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A B S T R A C T   

Electrostatic traveling wave (ETW) methods have grown in popularity as a method to manipulate and separate 
fine particles. This is of interest to mineral processing and In-situ Space Resource Utilization. Here, we 
demonstrate that ETW can be used to separate particles by size. First, our numerical calculation and simulation 
results show the competing effect of DEP and Coulomb force on particle motion direction, which depends on the 
frequency, particle size and charge. Then we define the “crossover frequency” allowing prediction of operating 
parameters to separate particles. At the “crossover frequency” – a particle is equally likely to move forward or 
backward. The crossover frequency decreases as particle size increases, and the proportion of particles moving 
backward increases as frequency increases. Four size groups of ballotini particles (glass) were transported and 
collected at different wave field frequencies. Finally, we have demonstrated experimentally the separation of 
particles between 30–50 µm and 75–110 µm. Simulation and experiment results revealed the effects of frequency, 
particle size and charge on particle motions. And the model can be used to guide the design of separation 
systems.   

1. Introduction 

1.1. Dry particle separation 

Reducing water usage in mineral processing is beneficial for global 
environmental protection [1,2]. Also, the cost of water resources in 
remote mining areas and locations like Australia and Chile is increasing 
[3,4]. In the space environment, many essential technological methods, 
such as dust mitigation for spacecrafts, beneficiation process in the In- 
situ Space Resource Utilization (ISRU), water treatment is not appli
cable [5]. In addition, in the processing of particles when conducting 
research, dry particle manipulation is crucial [6,7]. Therefore, the 
development of dry particle processing is in great demand. 

1.2. Introduction, development and merits of ETW methods 

Electrostatic traveling wave (ETW) methods have received increased 
attention for dry particle transport and separation [8]. ETW systems 
control the motion of particles by manipulating Coulomb and dielec
trophoresis forces. These forces are due to the particles’ physical 

properties, as well as the ETW field characteristics, which can be tailored 
by the design of system parameters, such as applied voltage and elec
trode configurations. The ETW methods have the advantages of a simple 
structure, lack of moving parts, and high applicability for different types 
of particles. 

The earliest concept of ETW, the method of ‘electric curtain’ was first 
applied by Masuda and coworkers in the connection with charged 
aerosol clouds transportation [9–11]. They also conducted experiments 
and developed simulation models on the movement of blood cell and 
separation of particles in liquids [12,13]. In their theory, the wave field 
was simplified to the combination of two harmonic waves propagating 
in different directions. And if particles with different properties carried 
by different waves and move in different directions, the transport and 
separation of particles could be achieved simultaneously. 

Subsequently, more efforts were made to understand the experiment 
phenomenon quantitatively and to design improved devices [14–16]. 
Machowski and coworkers [17] performed the separation experiments 
on sand and pulverised alumina powders by testing different shapes of 
electrodes, such as cylinder and stripe. They found sand was transported 
along the traveling wave while alumina was transported oppositely at 
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lower frequencies. And at higher frequencies, both the motion directions 
of sand and alumina reversed due to the transition of motion mode. 

Recent advances have been made in developing theories of particle 
motion for ETW methods [18–20]. Kawamoto and coworkers [21] 
adopted a 3-D modified hard-sphere DEM model to predict the particle 
motion in the lunar environment. By adjusting the balance of the 
gravitation force and Coulomb force on different sizes of particles, the 
particles smaller than 20 µm significantly flew higher above the 
conveyor board and could be separated in a vacuum chamber. Zouaghi 
and coworkers [22–25] have also made systematic investigations on the 
particle motion mechanisms, especially on the explanation of backward 
motion. They have revealed the important effect of particle size and 
operating frequency. 

The research on the design of dust mitigation and the toner transport 
technologies using ETW methods have advanced much more than that of 
particle separation [26–32]. This is because dust mitigation or toner 
transport does not require the strict control of particle trajectories as 
does particle separation. Particle separation systems design must pre
cisely consider the relevant properties of the particles to be separated. 
Currently particle separation systems are poorly understood because the 
underlying theory of particle motion is poorly understood. 

1.3. Summary of work 

In this paper, the principles for the separation are analysed including 
the effects of dielectrophoresis on large particles and a comparison of the 
effects of the Coulomb and DEP forces. 

We developed an ETW experimental system to study particle trans
portation. Four distinct particle size groups were used. The particles 
were transported either forward or backward and collected in bins at the 
ends of the apparatus. We measured the collected mass in both forward 
and backward directions plus the particles remaining on the array. Each 
of these particle cohorts were analysed by size. The fraction of particles 
transported in each direction exhibited a noticeable frequency- 
dependent effect. At lower frequencies, a majority of particles moved 
forward, but as the frequency increased, the fraction of particles being 
transported backward increased. 

