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ABSTRACT: The isolation of microparticles plays a crucial role in various applications, including 
biological and medical sciences. In this paper, the separation of polystyrene (PS) and polymethyl 
methacrylate (PMMA) particles suspended in water is simulated using the acoustic field and channel 
geometry. The microchannel consists of two parts, a curve-shaped and a straight part. Passive separation 
occurs in the curve-shaped section due to the flow rotation in the microchannel, and the acoustic force 
acts and enhances the separation efficiency in the straight part. The acoustic field is created by a pair of 
aluminum transducers on a piezoelectric substrate. In this study, firstly, the separation of microparticles 
is done using a microchannel without an acoustic field, leading to a separation efficiency of 81%. The 
acoustic force is then applied to the microchannel and, the maximum separation efficiency of 94% is 
obtained. It is observed that the separation efficiency is directly related to the frequency of the acoustic 
field and inversely related to the inlet flow rate. It should be noted that there is an optimal value for the 
applied frequency due to the specific value of the channel width. Also, the amount of separation efficiency 
is improved by enhancing the inlet power. It is observed that as the distance between transducers and 
microchannels is enhanced, the separation efficiency is reduced.
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1- Introduction
In recent years, microfluidic devices have been broadly 

utilized due to their low cost, low energy consumption, 
and compatibility with the environment, especially in 
biological applications [1-4]. The use of these devices in 
chemical applications [5], interdisciplinary sciences [6], 
and biological and medical sciences [7] has been increased 
rapidly. These devices are divided into two categories: active 
devices and passive ones. In passive devices, the inertial 
force applied to the particles, as well as fluid and particle 
interaction results in the separation of microparticles relying 
on microchannel geometry [8]. The use of inertia force and 
Dean flow [9-10], pinch flow fractionation filtration [11-12], 
and placement of obstacles in the microchannel are among 
the passive separation methods. Devices that use external 
actuators to improve separation efficiency are known as 
active microfluidic devices. One of the external forces used 
in microfluidic devices is acoustic force. Compatibility with 
the environment, especially the biological environment, 
has made the use of this force reasonable. The interaction 
between an electric current and a piezoelectric substrate is 
utilized to create sound waves [13]. Sound waves are divided 
into three categories: static sound waves, dynamic sound 
waves, and volumetric ones. In standing acoustic waves, the 
microchannel is located between two pairs of transducers 

[14]. As a result of the collision of two acoustic waves that are 
propagating in opposite directions, a stationary acoustic wave 
is created. In dynamic acoustic waves, the transducer pair is 
placed on one side of the microchannel [15].  Volumetric 
waves are applied in the microchannel volume [16].

Extensive studies have been conducted in the field 
of applying the acoustic field to separate microparticles/
cells. Nama et al. [17] calculated the acoustic radiation 
force applied to suspended particles using two-dimensional 
numerical simulations. They simplified the system by using 
a piezoelectric substrate instead of modeling it as a separate 
domain. As a result, the energy dissipation was not accurately 
modeled because neither this domain was included in the 
simulation nor the impedance boundary conditions applied 
to the microchannel walls. Hsu et al. [18] examined the 
application of dual-wavelength standing surface acoustic 
waves to control the migration of particles inside the 
microchannel. Ma et al. [19] found a single-actuator bandpass 
filtration to sort particles with small and large diameters. The 
bandpass filtration scaled strongly with nonlinear force in the 
regime where particle diameters were on the wavelength scale 
or larger. They separated 15.2 μm polystyrene particles from 
10.2 and 19.5 μm ones, as well as 10.2 μm particles from 8 and 
11.8 μm particles. Han et al. [20] developed an acoustofluidic 
platform based on standing surface acoustic waves and 
analyzed the effect of droplet contact angle. They showed 
that frequency, power, and particle diameter are effective 
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on the contact angle of the drop. In addition, they explained 
the reason for the position of suspended particles in droplets 
and the mechanism of particle separation. They employed a 
standing surface acoustic wave to achieve a permanent effect 
on one or two types of suspended particles in a drop. Nguyen 
et al. [21] developed an acoustofluidic closed-loop control 
system in which standing surface acoustic waves were used 
to control the selective, automatic, and precise position of 
a cell or microparticle in a microfluidic chamber. Lei et al. 
[22] presented a continuous flow-based two-stage acoustic 
microparticle separation with a fluid model consisting of 
three main parts: the acoustic focusing zone, the transition 
zone, and the acoustic separation zone. The acoustophoresis 
applied to the microparticles of different sizes in the channel 
was modeled based on Newton’s second law, where acoustic 
radiation and drag forces were considered. They found that 
an acoustic focusing process with a suitable force range can 
concentrate all particles before entering the separation zone 
and improve the separation efficiency.

