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1. Introduction 

 

Separation of micro / nanoparticles is of great im-

portance in chemical and biological analysis, food and 

chemical processing and environmental assessment. The 

use of high-frequency ultrasound in liquid separation sys-

tems has been knew for a long time and is due to a number 

of factors. First of all, it is the ability of ultrasound radiation 

power to capture and distribute particles of an organic or in-

organic suspension along the nodes and anti-nodes. Using 

unique characteristics of microscale flow phenomena, vari-

ous methods have been developed for the rapid and accurate 

separation and sorting of microparticles in a continuous 

mode. Advances in microfluids enable the use of sorting 

technologies that combine the advantages of continuous op-

eration with small-sized scale suitable for manipulating and 

probing individual particles or cells. Microfluid sorting plat-

forms require a smaller sample volume, which has several 

advantages in terms of reagent cost reduction, analysis time 

and less invasiveness of patients for sample extraction. 

In the literature, methods of passive and active 

separation and sorting are reported. Passive methods use 

the interaction between particles, the flow field and the 

channel structure and do not require external fields. Active 

methods use external fields in various forms, but offer bet-

ter performance. Extensive investigation of various pas-

sive and active methods of separation is presented in [1], 

including the basic theory and experimental data. The prin-

ciples of operation are explained, and the characteristics of 

the devices are discussed. 

The ability to obtain well defined chemical ideal 

microenvironment conditions and to control chemical and 

thermal changes, provides high resolution cell response 

and the interaction between cells opportunity [2]. This is 

the main motivation for the rapid growth of research on 

cell biology based on laboratory studies. 

In work [3], methods currently available for selec-

tion by shape and size of nanoparticles are considered. The 

discussed methods vary from known chromatography, cen-

trifugation or filtration methods to purification schemes 

based on phenomena characteristic of nanoscale, including 

selectivity in shape, or the tendency to form organized su-

perstructures. 

Recent nanostructures research achievements led 

to new synthetic methods that provide microparticles size, 

morphology and nano / microstructures be controlled [4]. 

The high-intensity ultrasound offers a simple, versatile tool 

for nanostructures, which are often inaccessible to tradi-

tional methods. The main physical phenomena associated 

with ultrasound, which is related to materials synthesis, are 

cavitation and sputtering. 

Manipulation with particles in microfluidics is a 

problem that continues to affect applications, from the pro-

duction of fine chemicals and ending with materials and life 

sciences [5]. Heterogeneous operations performed in micro 

reactors include high surface-to-volume characteristics that 

minimize heat and mass transfer resistance, providing pre-

cise control of reaction conditions. Significant advances 

have been made in the development of technologies that 

control particles in a microscale laminar flow, but there re-

main enormous opportunities for improvement in the field 

of chemical processing. Molecular methods change our un-

derstanding of cell function and disease [6]. However, accu-

rate methods for molecular analysis are limited if the input 

DNA, RNA or protein is not derived from pure cell popula-

tions, or contaminated with erroneous cells. A new method 

for ultrasonic vibrations microdissection was to offer a pure 

population of target cells from tissue sections for subsequent 

analysis. A multilayer piezoelectric actuator is used to drive 

a vibrating needle at low amplitude and high frequency and 

to cut the tissue. 

Innovative holographic imaging technology used 

to characterize the nonlinear dynamics of the vibrating 

structures [7, 8]. The phenomenological model of the non-

linear Duffing is appropriate to study the nonlinear response 

of the piezoelectric transducer, which actuates liquid with 

micro/nanoparticles. The method of contactless holographic 

characterization is suitable for obtaining results comparable 

to the phenomenological model. 

The novelty of this work is to propose the method 

of micro/nanoparticles separation from fluids using disc 

form piezo actuator. The proposed method ensures the rapid 

and without damage separation process, which could be 

used for the cell membranes of biological fluids. Numerical 

simulation and holographic experimental techniques have 

revealed the peculiarities of disc form piezo actuator vibra-

tions ensuring the most suitable micro/nanoparticles separa-

tion process efficiency. 

 

2. Piezo transducer bimorph dynamics simulation  

 

For acoustic waves excitation the circular piezo 

transducer bimorph composed from piezo-element and 

bronze disk was chosen (Fig. 1).  