We plotted two lines indicating the mass fraction of particles of each 
size range cohort collected in forward and backward directions related 
to frequency. These plots exhibited a crossover point. The frequency 
corresponding this point is defined as “crossover” frequency, which 
means a particle has an equal chance to move forward or backward. And 
the crossover frequency decreases as the particle size increases. 

The experimental results show that larger particles tend to move 
backward at lower frequencies, at which frequency smaller particles 
may still move forward effectively. Using the single size transporting 
data, we could estimate the size concentration of a mixture of different 
sizes of particles in forward and backward directions. And the separation 
performance of particles of various sizes at different frequencies are 
predicted. 

Finally, a mixture of different sizes of 30–50 µm and 75–110 µm 
particles have been tested and show good separation performance. And 
the mass recovery of each size of particle in forward and backward di
rections match well with the estimation of the mass recovery using the 
single size particle transport experiment results. 

2. Principles of separation 

2.1. Particle motion direction 

The formula for a nonuniform electrostatic traveling field can be 
expressed as a Fourier series. The higher order terms of Fourier series 
decay fast so only the first and second terms are of importance and 
considered. In a 2-D model, the electric field generated by three-phase 
sinusoidal waves in the horizontal and vertical directions can be found 
[33]: 

⎧
⎪⎪⎪⎨
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Ex =VA

(
3a1α1

2
sin(α1x − ωt)exp( − α1y)+

3a2α2

2
sin(α2x+ωt)exp( − α2y)

)

Ey =VA

(
3a1α1

2
cos(α1x − ωt)exp( − α1y)+

3a2α2

2
cos(α2x+ωt)exp( − α2y)

)

(1)  

where VA is the amplitude of applied voltage, a1 and a2 are coefficients 
dependent on the electrode configuration, αn = 2nπ/λ, λ is the wave
length, ω is the angular frequency, x and y represent the positions on the 
horizontal and vertical axes of the Cartesian coordinate system. The 
wave velocity of the first and second wave is ω/ α1 and − ω/ α2, 
respectively. 

The traveling direction of electrostatic wave field is consistent with 
the dominate first term wave direction. Under the pure perfect single 
wave, particle will move along the wave in the same direction. 

2.2. Effect of harmonic wave 

The effects of backward harmonic wave on the particle backward 
motion have been explained in the literature [12,22,34,35]. Note that 
our prior work demonstrated that the addition factors of lower levitation 
height and higher frequency increase the probability of a particle 
moving backward due to the action of the harmonic wave [33]. The 
actual motion direction of particles is determined by the interaction of 
two waves. Thus, if the parameters of the field such as frequency and 
amplitude are adjusted to allow one type of particle to interact with one 
of the wave streams and the rest with the other, the separation and the 
transport of the particle can be achieved simultaneously. 

2.3. Effect of dielectrophoresis 

The term “dielectrophoresis” (DEP) was coined by H. A. Pohl [36] in 
the research of precipitation suspensoids in fluids. In our case, the effect 
of dielectrophoresis becomes important for relatively large particles 
with low charge. 

According to the theory of calculating DEP [37], the dipole moment 
of a particle in the field is calculated as: 

m = mx(t)ax +my(t)ay (2)  

where: 

mx(t) = − 4πεmr33a1α1

2
exp( − α1y)|fCM |sin(ωt − α1x − φm)

+4πεmr33a2α2

2
exp( − α2y)|fCM |sin(ωt + α2x − φm)

= − 4πεmr33a1α1

2
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(3)  
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2
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+4πεmr33a2α2

2
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(4)  

where εm is the relative dielectric permittivity, r is the particle radius, 
and fCM is the Clausius-Mossotti factor: 
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fCM =
ε∗p(ω) − ε∗m(ω)
ε∗p(ω) + 2ε∗m(ω)

(5)  

where ε∗p and ε∗m are the complex dielectric permittivity of particle and 
medium, which are related to angular frequency (ω) of the electric field. 
The complex permittivity is given as: 

ε∗ = ε − iσ/ω (6)  

where σ is the conductivity, and i2 = − 1. 
The time-dependent DEP is calculated as: 

F(t) = Fx(t)ax +Fy(t)ay (7)  

where: 

Fx(t) = mx(t)
∂Ex(t)

∂x
+my(t)

∂Ex(t)
∂y

(8)  

and 

Fy(t) = mx(t)
∂Ex(t)

∂y
+my(t)

∂Ey(t)
∂y

(9) 

The time-dependent DEP in the x direction is simplified in the form 
associated with real part Re[fCM] and imaginary part Im[fCM], respec
tively:  

The ETW field generates both traveling DEP and standing DEP, which 
are associated with Im[fCM] and Re[f fCM], respectively. It usually de
fines the phase-dependent portion of the field as traveling DEP. The 
relationship between the value of Re[fCM] and Im[fCM] at the frequency 
of 100 Hz, and conductivity of a particle in air is shown in Fig. 1. Because 
the conductivity of the glass is smaller than 10− 13, the Im[fCM] is much 
smaller than Re[fCM] for a glass particle in air. Only the component of 
DEP associated with the real part of Clausius-Mossotti factor is 
considered. 