The literature review demonstrates that the 
acoustophoresis can be applied to isolate different sizes of 
microparticles due to the application of acoustic radiation 
and drag forces. Besides, microparticles may be separated 
by using the specific geometry of the microchannel to utilize 
inertial force. In the present work, the separation of PS and 
PMMA particles suspended in water is simulated by applying 
an acoustic field. The inertial effect is effective in the curved 
section and the acoustic field is applied in the straight part. 
In other words, passive separation occurs in the curved part 
due to the rotation of the flow in the microchannel, and active 
separation is employed in the straight part. The combination 
of passive and active techniques is utilized to improve the 
separation efficiency.

2- Governing Equations
The application of acoustic waves in the fluid causes 

the creation of the acoustic radiation force. If the diameter 
of the suspended particles in the fluid is less than half the 
wavelength of the acoustic wave, they are affected by this 
force. Newton’s second law for the force and velocity of 
particles is as follows [22]:

p
p

d
m

dt
=

u
F  (1) 

 

( )3D p fd= − −F u u  (2) 

2f
f f

d
p

dt
 = − + 

u
u  (3) 

 

Rad RadU= −F  (4) 

 

3 2 21 2
2

3
6 2 4Rad l

f

f fU d p
c

 


 
= −  

 
u  (5) 

1 1 p

f

k
f

k
= −  (6) 

( )
2

2
2

f

f

f
 
 
−

=
+

 (7) 

( )
5 2

,
2

f p

f f

k
k

 
  

 
−

= −
+

 (8) 

ET= + tS s e E  (9) 

0 r = +D eS E  (10) 

Pzp
A

=  (11) 

 

   (1)

where F , pm , pu and t  are the force, particle mass, 
particle velocity, and time, respectively. The radiation force 
includes drag force ( DF ) and acoustic radiation force ( RadF
). For spherical particles moving in a fluid with the velocity 
of fu , the drag force is [23-24]. 
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Assuming an incompressible fluid and ignoring the 
gravity force, the momentum equation is as follows:
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For spherical particles, the acoustic radiation force is [25].
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where RadU  is the acoustic potential energy:
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Here, ρ , p , fk , pk , fc , and fρ  are particle density, 
acoustic field pressure, fluid compressibility, particle 
compressibility, acoustic velocity in the fluid, and fluid 
density, respectively. 2p and 2u  represent the average values 
of the square of pressure and inlet velocity, respectively. The 
direction of particles motion depends on the sign of acoustic 
field contrast ( ( ),φ β ρ ) which is defined as follows [16].
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The positive sign of ( ),φ β ρ causes the particles to 
move toward pressure nodes and its negative sign causes 
the particles to move toward pressure antinodes. For PM 
and PMMA particles that are examined in this study, this 
parameter is equal to -0.28 and 1.16, respectively. Therefore, 
PM particles move toward pressure nodes and PMMA 
particles move toward pressure antinodes.

The Helmholtz equation is solved to calculate 2p and 
2u . Acoustic waves are produced by piezoelectric due to 

the interaction of the piezoelectric substrate and the electric 
current applied by the aluminum electrodes. Therefore, the 
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linear piezoelectric equations must be solved:
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(10)

Here, Es , rε , 0ε , E , T , S , D , and e represent the 
compliance matrix, relative permeability matrix, vacuum 
permeability, electric field, stress, charge transfer density, and 
piezoelectric matrix, respectively. te is the transpose of the 
matrix e. Also, the applied acoustic field pressure is obtained 
as follows [26]:
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where f fZ cρ= ×  is the impedance of the acoustic 
field and A is the area of ​​the area where the acoustic wave 
is applied. In this study, the reference distance between the 
transducers and the microchannel wall is equal to half of the 
applied wavelength, i.e. 75 µm. This amount of distance causes 
a pressure node to form in the middle of the microchannel.

Navier-Stokes equations are solved using the finite 
element method by employing COMSOL Multiphysics 
software. Also, the P3+P2 scheme is utilized to solve the 
velocity and pressure fields. This scheme means third-order 
elements and second-order elements for velocity components 
and pressure field, respectively. The time step is 10-3 s and 
the convergence criterion is 10-6. The Generalized Minimal 
Residual (GMRES) iterative solver is employed to solve 
the model. The GMRES solver generates a sequence of 
orthogonal vectors for asymmetric systems and the residual 
norm is computed with minimum iteration at every step. Fig. 
1 demonstrates the modeling flowchart. 

3- Problem Description and Grid Study
The geometry of the present study, as shown in Fig. 2, 

includes three parts: spiral channel, straight channel, and 
transducers. First, the particles enter the spiral section of the 
microchannel with a curvature of about 270° and are partially 
separated due to the centrifugal force based on their mass 
and density. Then, the particles enter the straight part of the 
microchannel, which is placed between the pair of aluminum 
transducers. The width of the microchannel in the spiral 
and straight sections is 150 µm. The characteristics of the 
microparticles and fluid are presented in Table 1.