The vibration modes of piezo transducer bimorph 

fixed in all perimeter were calculated using the COMSOL 

Multiphysics software package (Fig. 2). These modes are 

similar to those of the circular membrane. The first (a) at 
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eigenfrequency 4486 Hz, the second (b) and the third (c) at 

9389 Hz and 13855 Hz accordingly. 

 
a 

 
b 

 

Fig. 1 Scheme (a) and computational scheme (b) of circular 

piezo transducer bimorph 

 

 
a                                           b 

 
c 

Fig. 2 Modes of vibration of transducer fixed along perime-

ter: a - I mode 4486 Hz; b - II mode at 9389 Hz and  

c - III mode at 13855 Hz 

 

Among all possible types of free elastic vibrations 

it is possible to identify modes of oscillations whose fre-

quency spectrum corresponds well to the experimental re-

sults of micro/nanoparticles separation theoretical calcula-

tions in the approximation of plane motion. Such modes of 

oscillations are capable to excite acoustic standing waves in 

fluids under consideration. 

Standard acoustic problems are related to the 

acoustic pressure p variations at the top of the stationary 

background pressure p0. Mathematically this means a small 

parameter expansion around the stationary quiescent values. 

The governing equations for compressible lossless (without 

thermal conductivity and without viscosity) fluid flow prob-

lem are the momentum (Euler's) and continuity equations. It 

is calculated by the following formula: 

 

 
1

;
u

u u p
t 


    


 

  0,u
t





  


 

where  is the total density, p is the total pressure, and u is 

the velocity. 

In classical theory all thermodynamic processes are 

reversible and adiabatic, known as an isentropic processes. 

The small parameter expansion is carried out with a fixed 

density 0 of the fluid (SI unit: kg/m3) and pressure p0 (SI 

unit: Pa) such that: 

 

0
,p p p    

0
,      with 0

,p p  

0 ,u u                0
,   

 

where the primed variables represent the small acoustic var-

iations. 

Inserting these into the governing equations and 

only retaining terms linear in the primed variables yields: 
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The design of device consists of a piezoelectric ac-

tuator enclosed within a block [10]. The pressure is applied 

to generate the required output that is the voltage. The equa-

tions involved in the calculation: 

 

,
b

V g t stress  

 

where V is output voltage, g is voltage constant, tb is  thick-

ness of the actuator base block (radius = 35 mm, height= 

= 2 mm). 

Stress applied to the piezoelectric element could be 

found by the equation: 

 
,stress E strain  

 

where Young’s modulus E = 62 GPa. 

The strain on the piezo transducer bimorph is: 

 

strain = (change in piezo length) / (original length). 

 

After carrying out the modeling of a water-column 

and piezo transducer bimorph, the following results were 

obtained. Oscillations in the first mode were at 1.4 kHz 

(Fig.3, a), the second mode was 9.5 kHz (Fig.3, b), the third 

at 13 kHz (Fig.3, c). The simulation results are presented 

from two positions - the type of deformation from the side 

of piezo ceramics in the upper line (I) and from the side of 

the liquid column surface in the lower line (II) of Fig. 3. 
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             a                          b                         c 

Fig. 3 Results of a piezo transducer bimorph modeling in 

interaction with a liquid column. I - line, which 

shows the oscillations modes from the side of 

piezoceramics; II - line shows the oscillations modes 

from the side of viscoelastic fluid: a - first mode at 

1.4 kHz, b - second mode at 9.5 kHz and c - third 

mode at 13 kHz 

 

Based on the results of the simulation, it is seen 

how the oscillations of the piezo transducer bimorph are 

changed upon contact with the fluid. The value of the defor-

mations decreases, and after passing through the fluid, it sig-

nificantly weakens. Another interesting fact is that the force 

of pressure drops when the resonance mode increases. 

 

3. Experimental validation of the modeling results 

 

To study the proposed theory, a piezo transducer 

bimorph with a range of operation from 1.3 kHz to 25 kHz 

was used. For the validation of simulation results the holo-

graphic interferometry setup was used.  

 

 
Fig. 4 Scheme of the experimental set up with laser 

holographic interferometry system 

 

Fig. 4 shows the scheme of the experimental set up 

for recording holographic interferograms of a vibrating pie-

zoelectric bimorph and Fig. 5 shows photo of experimental 

setup with holographic system PRISM 100 (Hytec, Los A-

lamos, NM, USA). PRISM system was used to evaluate the 

electrical excitation response of the investigated specimen - 

piezoelectric bimorph. This method allows measuring vi-

bration and deformation with minimal specimen preparation 

and with no contact with the specimen surface. 

In the experiments, micro particle suspensions of 

water were used. As a micro particle phase in the suspen-

sion, the material of zeolite with color pigments was used 

[11]. Micro particle dimensions were 0.5-15 µm. 

