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ABSTRACT 

In this paper we investigate a microfluidic device designed for 

separation of particles having different densities. Separating 

mechanism employs Standing Surface Acoustic Waves 

(SSAWs). Simulation studies have shown that Polyethylene 

microspheres with diameter of 10µm, having a density of 

1200 kg/m3, can easily be detected from the same sized 

Melamine microspheres having a density equal to 1710 

kg/m3. 
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1. INTRODUCTION 
Standing surface acoustic waves are among important 

techniques used for separation of micron sized particles. In the 

recent    years, we have witnessed high degree of interest in 

employing ultrasonic waves in microfluidic systems due to 

their lower power consumption, flexible design, and easy 

integration with microfluidic other devices because of their 

lower power consumption, flexible design, and easy 

integration with microfluidic devices. Such devices have been 

employed to manipulate micron sized particles in the field of 

cancer cell detection, drug screening, and tissue engineering 

[1-4]. Nevertheless other methods capable of particle 

separation in microfluidic systems have also been introduced, 

including centrifugal [5-7], magnetic [8,9] and hydrodynamic 

[10] methods. Microfluidic has enabled a number of new 

approaches for the manipulation of cells and particles. Among 

the existing active cell separation methods, acoustophoresis, 

arising from the interaction between acoustic waves and 

suspended particles, has emerged as a promising technique for 

non-contact manipulation. Acoustic waves have the potential 

to make an acoustical force on particles based on their 

physical properties. Among acoustic waves, standing surface 

acoustic waves (SSAWs), are of proper form for manipulating 

particles. Since dissimilar cells differ in their physical 

properties such as size and density, they react differently to 

the acoustic waves. Among other passive and active 

techniques, acoustophoresis is a suitable technique to separate 

particles and cells based on density differences. Generally 

acoustic-based microfluidic devices employ a bulk acoustic 

transducer to generate standing wave, along with materials 

which have excellent acoustic reflection coefficient [11-16].    

Density-based separation techniques are critical for many 

chemical and biological applications, such as white blood cell 

classification [22], stem cell isolation [23], foetal cell 

collection from maternal blood [24], and specific bacterium 

sorting [25]. There have been some density-based separation 

studies using passive techniques [26–28]. Standing surface 

acoustic wave (SAW) , generated using a pair of Inter 

Digitated Transducers (IDTs) . Surface Acoustic Wave is a 

mechanical acoustic wave that propagates along the surface of 

a solid material. These waves are generated by applying 

electrical signals to IDTs. The IDTs, which are placed on 

piezoelectric substrate, convert the electrical signals into 

mechanical waves inside the piezoelectric substrate [17]. The 

wavelength of the surface acoustic waves generated by the 

IDTs matches the period of the pairs of electrodes in IDT. The 

SAW-based manipulation has been successfully applied to 

separate synthetic particles with dissimilar sizes [18, 19], and 

platelets from a blood sample [20]. In [20] a 2D microfluidic 

system capable of separating particles according to their 

density differences was designed and simulated. Yet, 2D 

models have restrictions in defining boundary conditions and 

do not provide a viable picture of practical situations. On the 

other hand, numerical simulations of acoustophoretic motion 

of microparticles can provide efficient prediction of 

experiments and provide effective optimization on the design 

of acoustofluidic devices to enhance or improve experiments. 

While 3D simulations are more realistic than the 2D 

simulations, existing models for acoustic based separation 

devices employ  2D simplifications that consider only a cross-

sectional area of the fluid chamber. This is due to the high 

computational demand of 3D simulations. In these models, the 

acoustic field in the fluid layer is generally assumed to have a 

periodic distribution of constant amplitude as obtained from a 

uniform distribution of boundary vibration. However, in real 

acoustofluidic devices, the acoustic field generated from the 

transducer does not always have a perfectly uniform 

distribution along the channel axis due to lateral modes, 

structural modes, transducer inhomogeneity and acoustic 

absorption at the 2 ends of the channel. Therefore, results 

obtained from simplified many 2D models cannot fully 

represent real acoustofluidic devices and 3D models are 

necessary to provide better understanding and prediction of 

experiments. Most recently a study demonstrated successfully 

sheath less size-based particle separation using SSAW in a 

two-stage microfluidic channel. 

In this paper, we consider separation of two particles having 

the same size but with different densities using a 3D 

microfluidic system. This study demonstrates how 3D models 

can improve the understanding of the particle behaviours 

inside the microchannel. In section 2 we discuss device 

parameters used in the simulation study. Section 3.describes 

the separation system . 

