasonic actuator for fluid sonication have been conducted. A prototype actuator was fabricated from off-the-shelf tube-shaped (with dimensions of Ø19 × Ø16 × 28 mm) piezoceramic material type PZT-4 (Morgan Advanced Materials Inc., Windsor, UK). This material is ideally suited for ultrasonic radiation applications and is capable of producing large mechanical drive amplitudes while maintaining low mechanical and dielectric losses. The PZT-4 material properties are given in Table 1.


Table 1. Physical properties of PZT-4.





	Density (103 kg/m3)
	7.7



	Young’s modulus (1010 N/m)
	7.3



	Curie point (°C)
	350



	Mechanical Q
	1000



	Relative dielectric constant [image: ]
	1725



	Dielectric loss (1 kHz)
	0.4



	k31
	0.32



	kp
	0.54



	d31 (10−12 m/V)
	−130









To assess the separation process of microparticles suspended in a fluid using ultrasonication and to determine the vibrating deflection shapes and eigenmodes of the piezoceramic tube-shaped actuator, an experimental setup with a Polytec 3D scanning vibrometer (Type PSV-500-3D-HV, Polytec GmbH, Waldbronn, Germany) was developed and is shown in Figure 1a.


Figure 1. Photo of the experimental setup (a) and block diagram (b) for the separation of microparticles suspended in a fluid: ultrasonic frequency signal generator (Agilent 33220A) (1), voltage amplifier P200 (FLC Electronics) (2), container of the fluid (3), peristaltic pump (Model NP-1M) (4), inlet of the actuator (5), piezoelectric tube-shaped actuator (6), containers for the microparticles phase and the fluid phase (7 and 8), collector of the fluid (9) and Polytec 3D scanner-vibrometer (10).
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The experimental setup consists of the scanning vibrometer (10), the piezoelectric tube-shaped actuator (6) driven by an ultrasonic frequency signal generator (1, Agilent Technologies, Inc., Loveland, CO 80537, USA) and the voltage amplifier (2, P200-FLC Electronics AB, Sippedalsvagen, Sweden). For the fluid flow rate control and transfer to the actuator, a peristaltic pump (4, model NP-1M, LOIP Ltd., Saint-Petersburg, Russia) is used. The container (3) with the fluid is connected to the inlet tubing of the peristaltic pump, and the outlet tubing of the pump is connected to the inlet (5) of the tube-shaped actuator (6). The bottom-end surface of a tube-shaped piezoelectric actuator (dimensions Ø19 × Ø16 × 28 mm) is glued with elastic silicone to the ring-shaped surface (outer diameter Ø17 mm) of the designed collector. Sonication of the fluid is carried out by the use of a tube-shaped actuator; an ultrasound standing wave is applied to separate and distribute microparticles in the researched fluid. The separated particles and liquid phase through the fluid collector (9) and are collected in the containers (7 and 8). The deformation of the piezoelectric tube-shaped actuator and its frequency response are measured using a Polytec 3D scanning vibrometer (10).



A block diagram of the experimental setup is presented in Figure 1b. It explains the direction of fluid movement in the system for the separation of microparticles. In the suspension container (3), suspensions with microparticles are stirred and transferred to the peristaltic pump (4), which regulates the flow rate of the fluid before entering the actuator’s inlet (5) and the separation chamber of the piezoelectric tube-shaped actuator (6). An ultrasonic standing wave sonication of the fluid in the flow was established by the piezoelectric actuator, driven by the signal generator (1) and the voltage amplifier (2). After sonication, the suspended microparticles were separated into an enriched and cleared phase by the collector (9), and then, they were transported into separate containers (7 and 8). The duration of the sonication process in the separation chamber of the tube-shaped actuator was controlled by the flow rate of the peristaltic pump (4). The stable separation pattern of microparticles was formed after 5–10 s and was monitored by the Nikon microscope Eclipse LV100 (Nikon Corp., Tokyo, Japan) with a CMOS camera INFINITY1-1C (Lumenera Corporation, Capella Court, Ottawa, ON, Canada).