To determine the working and resonant frequencies 

of the piezo transducer bimorph, a study of a loaded actuator 

on a holographic installation was initially carried out. The 

results showed that the first mode of the piezo transducer 

bimorph is 1.3 kHz at a voltage of 200 mV, the second is 

11.9 kHz, and third is 13.4 kHz (Fig. 6). 

 
 

Fig. 5 Photo of the holographic interferometry setup used in 

the experiment 

 

   
 

Fig. 6 Holographic pattern of the change in the surface of 

piezo transducer bimorph, depending on the 

resonance mode 

 

4. Micro/nanoparticles separation results 

 

Available resources and competencies related to 

the possibility of micro/nanoparticles separation from fluids 

have required proclaiming the sequence and results of this 

procedure to ensure the simplicity and quick usage of the 

separation process. Starting from the choice of COMSOL 

Multiphysics software for simulation, which imitates all real 

conditions of the liquid systems, the choice of a disc form 

piezo transducer bimorph was successful. The original ex-

perimental setup was assembled in order to validate the sim-

ulation results. 

The experimental setup is presented in Fig. 7, a. 

During the experiment, it was found that after 5-8 seconds 

from the excitation signal applied to the resonator micro / 

nanoparticles begin to accumulate around the acoustic nodal 

points thus stratifying in the test container sections disposed 

at same distances from each other. The third and most stable 

resonance result was at 12.2 kHz. For the clarity of the ex-

periment, observations were made regarding the effect of 

the amount of fluid in the test container on the result. As a 

result, a proportional number of concentrated clusters of 

particles fractions of the suspension was obtained, depend-

ing on the height of the liquid column (Fig.7, b and c). 

Illumination 
head 

  

Specimen 

Control block 

Camera 
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                a                               b                               c 

Fig. 7 Experimental setup (a) and micro/nanoparticle con-

centration rings (b, c), depending on the height of the 

fluid column at a frequency of 12.2 kHz 

 

5. Conclusions 

 

A method and conceptual device to continuously 

separate micro/nanoparticles in a suspension is reported. 

Acoustic forces in a standing wave field are utilized to 

discriminate particles in suspension. Numerical simulation 

results confirmed by an experimental test indicate that the 

proposed purification procedure is feasible. A mathematical 

model of the suspension excitation has allowed us to deter-

mine the low-pressure areas of acoustic waves, which col-

lect micro particles. The obtained results are a prerequisite 
for the development of an experimental prototype for mi-

cro/nanoparticles purification. 
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V. Ostasevicius, E. Golinka, V. Jurenas, R. Gaidys 

 

HIGH FREQUENCY SEPARATION OF SUSPENDED 

MICRO/NANOPARTICLES 

 

S u m m a r y 

 

The influence of high frequency vibrations on the 

large volumes of fluids are not sufficiently studied, but the 

ultrasound separation of microparticles from liquid in mi-

crochannels is known technique. Acoustic standing wave 

technology creates new opportunities to improve advanced 

particle and cell separating systems. In this paper an inter-

esting case of using the acoustic pressure method in the ver-

tical plane is considered. The frequencies that were used lie 

below the threshold of the ultrasonic range and are unique 

in their structure. The case of interaction of a bimorph plate 

with a suspension is considered. The influence of the pres-

ence of a liquid on the change in the resonant frequencies 

and the effect of the exfoliation and transport of particles in 

the suspension are of interest.  

Using a high-frequency bimorph piezo-actuator, a 

stable acoustic effect on the micro/nano suspension and the 

effect of radiation pressure on particles in the slurry was ob-

tained. Investigating the active part of the actuator, an image 

with peak points of membrane deformation was obtained, 

which is confirmed by theoretical calculations. An experi-

mental setup of the micro/nano suspension excitation with 

piezoelectric actuator has allowed us to determine the low-

pressure areas of acoustic waves, which collect micro/nano-

particles. Laboratory studies have confirmed the modeling 

results and the ability to receive higher volumes than in the 

case of purified particles in a microchannel. 

 

Keywords: piezoelectric bimorph, holographic interfero-

metry, mathematical model. 

