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Acoustophoresis is the technology to separate microparticles and cells from 
suspending fluid. This research focuses on the separation of nanoparticles from water 
by using macro-scale fluidic separator which works based on gravity-aided ultrasonic 
standing wave technology. Titanium dioxide particles of diameter (40 nm to 100 nm) 
were concentrated by the combination of ultrasonic standing wave field at 2.2 MHz 
and gravity-aided sedimentation. The purpose of this study is to investigate the 
performance of gravity-aided ultrasonic particle separator to concentrate 
nanoparticles. It was found that the separation efficiency is 82.85% at a flow rate of 
0.1 mL/min. FEM simulations were also conducted to evaluate characteristics of 
variation of acoustic energy inside the fluidic channel. Results indicate that 
nanoparticles can be concentrated using gravity-aided ultrasonic standing wave field, 
however optimization of the design of the fluidic channel is required for increasing 
throughput of the separator. 
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1. Introduction 
 

The Particle separation methods have wide applications in engineering and life sciences. 
Ultrasonic standing wave is one technology used in manipulating particles in microfluidic systems. 
This method is suitable for both biological and non-biological micro-particles suspended in a fluid 
medium. The particle separation using ultrasonic standing wave relies on acoustic radiation force 
being directed on the particles either in a macro- or micro-channel both with flowing and stationary 
fluid volumes. The acoustic radiation force depends on not only the intensity of the sound field but 
also the contrast between the mechanical parameters density and compressibility of the particles 
and the fluid. 

Millimetre-scale h-shaped ultrasonic concentrator was first designed by Frank et al., in 1993 with 
the use of acoustic foil inside it [1]. Later, this ultrasonic concentrator design was improved by Hill 
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and Wood in which the use of acoustic foil was omitted. The Martyn Hill [2] designed the layer of 
resonators for ultrasonic particle manipulation by using one dimensional simulation model. This 
study observed different coupling layer materials (brass, aluminium, macor) of quarter wavelength 
resonator predicted the nodal position and device behaviour. Süleyman Büyükkoçak et al., [3] 
discussed the particle trajectories of Y-shaped channel. Fluid flow inside the microchannel geometry 
operated at resonance frequency was modeled FEM based numerical simulation. The numerical 
prediction was validated with experimental result from the literature. In a similar study the locations 
of particles were predicted using a finite element model by Adrian Neild et al., [4]. They used simple 
model with resonance frequency to estimate the number of lines formed at this channel. Henrik 
Bruus [5] described the theory of acoustic radiation force on a second order, time-average effect, 
micrometer sized particles in ultrasonic field. Microchip-based devices for on-line particle separation 
were developed by Andreas Nilsson [6]. This on-line separation, 90% of the particles were recovered 
by using the acoustic separator at fundamental resonance frequency 2 MHz. Most of the models 
discussed earlier are based on one-dimensional analysis. The two-dimensional modelling of the 
separation of suspended particle as a function of time was reported by Francisco J. Trujillo et al., in 
2013 by using finite element analysis [7].  

Most studies focused on separation, trapping or concentration of microparticles. This study aims 
to concentrate nanoparticles using the ultrasonic standing wave field and gravity-aided 
sedimentation. Separation performance of macro-scale acoustic concentrator in flow field was 
investigated by experimental tests and two-dimensional acoustic simulation model was also 
constructed to qualitatively analyze variation of sound field inside the fluidic channel. 

 
2. Theory 

 
The acoustic radiation force was calculated using Gor’kov’s formulation [8,15]. The acoustic 

radiation force is defined as a function of a potential U. 
 

Fa= - ∇U                                                                                                                                                                   (1) 
          

The force is the negative gradient of the force potential [10]. Where the potential U is defined as: 
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where, r is the radius of particles, c is the speed of sound, ρ is the density, p is the acoustic pressure 
and v is the fluid particles velocity, the subscripts w and p refer to water and particle properties. The 
wave number k is defined by 2π/λ. 

The particle movement either to the pressure node or anti-node is determined by the sign of 
acoustic contrast factor ø which depends on the densities and compressibility of fluid and particles 
[11]. 
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The prominent forces acting on the particle under ultrasonic standing wave and flow fields are 
primary acoustic radiation force, lateral radiation force, Stokes drag forces [12]. The stokes drag force 
Fdrag can be expressed as 

 

𝐹𝑑𝑟𝑎𝑔 = 6 𝜋𝜇 𝑟 (𝑣𝑓 − 𝑣𝑝)                                                                                                                                  (5) 

           
For a spherical particle with radius r, moving at the fluid and particle velocity are vf and vp through 

a liquid with viscosity μ. The effect of secondary radiation force and interparticle forces are not 
considered in the simulation model. 