The microchannel has three outlets and the substrate 
placed under the microchannel is Polydimethylsiloxane 
(PDMS) which is LiNbO3. 1.5V voltage is applied to the 
transducers to produce the acoustic wave. The sample 
entering the microchannel has a uniform velocity of 10-4 
m s , i.e., creeping flow regime, and the no-slip boundary 
condition is imposed on the walls. 

 

Fig. 1. Modeling flowchart to simulate the present problem. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 1. Modeling flowchart to simulate the present problem.

 

Fig. 2. Schematic of the present problem. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2. Schematic of the present problem.
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Table 1. Characteristic of fluid and microparticles [4].Table 1. Characteristic of fluid and microparticles [4]. 

Property PS PMMA Fluid 

Diameter, m  10 15 _ 

Density, 3kg m  1050 1180 998 

Sound speed, m s  1260 2757 1481 

Shear wave speed, m s  1120 1400 - 

Compressibility, 1Pa−   106.0 10−   121.3 10−   104.5 10−  

 

Several grids with different elements are generated to 
perform a grid study. Fig. 3 illustrates the changes in the 
separation efficiency in terms of the inlet flow rate. It is 
observed that there is no noticeable change in the separation 
efficiency by changing the number of elements from 112536 
to 124324. Thus, the grid with 112536 elements is selected 
for further simulations (Fig. 4). The values of y+  are placed 
in the range of 10 < y+  < 150 in the current simulations 
to obtain precise results. It should be noted that the standard 
logarithmic law can be utilized when 30 < y+  < 300.

4- Validation
To verify the present numerical simulations, the present 

results are compared with those reported by Petersson et al. 
[27] (Fig. 5A) and Nazemi et al. [4] (Fig. 5B). These figures 
demonstrate the separation efficiency for various inlet mass 
flow rates and different input powers, indicating excellent 
agreement of the present simulations with the two other 
works. In both comparisons, the maximum error between the 
results obtained from the present work and other numerical 
simulations is less than 5%.

  

 

Fig. 3. Separate ion efficiency in terms of mass flow rate for different grid resolutions when the 

frequency is 5 MHz. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3. Separateion efficiency in terms of mass flow rate for different grid resolutions when the frequency is 5 MHz.
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Fig. 4. The grid generated on the present problem. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4. The grid generated on the present problem.

 

Fig. 5. Separation efficiency in terms of (A) flow rate, and (B) input power. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 5. Separation efficiency in terms of (A) flow rate, and (B) input power.
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5- Results
If the acoustic field is not applied to the microchannel, 

the acoustic radiation force is not generated. Therefore, it 
is expected that the separation efficiency when the acoustic 
field is applied will be lower than that in the absence of 
the acoustic field. Fig. 6 demonstrates the changes in the 
separation efficiency compared in terms of the inlet flow rate 
with and without an acoustic field. This separation efficiency 
is calculated for the frequency of 5 MHz, the input power 
of 1.4 W, and the wall thickness of 10 µm. For both cases, 
the decreasing trend of the separation efficiency changes with 
the flow rate is almost the same. It can be concluded that as 
the flow rate is enhanced, the separation efficiency is reduced 
with almost the same slope with and without the acoustic 
field. However, the separation efficiency is much higher when 
the acoustic field is applied due to the major role of acoustic 
radiation force applied to the microparticles. For instance, 
for the flow rate is 0.2 ml/min, the separation efficiency is 
enhanced by about 14.6% when the acoustic field is applied 
to the microchannel compared to the case without applying 
the acoustic field.  

5- 1-  Effect of input power
Fig. 7 depicts the separation efficiency for different 

values of input power when the applied frequency is 5 MHz. 
It is observed that the separation efficiency is enhanced with 
the input power. According to Eq. 11, the amount of acoustic 
field pressure is intensified by increasing the input power, 
resulting in an increment in the acoustic radiation force. This 
force causes particles to move toward pressure nodes and 
antinodes. As a result, the deviation of the particles, i.e. their 
lateral distance, is enhanced and the separation efficiency is 
improved. For example, by increasing the input power from 
about 0.4 W to 1.4 W, the separation efficiency is enhanced 
by about 20%.

5- 2-  Effect of inlet flow rate
When the flow rate entering the microchannel is enhanced, 

the flow velocity is increased. In this case, the microparticles 
suspended in the fluid are exposed to acoustic waves for a 
shorter time and a smaller acoustic radiation force is applied 
to them. To examine the impact of the inlet flow rate, the 
mass flow rate changes from 0.2 ml/min to 0.6 ml/min when 
the applied frequency is 5 MHz and input power is 1.4 W. 
Fig. 8 demonstrates that the separation efficiency is reduced 
from 94% to 51% when the inlet flow rate is enhanced from 
0.2 ml/min to 0.6 ml/min. The maximum separation efficiency 
corresponds to a flow rate of 0.2 ml/min and the minimum 
one is related to 0.6 ml/min.