 

Received April 18, 2017 

Accepted June 08, 2017 

https://link.springer.com/journal/10404
https://link.springer.com/journal/10404
https://doi.org/10.1007/s10404-013-1291-9
https://doi.org/10.1016/j.aca.2009.07.017
https://doi.org/10.1016/j.cocis.2011.01.004
https://doi.org/10.1002/adma.200904093
https://doi.org/10.3390/challe3020194
http://apps.webofknowledge.com/DaisyOneClickSearch.do?product=WOS&search_mode=DaisyOneClickSearch&colName=WOS&SID=R1VyKniNAmIXchM8dt5&author_name=Ostasevicius,%20V&dais_id=59104460&excludeEventConfig=ExcludeIfFromFullRecPage
http://apps.webofknowledge.com/DaisyOneClickSearch.do?product=WOS&search_mode=DaisyOneClickSearch&colName=WOS&SID=R1VyKniNAmIXchM8dt5&author_name=Ragulskis,%20M&dais_id=1000477498&excludeEventConfig=ExcludeIfFromFullRecPage
http://apps.webofknowledge.com/DaisyOneClickSearch.do?product=WOS&search_mode=DaisyOneClickSearch&colName=WOS&SID=R1VyKniNAmIXchM8dt5&author_name=Palevicius,%20A&dais_id=59767485&excludeEventConfig=ExcludeIfFromFullRecPage
http://apps.webofknowledge.com/DaisyOneClickSearch.do?product=WOS&search_mode=DaisyOneClickSearch&colName=WOS&SID=R1VyKniNAmIXchM8dt5&author_name=Kravcenkiene,%20V&dais_id=42792460&excludeEventConfig=ExcludeIfFromFullRecPage
http://apps.webofknowledge.com/DaisyOneClickSearch.do?product=WOS&search_mode=DaisyOneClickSearch&colName=WOS&SID=R1VyKniNAmIXchM8dt5&author_name=Kravcenkiene,%20V&dais_id=42792460&excludeEventConfig=ExcludeIfFromFullRecPage
http://apps.webofknowledge.com/DaisyOneClickSearch.do?product=WOS&search_mode=DaisyOneClickSearch&colName=WOS&SID=R1VyKniNAmIXchM8dt5&author_name=Janusas,%20G&dais_id=36951325&excludeEventConfig=ExcludeIfFromFullRecPage
https://doi.org/10.1117/12.599027
http://apps.webofknowledge.com/DaisyOneClickSearch.do?product=WOS&search_mode=DaisyOneClickSearch&colName=WOS&SID=R1VyKniNAmIXchM8dt5&author_name=Ostasevicius,%20V&dais_id=59104460&excludeEventConfig=ExcludeIfFromFullRecPage
http://apps.webofknowledge.com/DaisyOneClickSearch.do?product=WOS&search_mode=DaisyOneClickSearch&colName=WOS&SID=R1VyKniNAmIXchM8dt5&author_name=Palevicius,%20A&dais_id=59767485&excludeEventConfig=ExcludeIfFromFullRecPage
http://apps.webofknowledge.com/DaisyOneClickSearch.do?product=WOS&search_mode=DaisyOneClickSearch&colName=WOS&SID=R1VyKniNAmIXchM8dt5&author_name=Daugela,%20A&dais_id=17808030&excludeEventConfig=ExcludeIfFromFullRecPage
http://apps.webofknowledge.com/DaisyOneClickSearch.do?product=WOS&search_mode=DaisyOneClickSearch&colName=WOS&SID=R1VyKniNAmIXchM8dt5&author_name=Ragulskis,%20M&dais_id=1000477498&excludeEventConfig=ExcludeIfFromFullRecPage
http://apps.webofknowledge.com/DaisyOneClickSearch.do?product=WOS&search_mode=DaisyOneClickSearch&colName=WOS&SID=R1VyKniNAmIXchM8dt5&author_name=Ragulskis,%20M&dais_id=1000477498&excludeEventConfig=ExcludeIfFromFullRecPage
http://apps.webofknowledge.com/DaisyOneClickSearch.do?product=WOS&search_mode=DaisyOneClickSearch&colName=WOS&SID=R1VyKniNAmIXchM8dt5&author_name=Palevicius,%20R&dais_id=59767540&excludeEventConfig=ExcludeIfFromFullRecPage
http://www.mdpi.com/search?authors=Min-Gyu%20Kang&orcid=
http://www.mdpi.com/search?authors=Woo-Suk%20Jung&orcid=
http://www.mdpi.com/search?authors=Chong-Yun%20Kang&orcid=
http://www.mdpi.com/search?authors=Seok-Jin%20Yoon&orcid=
http://www.mdpi.com/2076-0825/5/1/5
http://www.mdpi.com/2076-0825/5/1/5
https://doi.org/10.1007/978-1-4757-6523-6