The wave velocity of the standing DEP is − 2α1/ω. The negative 
velocity means the DEP is directed backward, which definitely con
tributes to the backward motion of particles. The traveling direction of 
DEP can also be found from the plots of DEP on the 0.2 mm glass particle 
in the x direction at a height of y = 0.2 mm at different time in a period 
of T (0.02 s) in Fig. 2. 

Assuming a particle with a charge of 1 % of the saturation charge is at 
any positions on the board, Fig. 3 compares the peak value of DEP and 
Coulomb forces acting on it with various sizes. The saturation charge is 
calculated by the relation of Pauthenier [38], which is directly 

Fig. 1. DEP in the x direction.  

Fig. 2. DEP in the x direction for a 0.2 mm glass particle size.  

Fig. 3. Comparison of maximum force on particle.  

Fx(t) = mx(t)
∂Ex(t)

∂x
+ my(t)

∂Ex(t)
∂y

= − 18πεmr3Re[fCM ]a1a2α3
1exp( − 3α1y)sin(α1x + 2ωt)

− 9πεmr3Im[fCM ]α3
1exp( − 4α1y)

{
8a2

2 + a1exp(α1y)[4a2cos(3α1x) + 2a2cos(2α1x − 2ωt) + a1exp(α1y)cos(2α1x − 2ωt) ]
}

(10)   
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proportional to the square of particle size. According to formula (10), 
Fdep ∝ r3, so DEP is volume related. While the forces are of a similar 
magnitude, the DEP becomes more dominant as the particle size in
creases. This balance between DEP and Coulomb force is a function of 
particle size suggesting that separation of particles by size may be 
possible. 

3. Direction of particle motion 

3.1. Motin related to initial positions 

Single particle simulations qualitatively demonstrate the effect of 
forces and operating parameters on the particle motion. Analysis of how 
the operating parameters affect the motion of particles as a function of 
size allow prediction of the motion of multiple particles and applications 
involving separation by size. 

As a result of particle collisions, curtain mode and surfing mode 
motions are difficult to maintain. We will focus therefore on hopping 
mode. In the theory for particle motion in ETW waves [33], we found 
that particle trajectories could be affected by initial position and 
exhibited different moving directions in the hopping mode, especially at 
higher frequencies, shown in Fig. 4. In the plot, x0 means the initial 
position in our simulation set and λ is the wavelength. 

Using the same mode as in [33], it is possible to predict the direction 
of travel for particles. We set the particle diameter at 250 µm and the 
particle charge at 5 % of the saturation charge. We ran the simulation at 
100 Hz selecting 1000 random initial positions across a wavelength and 
recorded their relative displacements after a time of 0.5 s. We chose a 
time interval of 0.5 s because the experimental board is 0.2 m long, 
aligning with the average distance particles cover within that time 
frame. The relative positions are shown in Fig. 5 (a). The number of 
particles in forward direction is 489, which means the estimated prob
ability for the particle moving forward is 48.9 %. We have done the same 
simulation without DEP and the result is shown in Fig. 5 (b). The particle 
in Fig. 5 (b) moves further away in the forward direction. The com
parison of (a) and (b) shows that adding DEP increases the probability of 
particles moving in the forward direction. However, the effect of DEP on 
backward motion is less significant, and affects mainly particle motion 
close to surface, as DEP decays much faster than Coulomb force as 
particle levitate away from the surface. 

3.2. Effect of frequency, particle size and charge 

At low frequencies, the wave velocity is low and particles can de 
driven by the electrostatic traveling wave to move synchronously. The 
first order wave is dominant, so most of the particles will follow along 

Fig. 4. Simulated results of 260 µm particle trajectory with different initial positions at 110 Hz, ‘hopping mode’, reproduced from [33] ("with permission").  

Fig. 5. Scatter plot of particle positions at the frequency of 100 Hz for a particle of 250 µm with random initial position.  
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the wave in the forward direction. Fig. 6 (a) shows the final positions of 
1000 particles with a random starting position at a frequency of 40 Hz. 
The number of particles in the forward direction is 774. 

When the frequency increases, the wave velocity increases. Due to 
the action of the air drag force, the particle can not keep up with the 
traveling wave. If the wave field travels at a high speed, the accelerated 
and decelerated regions intersect through the particle. The subsequent 
movement direction is determined by the frequency and intensity of 
forward and backward accelerations. The forces induced by Coulomb 
forces in both positive and negative directions counterbalance each 
other, making the effect of DEP more pronounced. Therefore, particles 
have a larger chance to move backward at higher frequencies. Fig. 6 (b) 
presents simulation results at 200 Hz, the fraction of the particles in the 
backward direction increases compared with at low frequencies. The 
traveling distance also decreases with an increase of frequency, which 
demonstrates the counterbalancing effects of forward and backward 
waves. 