3. Results


3.1. Simulation Results


The Comsol Multiphysics software platform (Comsol, Inc., Burlington, MA, USA) was used for simulating the physics-based pressure acoustics problem in the frequency domain. The boundary of the acoustic fluid pressure domain was excited by normal acceleration of a piezoelectric actuator cylinder element. The pressure field of the standing wave in the section of the piezoceramic tube-shaped actuator perpendicular to its axis is shown in Figure 2. This 3D image is tied to the acoustic pressure distribution according to the scale given in the color palette column.


Figure 2. Pressure field (Pa) of the standing wave in (a) biological and (b) water suspension. Excitation frequency: 350 kHz. The high pressure area is represented in the red and blue areas of low pressure. The values of high and low pressure reach several kPa, but in opposite directions.
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The sound pressure level is presented in Figure 3.


Figure 3. Sound pressure level (dB) in (a) biological and (b) water suspension. Excitation frequency: 350 kHz. The sound pressure field is analogous in both fluids, i.e., there are three high pressure areas and two low pressure areas in between them. However, the low pressure areas differ in different fluids: in the case of a biological suspension, they are wider in comparison to those of the water suspension. This is caused by the different parameter values of the fluids.
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The next step is to solve the equation of particle motion in the acoustic field, where the solution determines the position of the particles in the field at the moment of time ti. At the initial time t0, the particles are uniformly distributed in the acoustic field. Under excitation of the actuator, the ultrasonic standing wave begins to move and concentrate in those areas of the acoustic pressure field where the sound pressure is the smallest. The distribution of the particles in the acoustic field at different points in time is shown in Figure 4 for the biological suspension. The color of the particles represents the speed at the moment of time ti, which is calculated by integrating the equations of motion.


Figure 4. The distribution of particles in the acoustic pressure field in the biological suspension at different times ti: (a) 2 s, (b) 4 s, (c) 6 s, (d) 8 s.
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The distribution of the particles in the acoustic field at different points in time is shown in Figure 5 for the water suspension.


Figure 5. The distribution of particles in the acoustic pressure field in the water suspension at different times ti: (a) 2 s, (b) 4 s.
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3.2. Experimental Results


In the experiments, microparticles in the water and biological suspensions, which correspond to human blood in their viscosity, density and acoustic velocity parameters, were used. As a microparticle phase in the suspension, the material of zeolite with color pigments was used (made by SIGMA-ALDRICH, 3050 Spruce Street, Saint Louis, MO 63103, USA). The microparticle dimensions were 5 µm.



Vibrating deflection shapes and eigenmodes of the tube-shaped piezoelectric actuator were determined by a Polytec 3D-scanning vibrometer. An outer surface of the tubular actuator was virtually segmented, and each segment was 3D-scanned. A rectangular segment on the piezoelectric actuator outer surface (Figure 6a) was taken perpendicular to the laser beam considering that the symmetrical deflection shapes and eigenmodes detected will help with acoustic and structural dynamics analysis. Figure 6a shows the scanned segment and the grid of the measurement points. To minimize the terrestrial gravity influence on a microparticle separation process, the tubular actuator was positioned vertically. To determine the resonance frequency of the researched actuator suitable for the microparticle separation, the frequency spectrum was obtained in an operational frequency range from 100–650 kHz.


Figure 6. Photo of the tube-shaped prototype actuator and a segment of its surface (a), which is 3D-scanned to determine vibrating deflection shapes and eigenmodes of the actuator (b–d).
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Figure 6 shows the deformations of the scanned surface of the actuator. In Figure 6, a segment of the outer surface at the operational frequency of 345 kHz with different fluids is indicated.