2. DEVICE PARAMETERS 
The microfluidic device is composed of two parts, a SAW 

transducer and a PDMS channel. We assume that the SAW 

transducer is built of aluminium and is deposited on a 128° 

rotated Y-cut X-propagating LiNbO3 substrate. SAWs are 

propagated in the substrate in a depth equal to two to three 

times of wavelength, Thus the thickness of LiNbO3 selected 

1600µm. The resonant frequency of the SAW transducer is 

determined by the electrode size and the space between two 
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adjacent electrodes. The width of electrode and the spacing 

between them are both 100 μm. Therefore, the SAW 

wavelength is λ = 400 μm, implying a resonant frequency 

around 9.9 MHz, given the fact that the speed of sound in 

LiNbO3 is approximately 3990 m/s. The PDMS channel 

width is 200 μm which is half of a wavelength. The model 

parameters are summarised in Table.1 and  includes particle 

properties used in particle trajectory simulations. 

Table1. Model parameters in simulation 

400 

 𝜇𝑚 

Width of 

microchannel 

in first stage 

200 

 𝜇𝑚 

Width of 

microchannel 

in first stage 

100 

 𝜇𝑚 

Width of 

IDT 

1000 

𝜇𝑚 

Length of 

microchannel 

800 

 𝜇𝑚 

Length of 

IDT 

1200 

𝑘𝑔 𝑚3  

Density of 

particle 1 

10 

pairs 
Number of 

IDT fingers 

1710 

𝑘𝑔 𝑚3  

Density of 

particle 2 

998 

𝑘𝑔 𝑚3  

Density of 

water 

1481 

𝑚 𝑠  
Speed of 

sound  in 

water 

fine Mesh size 2350 

ms-1 
Speed of 

sound  in 

particle1 

10 Vp-p Excitation 

voltage 

1292 

ms-1 
Speed of 

sound  in 

particle2 

3. SEPARATION SYSTEM 

3.1 System mechanism  
Figure (1) illustrates the basic principle governing  separation  

of the particle when using standing SAW field with two 

stages. A microchannel made of PDMS is placed between two 

IDTs to construct the microfluidic device. Particles are 

released in a narrow channel filled with water. Separating 

process takes place in two stages. The SSAW field generated 

by AC excitation of a pair of IDTs patterned on the 

piezoelectric material, LiNbO3. Interdigitated Transducers 

(IDTs) have long been used to generate surface and bulk 

acoustic waves for a variety of applications [29]. Their 

popularity is due in part to versatility, ease and low cost of 

manufacture, and suitability for mass production. IDTs find 

application to a wide variety of device classes where a 

requirement exists for the generation of elastic waves in 

solids. An IDT structure consists of interdigitated electrodes 

patterned in metal via photolithography or other means on a 

piezoelectrically active substrate or layer. Mode selectivity, 

excitation strength, wave directivity, size and relatively low 

cost are the most important advantages of IDTs. Excitation 

strength which is related to the length of IDTs is different in 

two stages. In the first stage which particles have to be 

focused on the midline, particle need more time to migrate to 

the middle part of the microchannel. But in the second stage 

particles need less time to reach to the target point. So, the 

length of IDT should change. Governing equations are 

discussed below. 

 

Fig 1: Two stage particle SSAW separator according to 

density 

3.2 Acoustic Radiation Force 
Acoustic radiation force (ARF) control the motion of the 

particles within the microchannel filled by fluid medium. 

Different factors affect the ARF. As mentioned in        

Eqs.(1)-(3), particle properties such as radius, density and 

compressibility affect ARF. The direction of acoustic force 

determined by the sign of contrast factor whether the acoustic 

radiation force is directed to the pressure node (PN) or anti-

pressure node (APN). Particles with positive contrast factor 

reach PNs ,   on the other hand, particles with negative contrast 

factor go to APNs. Generally, solid particles and cells have 

positive contrast factor, and are attracted to the PNs. In this 

device, the channel width is half of an acoustic wavelength. 