The relative densities of the particle and fluid control, the buoyancy force on a particle, where FB 
is opposite to the gravitational force [13] 

 

𝐹𝑏 =
4

3
𝜋𝑟3𝑔 (𝑝𝑤 − 𝑝𝑝)                                                                                                                                      (6) 

 
where r is the radius of the particle, g is the gravitational acceleration, ρw and ρp are the densities of 
the fluid and the particle. When referenced to the x and y coordinates of the particle, the x and y 
components of the buoyancy force depend on the orientation of the channel. 

 
3. Experimental Setup 

 
The experimental setup involves four main parts, a function generator, an acoustic chamber, 

syringe pump and an oscilloscope as shown in Figure 1. The function generator (TEXIO, FGX-2005) is 
a power source to the piezoelectric transducer. The purpose of using a piezoelectric transducer is to 
transmit waves in the ultrasonic frequency range to the aluminum channel. This creates acoustic 
standing waves on the channel that will result in acoustic radiation force on the particles. 
Oscilloscope (GDS-1102A-U) is used to monitor the amplitude and frequency of the input voltage to 
the separator. Syringe pump (FGX-2005) is used to introduce the water-particle solution into the 
acoustic separator through the connector at desired flow rate. 
 

 
Fig. 1. Experiment Setup 
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The operating principle of the device is shown in Figure 2. Initially, the fluid-particle solution is 
introduced into the channel by the syringe pump. When ultrasonic wave is generated by the 
piezoelectric transducer excited by the function generator, the particles experience the acoustic 
radiation forces and the Stokes drag force which are induced by the ultrasonic standing wave and 
flow fields [9]. If the primary radiation force is larger than drag force and they will move to the 
pressure nodes [14]. The separation lines are more prominent at the resonant frequency of the fluid 
layer. Then, particles will form agglomerates due to secondary and interparticle forces. When 
agglomerates are large enough, gravitational force can overcome the Stokes drag force and the 
trapped particles will settle down when they reach to critical volume. Therefore, the clean fluid is 
flowed through the outlet and the settled particles will remain in the separator near inlet of the fluid 
flow. One of the drawbacks of this design is the blockage of particles concentrated at the bottom of 
the channel near the inlet resulting in intermittent operation of the device.  
 

 
Fig. 2. Demonstration of device operation (a) Ultrasound is off and particles spread across the 
channel with the flow, (b) Ultrasound is on and particles form lines at pressure nodes under the 
primary radiation force, (c) Particles form agglomerate due to secondary radiation force and fall 
down due to gravity 

 
4. Numerical Analysis 
 

This simulation was performed using commercial finite element package, COMSOL Multiphysics 
software in pressure acoustic module in frequency domain. The channel is treated as two 
dimensional model of fluid layer. The domain is the rectangle with 0.016 m width and 0.04 m length.  
For this simulation, maximum mesh size of the element is around λ/10 so that it is sufficient to 
capture the variation of acoustic parameters inside the channel. The input parameters for the 
simulations are density of water ρw = 1000 kg/m3, viscosity μ = 8.94x10-4 kg/(m•s), speed of sound of 
water c = 1500 m/s, particle diameter = 40 nm and density of particle ρp= 3780 kg/m3. 

Figure 3 shows the simplified model with boundary conditions. All the rigid walls of the channel 
were modelled as sound hard boundaries, except the wall where the piezo-actuator was attached. 
At this side of the model was simplified by using normal acceleration boundary. 
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Fig. 3. Two-dimensional channel geometry 
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The sound hard boundary is defined by 
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Acoustic radiation force is calculated by 
 

𝐹𝑎𝑐 =
1

3𝜌𝑓𝜔2
𝜋𝑟3𝑘𝜑 [

𝜕𝑃̂(𝑥, 𝑦)

𝜕𝑥
(

𝜕𝑃̂(𝑥, 𝑦)

𝜕𝑥
)

∗

+
𝜕𝑃̂(𝑥, 𝑦)

𝜕𝑦
(

𝜕𝑃̂(𝑥, 𝑦)

𝜕𝑦
)

∗

+
𝜔2

𝑐𝑓
2

𝑃̂𝑃̂∗] 𝑠𝑖𝑛(2𝑘𝑥)            (9) 

 
where, pt  =  Total acoustic pressure field  

              an = normal acceleration 
        qd = Dipole domain source 

                r = radius of particle 
 
5. Results and Discussion 
5.1 Experimental Result 
 

The fluid particle solution is introduced into the separator by the syringe pump through the inlet 
at the flow rate of 0.1 ml/min. The particles experience the acoustic radiation force which is provided 
by the ultrasonic standing wave field and will move to the pressure node points. The separation lines 
or node points are prominent at the resonance frequency of 2.2 MHz as shown in Figure 4.  
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Fig. 4. Pressure nodal lines in the fluid layer of the 
ultrasonic separator under the influence of primary 
radiation force 