Measurements were taken for the actuator without a suspension (Figure 6b), with a water-based suspension (Figure 6c) and with a biological suspension-synthetic viscous liquid (Figure 6d). As can be seen from the results, deformations of the actuator with and without the viscous fluid are similar. This is due to viscous damping and fluid inertia.



The frequency spectra of the actuator with the fluid was measured with a 3D scanner (Figure 7) and confirms the simulation results.


Figure 7. Frequency average spectrum of the actuator scanned surface obtained by measurement via a 3D scanner: (a) without fluid; (b) with the water suspension; (c) with the biological suspension-viscous fluid.
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A stable resonance frequency of 345 kHz allowed us to obtain a constant suspension flow separated into fractions. At a frequency of 202 kHz, the amplitude of deformation is the greatest, but the study showed flow instability that led to the suspension mixing rather than its separation. Therefore, we had to give up the greater amplitude in order to continually collect particles and move them to the desired trajectory of the ultrasonic signal. Here, (a) denotes the deformation in the fluid without suspension, (b) stands for a signal for a water suspension and (c) describes the operation when using a biological suspension-viscous fluid. As can be seen from the chart, with a viscous flow, there is a certain quenching strain on non-resonant frequencies.



The separation of the microparticles from the suspension in the piezoelectric cylinder under the influence of the standing ultrasonic wave is shown in Figure 8. For comparison, data are given for a frequency of 202 kHz (Figure 8a) and for a frequency of 345 kHz (Figure 8b). The time spent on the separation of the suspension flow into fractions was four seconds for a water-based suspension and eight seconds for a biological suspension-viscous fluid.


Figure 8. The distribution of the particles in the cylinder with the suspension under the influence of a standing ultrasonic wave: (a) excitation frequency of 202 kHz; (b) excitation frequency of 345 kHz; the microparticles distribution in standing wave nodal (1) and anti-nodal (2) circles.
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For the extraction of microparticles from the biological suspension, a special collector was designed and manufactured (Figure 9). The distribution of the channels of this collector are located in the circles, the centerline diameters of which coincide with the diameters of the acoustic standing wave nodal circles or low pressure areas, in which the solid microparticles precipitate (4 and 14 mm, respectively). After eight seconds of ultrasonic treatment in the piezoelectric cylinder, the enriched microparticle mixture was accumulated via the channels of the collector.


Figure 9. Photo of the collector. 1: openings for collection of the microparticle phase; 2: openings for collection of the suspension phase; 3: volume of the suspension phase.
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To determine the effectiveness of the fluid purification, two separate samples were examined under a microscope. The results are shown in Figure 10. The image in (a) depicts a sample of microparticles in the biological suspension before and (b) after the separation procedure. The quantity of microparticles is increased by 6.5-times.


Figure 10. Microscopic view of the biological suspension samples before (a) and after (b) the purification procedure.



[image: Actuators 07 00014 g010]








4. Discussion


For rapid microparticle purification to be realized, some conventional methods were analyzed, and it was concluded that the most suitable technique for this purpose is the ultrasonic method. However, it is well known that the ultrasonic purification method in microchannels is not suitable for larger amounts of fluid. Consequently, the method of suspension treatment in a piezoelectric cylinder has been proposed. It was found that the distribution of both biological and water suspension particles in the acoustic pressure field is the same, yet the velocity of particle convergence to the low-level pressure field is different. When the fluid is water, the particles get into the low sound pressure field in 4 s, whereas in the case of the biological suspension, it takes twice the time, i.e., 8 s. Another difference between the fluids under investigation is the particle distribution in low sound pressure fields. Concentration areas of biological suspension particles at the end of the process, i.e., when the fluid becomes stationary, are broader in comparison to concentration areas obtained using water as a fluid (see Figure 3). Both peculiarities may be explained by different values of the analyzed fluid properties. Finally, the third difference lies in the geometrical discrepancy of the small radius low sound pressure level areas; in the case of the biological suspension, the area radius is smaller by 30% in comparison to that of water. This fact should be taken into consideration when separating biological suspensions of various viscosities. Consideration of this effect enables us to control the particle distribution in the desired areas of the acoustic field. This results in a quick and reliable particle concentration in the desired acoustic field areas (by changing the characteristics of vibrations generated by the actuator). This is a technological approach for the removal of particles from suspensions.