5- 3- Effect of applied frequency
Fig. 9 reveals the variations of the separation efficiency 

by changing the applied frequency. Since the wavelength λ is 
proportional to the applied frequency, λ = cf/f, an increment 
in the frequency results in a reduction in the wavelength, 
leading to the change of the pressure nodes and antinodes in 
the channel cross-sections. Enhancing the frequency causes 
the formation of more pressure nodes and a higher migration 
rate of microparticles. As a result, the separation efficiency 
is improved. It is worth noting that there is an optimal 
frequency, in which the separation efficiency is maximal. 
Contrary to the impact of input power and inlet flow rate, an 
increment in the applied frequency may lead to a reduction in 
the separation efficiency. Even though the number of pressure 
nodes and antinodes is increased with the frequency, the 
channel width is a limitation for the amount of the deviation 
of microparticles. Here, the width of the microchannel is 150 
µm and it is not sufficient to support the higher deviations of 
PS and PMMA particles. 

 

Fig. 6. The effect of applying the acoustic field on the separation efficiency for the frequency of 5 

MHz, the input power of 1.4 W, and the wall thickness of 10 µm. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 6. The effect of applying the acoustic field on the separation efficiency for the frequency of 5 MHz, the input 
power of 1.4 W, and the wall thickness of 10 µm.
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Fig. 7. Separation efficiency versus input power when the applied frequency is 5 MHz and the flow 

rate is 0.2 µl/min. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 7. Separation efficiency versus input power when the applied frequency is 5 MHz and the flow rate is 0.2 µl/min.

 

Fig. 8. Separation efficiency versus inlet flow rate when the applied frequency is 5 MHz and input 

power is 1.4 W. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 8. Separation efficiency versus inlet flow rate when the applied frequency is 5 MHz and input power is 1.4 W.
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Fig. 9. Separation efficiency versus applied frequency when the mass flow rate is 0.2 ml/min and 

input power is 1.4 W. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 9. Separation efficiency versus applied frequency when the mass flow rate is 0.2 ml/min and input power is 1.4 W.

5- 4-  Effect of PDMS wall thickness
When the acoustic waves interact with the channel wall, 

they lose a part of their energy. Hence, the acoustic pressure 
is reduced as the PDMS channel thickness is enhanced. In 
other words, the location of pressure nodes and antinodes is 
changed when the channel thickness is varied. It has been 
demonstrated that the increment in the channel thickness 
intensifies the number of pressure nodes [4]. In this section, 

 

Fig. 10. Separation efficiency versus PDMS channel thickness when the inlet flow rate, frequency, 

and input power are 0.2 ml/min, 5 MHz, and 1.4 W, respectively. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 10. Separation efficiency versus PDMS channel thickness when the inlet flow rate, frequency, and input power 
are 0.2 ml/min, 5 MHz, and 1.4 W, respectively.

various channel thicknesses are considered to examine the 
separation efficiency when the inlet flow rate, frequency, and 
input power are 0.2 ml/min, 5 MHz, and 1.4 W, respectively. 
As expected, when the thickness of the microchannel wall 
is enhanced, the acoustic waves are more observed and the 
acoustic radiation force applied to the particles is reduced. 
Therefore, as shown in Fig. 10, the separation efficiency is 
reduced with the thickness of the microchannel wall.
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6- Conclusions
The present work examines the separation of PS and 

PMMA particles by combining two passive and active 
methods in a microchannel that consists of spiral and straight 
sections. In the spiral part, passive separation occurs due to 
the rotation of the flow in the microchannel, and in the straight 
part, the sound field improves the separation efficiency. 
The results demonstrate that the separation efficiency is 
improved by increasing the frequency of the sound field and 
decreasing the inlet mass flow rate. It should be pointed out 
that there is an optimal value for the applied frequency due 
to the specific value of the channel width. Also, enhancing 
the input power increases the separation efficiency. As the 
distance between the transducers and the microchannel is 
enhanced, the separation efficiency is reduced. The proposed 
microchannel can separate up to 94% of the aforementioned 
particles, and since the influence of the acoustic field on 
biological samples is insignificant, this microfluidic device 
can be utilized to isolate biological cells. It is recommended 
to perform three-dimensional simulations to observe Dean 
vortices and their impact on the isolation of microparticles 
suspended in Newtonian and non-Newtonian fluids. Besides, 
an experimental approach can be employed to verify the 
findings.  
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