  
The particles in the nodal lines then form aggregates under the influence of the later radiation 

force and secondary interparticle forces. The aggregates of particles settle down when they reach to 
critical volume. Therefore, the clean fluid is flowed through the outlet into the beaker and the settled 
particles will remain in the separator near inlet of the fluid flow. At the end of the concentration 
experiment when particle sedimentation starts to disturb the inlet flow, the operation is stopped and 
fluid samples from inlet solution and outlet solution are put on the glass slide under the microscope 
Keyence VHX-5000. The distribution of particles in the samples from the inlet and outlet of the 
separator are shown in Figure 5. As can be seen in Figure 5, particle concentration is higher in the 
inlet and lower in the outlet. Separation performance of the device is computed by measuring the 
areas occupied by the particle aggregates in the samples from inlet and outlet. The separation 
efficiency of the device is found to be 82.85 % and the particles are concentrated at the bottom of 
the channel. 
 

 
(a) (b) 

Fig. 5. Particle distribution in the sample fluid (a) Sample from the inlet 
(b) Sample from the outlet  
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5.2 Numerical Result 
 

To understand the variation of sound field inside the channel, acoustic simulation was conducted 
in COMSOL Multiphysics. Figure 6(a) shows two-dimensional numerical simulation results for 
acoustic pressure distribution in the separator. The equally spaced lines along the separator show 
that standing wave is constructed across the separator width. According to Figure 6(a), the maximum 
acoustic pressure is 4 × 104 Pa and the minimum acoustic pressure is – 4 × 104 Pa. Absolute 
displacement velocity in the separator is plotted in Figure 6(b). From the comparison, it can be clearly 
seen that the velocity and the pressure plots have phase difference since the theoretical phase 
difference between the pressure and velocity is π/2. 

 

  
(a) (b) 

  
(c) (d) 

Fig. 6. Two-dimension model of the separator (a)Acoustic Pressure and (b) Displacement Velocity 
Distribution (c) Acoustic Pressure near the rigid boundary (d) Displacement velocity near the rigid boundary 

 
Primary acoustic radiation force acting on the particles was computed using Eq. (9) assuming 

primary radiation force acts on the individual particle.  Variation of acoustic radiation force is shown 
in Figure 7. From Figure 7, It can be seen that the maximum acoustic radiation force along the x-
direction is 2 × 10-11 N, which is in the same order of magnitude for the primary radiation force [8]. 
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Moreover, it can be clearly seen that the lateral radiation force in the y-directions as shown by the 
variation of the radiation in the y-direction in Figure 7. This lateral radiation force is responsible for 
the forming of particle aggregates after they form the lines at the pressure nodal lines. It must be 
noted here that this two dimensional model under unit normal acceleration excitation can only 
characterize the sound field variation in the channel qualitatively and therefore absolute magnitude 
of the radiation forces cannot be obtained from the simulation model.   
 

 
Fig. 7. Two-dimension model for acoustic radiation force 

 
6. Conclusions  
 

In this paper, the separation of nanoparticles from suspending fluid was done using ultrasonic 
standing wave technology and gravity-aided sedimentation. Titanium dioxide nanoparticles were 
found to respond to primary acoustic radiation force at operating frequency 2.2 MHz and they 
formed agglomerates very quickly due to lateral radiation force as well as secondary radiation force. 
Once the agglomerates become large enough, they sediment at the bottom of the channel due to 
gravity. In this way, separation effect was achieved. The experimental results show that separation 
efficiency of 82.85 % can be achieved at a flow rate is 0.1 ml/min. However, the flow rate is still very 
low and the optimization of channel design is necessary for enhancing the flow rate. Other modes of 
operation such as sweeping mode could also assist to enhance flow rate. Future research should 
focus on optimization of the ultrasonic separation design with other modes of operation. Blockage 
of the channel after particles sediment near the inlet of the channel should also be addressed in the 
future study. Simulation results indicated that there is lateral radiation force in the resonator which 
is responsible for formation particle agglomerates hence in good agreement with experimental 
observation.  Moreover, simulation model could be extended to 3D to investigate three-dimensional 
variation of the sound field inside the channel. Simulation of coupled flow and acoustic field with 
particle trajectory model should also be done to identify separator’s performance and it could be 
used for multiphysics optimization of the performance of the channel.  
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