The design of the first IDT stages is such that pressure node is 

generate right in the middle of the microchannel while in the 

second stage IDTs are shifted by 100µm to the right. Pressure 

nodes are formed at two sidewalls. The particles are assumed 

to have the same size but different densities. During the time 

interval that particles pass through the first stage, all particles 

is focused in the midline, while they pass during the second 

stage, particles with lower density stay in midline and denser 

particles reach the pressure nodes in the side walls. This is 

because denser particles experience larger force and reach 

pressure nodes earlier than the others. The acoustic radiation 

force acting on a micron-sized particle in an acoustic field is 

given by the following equations : 

𝐹𝑟𝑎𝑑 = −∇𝑈𝑟𝑎𝑑                                                              (1) 

where 𝑈𝑟𝑎𝑑  is the radiation potential, 

𝑈𝑟𝑎𝑑 =
4𝜋

3
𝑟3  𝑓1

1

2𝜌𝑓𝑐𝑓
2
 𝑝𝑖𝑛

2 − 𝑓2
3

4
𝜌𝑓 𝑣𝑖𝑛

2                (2) 

𝑓1 = 1 −
𝜌𝑓𝑐𝑓

2

𝜌𝑝 𝑐𝑝
2
    &   𝑓2 =

2(𝜌𝑝−𝜌𝑓)

2𝜌𝑝 +𝜌𝑓
                                  (3) 

Where r is the radius of the spherical particle, 𝜌𝑝  is the density 

of the particle, 𝜌𝑓  is the density of the suspension fluid, 𝑐𝑝  is 

the speed of sound inside the particle , and 𝑐𝑓  is the speed of 

sound inside the suspension fluid [30]. The Eqs. (1)-(3) show 

that the acoustic force applied on particles according to their 

physical properties such as size, density and compressibility. 

The SSAW separator doesn‟t need any sheath flow to focus 

particles in the midline. The exposing time of particles are 

simulated.   

4. NUMERICAL MODEL 
An AC signal with the amplitude of 10 Vp-p was applied to 

the IDTs to drive the SAW transducer to generate a standing 

SAW field across the channel. An impedance analysis of the 

fabricated SAW transducer was conducted to find the 

practical resonant frequency using  piezoelectric module (pzd) 

in COMSOL software. To apply AC voltage electrical circuit 
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(cir) module was used. By coupling “pzd” and “cir” modules 

in COMSOL multiphysics, it is possible to simulate 

piezoelectric displacement. Fig 2, reveals that the resonance 

frequency is around 9.4 MHz which confirms results provided 

by other researchers . 

 

Fig 2: Total displacement of LiNbO3 graph versus 

frequency  

Total displacement of  the piezoelectric material  at resonance 

frequency is shown in Fig 3. The red parts have positive 

voltage and the yellow ones are negative. By applying 

sinusoidal voltage to the electrodes the substrate will have 

positive and negative peaks.  

 

Fig 3: Total displacement of LiNbO3 in 3D 

Solid mechanics (solid) module was used to model PDMS and 

LiNbO3 domains. PDMS and LiNbO3 are both isotropic 

elastic material. The boundary load condition was applied  to 

the interface between PDMS and LiNbO3, and LiNbO3 

known as acoustic load per unit area (acpr/pam1) in solid 

mechanics module. Once the two SAWs meet the solid and 

fluid layers, the harmonic vibration of the piezoelectric 

substrate partially radiates acoustic waves into the two layers. 

For the elastic mechanical motion arising from the 

piezoelectric effect, the surface with interdigitated electrodes, 

excluding boundaries in contact with the fluid and solid 

domains, was set to free, referring to no force loads or 

constraints. Fluid domain was modeled by acoustic pressure 

module (acpr) in frequency domain and laminar flow in 

stationary state study. The inlet and outlet boundary condition 

was applied  to the input and output of  the microchannel. 

Because of the interaction between the elastic mechanical 

motion and acoustic pressure field, a force load was applied 

on the boundaries in contact with the fluid and solids 

domains, known as normal acceleration, T.n= -p.n . The left 

and right walls were considered as plane wave radiation 

boundary conditions and the remaining walls as hard 

boundaries. By placing IDTs in two sides of microchannel 

with the distance of 100µm from the right side of 

microchannel and 200µm from the left side, Pressure node 

generates in the middle of the microchannel. Fig 4, shows 3D 

schematic of microchannel with the pressure node in the 

midline. 

 

Fig 4: Pressure node in the midline in 3D simulation 

Similarly, to generate two pressure nodes in the sidewalls, two 

IDTs were placed with the distance of 15µm from the right 

side of microchannel and 100µm from the left. Fig 5, shows 

3D schematic of microchannel with the pressure node in the 

sidewalls. 

 

Fig 5: Pressure node in the sidewalls in 3D simulation 

5. SIMULATION RESULTS 
As discussed before, separation has two steps. In first stage, 

particles focus in midline, then particles with two different 

densities go to the pressure nodes in sidewalls of the 

microchannel. The COMSOL „Particle Tracing for Fluid 

Flow‟ module is used  to simulate the particle trajectories. 