As only a physical experiment with an elaborated purification device could confirm the appropriateness of a mathematical model, the experimental setup was assembled in order to ensure precise measurements. Two types of suspensions were considered that included particles of the diameter of erythrocytes: biological and water-based. We choose these types of suspensions to demonstrate, by experiment, the universality and validity of the proposed purification technology. Two main parameters of the particles that form a nodal circle are related to the fluid acoustical excitation frequency and the constructive dimensions of the piezoelectric actuator. Since the number of nodal circles or low pressure areas in which the solid microparticles precipitate is increased at higher frequencies and was concentrated at a frequency of 345 kHz, the lower frequency of 202 kHz was abandoned in favor of stable and efficient acoustic forces produced at a frequency of 345 kHz. The diameters of microparticle concentration circles coincide in both the simulation and experimentation cases.



As was shown experimentally and theoretically, the diameters of particle aggregation circles for both suspensions were identical, whereas the period of circle formation differed two-fold. This period (from four to eight seconds) could be considered very short compared to other known methods of purification [26]. Despite the fact that the cells in biological suspensions are very susceptible to the influence of ultrasonic signals, our experience has shown that the frequency of 345 kHz is safe for cell membranes [27]. Whereas a theory should make predictions, a good theory’s predictions should be supported by the results of experiments. Good correlation between model and experimental data of piezoceramic tube vibrations has been observed in [28]. In our case, the matching of the simulation (350 kHz) and experimentally-obtained (345 kHz) ultrasonic excitation frequencies, as well as the coincidence of the diameters of microparticle concentration circles in both the simulation and experimentation cases suggest that the mathematical model imitates the real microparticle purification process. The simulation results show that particle density does not affect the acoustic pressure, because it is created by an external effect; in this case, it is the reverse piezo effect. However, the density of the particles influences the separation time interval. This time interval is particularly increased when the fluid and the particle density ratio are approaching unity. As the fluid and the particle density ratio are very important, from an engineering point of view, this ratio directly affects the piezo cylinder length. In our case, the length of piezo cylinder and the flow rate of the fluid were sufficient for the microparticle separation time interval to be equal to 8 s. In theory, if the fluid and the microparticle density are close, the purification time increases considerably, thus requiring a greater length for the separator. For example, to evaluate microparticles separation efficiency in L/h, as estimated in the article [29], the flow rate should be 0.278 mL/s. In our case with the volume of the piezoceramic tube-shaped actuator, we get that the separator’s performance as over 2 L/h. The proposed method is more than 2.0-times faster than the separation of particles in the microchannel. In contrast to the separation of the particles in the microchannel, the amount of fluid treated in the piezoceramic tube-shaped actuator depends on its volume, which can be selected according to the amount of fluid to be treated.




5. Conclusions


A straightforward method for the separation of microparticles is proposed. A finite element model is implemented to simulate the radiated fields of a cylindrical ultrasonic actuator with its volume filled by a suspension. Microparticle concentration takes place in the nodal circles area of standing ultrasonic waves. It was found that the distribution character of different types of microfluid particles in the acoustic pressure field is the same, but their distribution speed depends on the suspension viscosity. As the amount of microfluid depends on the construction of a piezoelectric actuator, larger volumes of microparticles could be purified. The proposed method is simple to realize, does not require large investments and the elaborated device is transportable. The results obtained here are a prerequisite for the development of an experimental prototype for microparticle separation. With these results, it can be concluded that the separation of different sizes and densities of microparticles from the various viscosity suspensions is possible.
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