Particles released inside the microchannel with the initial 

velocity of 0.5  μm/s . The following Figures 6a to 6d show  

of particles passing with the density of 1710 kg/m3 and 1200 

kg/m3 at different time steps. 

 

Figure 6a: Particle movement at t=0s 

 

Figure 6b: Particle movement at t=4s 

 

Figure 6c: Particle movement at t=8s 
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Figure 6d: Particle movement at t=14s 

Particles with the density of 1710 kg/m3 showed in red and 

with the density of 1200 kg/m3 are in blue. With the initial 

velocity of   0.5  μm⁄s   both of particles released. It takes 

around 14s after releasing particles through the inlet to focus 

in midline. In the second stage  particles arrow in 2 lines in 

the corners. As shown in figures 7a to 7d. 

 

Figure 7a: Particle release in second step at t=0s 

 

Figure 7b: Particle release in second step at t=1s 

 

Figure 7c: Particle release in second step at t=4s 

 

Figure 7d: Particle release in second step at t=7s 

Figures 8a to 8d, show particle distribution at different time 

steps. As expected, particles with the lower density (blue) do 

not  no experience sufficient force to reach the pressure nodes 

, remaining on the midline. Conversely, denser particles 

(shown in red) do experience sufficient force and thus can 

reach the pressure nodes and thus separation will take place. 

The time needed for each particle to reach the pressure node is 

different and has to be estimated. The exposure time and flow 

rate are two key factors for good separation efficiency. 

Figures 7a  to 7d show the exposure  time needed to push 

particles with the density of 1200 kg/m3 to the targeted 

points:   

 

Figure 8a:  Particle distribution at t=0s 

 

Figure 8b:  Particle distribution at t=0.01s 

 

Figure 8c:  Particle distribution at t=0.02s 

 

Figure 8d:  Particle distribution at t=0.03s 

Figures 9a and 9b show the exposing time of the particles 

with  lower density (1200 kg/m3) comparing to particles: 

 

Figure 9a:  Particle distribution at t=0s 

 
 

Figure 9b:  Particle distribution at t=0.01s 

The simulation results show that denser  particles (red) , reach 

to pressure nodes faster than denser particles (blue). For the 

second stage, exposure time of particles having densities 

equal to 1710 and 1200 kg/m3 is depicted  in the figures  10a  

to 10d. 

 

Figure 10a:  Particle distribution at t=0s 

 

Figure 10b:  Particle distribution at t=0.07s 

 

Figure 10c:  Particle distribution at t=0s 

 

Figure 10d:  Particle distribution at t=0.07s 

It can be seen that denser particles reach the pressure node 

with in 0.01s while  particles with the lower density need 

reach the pressure node  in 0.07 s. After passing the SSAW 

active  region, the particles remain separated due to laminar 

flow behavior in the microchannel. So, particles are separated 

using acoustic force. Figures 12a to 12d ,  show the acoustic 

force on a particle at x=2301µm and the behavior of particle is 

discussing around the midline. As the middle part of 

microchannel is positioned in x=2300µm in second stage, it is 

expected that the particle be pushed to the nearest pressure 

node in the microchannel. The pressure node is positioned in 

x=2260µm in right hand and x=2340µm in the left hand part 

of the midline. Particles which are far from the pressure nodes 

experience bigger force. For example particle1 is positioned at 

x=2301µm  in the right part of the midline, so it should be 



International Journal of Computer Applications (0975 – 8887) 

Volume 141 – No.12, May 2016 

11 

pushed to the right hand pressure node at x=2340µm and 

should experience a positive acoustic force in x-direction. 

Also, particles in the left side of the center of the 

microchannel, reach the left pressure node. These results are 

shown in figures 11a and 11b. 

 

Figure 11a: Particle behavior around the pressure node 

 

Figure 11b: Particle behavior around the pressure node 

 

Figure 12a:  particle Number1 positions for 7s      

 

Figure 12b:  Acoustic force on the particle Number1 

 

Figure 12c:  particle Number2 positions for 7s    

 

Figure 12d:  Acoustic force on the particle Number2   

6. CONCLUSION 
We have discussed simulation results of a particle separator 

system which uses a SSAWs system. Polyethylene 

Microspheres and melamine particles both 10µm with the 

same size in diameter 10µm  , and density of 1200 kg/m3 and 

1710 kg/m3 were successfully separated. In this study 

particles having closer densities than those previously 

reported were studied. The study may be useful for cell 

detection where separation  of particles with similar physical 

properties  is of interest. Cancer cells are of special interest. 

This technique  has the potential to be used in a lab-on-a-chip 

systems for biomedical application.    
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