As the particle size increases, the saturation charge decreases [39]. 
We assume that the saturation rate for particle size at 150 and 350 µm 
are 10 % and 2 % based on the charge measurement [33]. The charge 
and size of the particles are the critical factors affecting particle motion. 
Simulations were carried out recording the fraction of particles of 
different size moving in the forward direction at various frequencies, as 

Fig. 6. Scatter plot of particle positions for a particle of 250 µm with random initial position at different frequencies.  

Fig. 7. Relationship between the percentage of particles in forward direction 
and frequency based on the simulation results. 

Fig. 8. Illustration of the experimental set-up.  
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shown in Fig. 7. It is evident that as the frequency increases, the fraction 
of particles moving forward decreases. The results of Fig. 7 also 
demonstrate that larger particles tend to move backward at lower fre
quencies, while a large percentage of the smaller particles travel in the 
forward direction. 

The above simulation results suggest that a system operating at a 

specific frequency could be used to separate particles by size. 

4. Experimental validation 

4.1. Device fabrication 

The key component of the system is the conveyor board, constructed 
using printed circuit board (PCB) technology. The PCB comprises the top 
and bottom surface, featuring parallel electrodes made of copper. These 
electrodes on the top surface are interconnected with the connecting 
electrodes on the back via copper-filled holes. This allows for the divi
sion of the electrodes on the top surface into different groups, each of 
which can be supplied with a different voltage phases. Additionally, the 
board’s surface is coated with a thin solder mask. 

The schematic of the experimental platform is illustrated in Fig. 8. 
Three-phase high voltage is applied to the electrodes. The voltage is 
supplied by a high voltage amplifier (HAR42-4, hivolt.de) and 
controlled by an arbitrary waveform generator (TGA1244, TTi), both of 
which have four channels. The wave direction can be controlled by 
adjusting the phase difference. Particles introduced into the field can be 
transported either forward or backward. 

Table 1 
List of experiment parameters.  

Parameters Value Unit 

Applied voltage wave type Sinusoidal wave  
Applied voltage wave phases 3  
Applied voltage frequency, f 20–800 Hz 
Applied voltage amplitude, VA 1500 V 
Electrode width, d 1 mm 
Electrode pitch, p 2 mm 
ETW board length 200 mm 
ETW board width 90 mm 
Wavelength, λ 6 mm 
Particle type ballotini  
Particle size 30–400 µm 
Particle density, ρ 2.5 kg/m3 

Particle relative permittivity, εm 3.7   

Fig. 9. Relationship between the transport (recovery with error bars) and frequency for four different size group of particles.  

Y. Yu et al.                                                                                                                                                                                                                                       

http://hivolt.de


Separation and Purification Technology 336 (2024) 126275

7

4.2. Experiment parameters 

In the experiments, the selection of particles and the operating pa
rameters are provided in Table 1. The ballotini particles (glass beads) 
used in these experiments, are heated before the testing to reduce effects 
of moisture and aggregation. A three phase sinusoidal waveform is 
chosen because it is standard in the literature and is readily simulated. 
To prevent charge breakdown, the amplitude is limited to 1500 V. The 
electrode width and pitch are set at 1 mm and 2 mm, respectively, and 
these values can be adjusted through the design of the PCB structure. In 
our research, the primary factors under investigation are frequency and 
particle size. 

4.3. Experiment methodology 

In our protocol, we placed a measured mass (mi) of particles in the 
middle of the platform. When activated, the system transports particles 
across the surface to be collected in the boxes on each end. The mass of 
the collected particles in the forward direction and backward direction 
are weighed and recorded as mf and mb. In the experiment, the mass of 
the particles remaining on the board is also measured and recorded as 
ms. Because a few particles may fly away from the board, the sum of mf, 
mb and ms is slightly smaller than 100 %. The forward and backward 
recovery rate is calculated as Rf = mf/mi and Rb = mb/mi, respectively. 
The sum of mf, mb and ms represents the total particles that can be 
controlled. Controlled particles refer to the particles that we can 
manipulate, either by collecting them in the forward or backward di
rection or keeping them on the board. 

5. Results and discussion 

5.1. Measurement of particle transport 

Four groups of particle size were tested, 30–50 µm, 75–110 µm, 
220–280 µm, and 300–350 µm. The relationship between the recovery 
rate and frequency is shown in following Fig. 9. The mass in the top title 
of the figures means the mi. The experiments have been repeated at least 
6 times at each data point and the error bars represents the 95 % con
fidence interval. 

These data points are connected by the spline line fit using the Origin 
software. There is a crossover point on the forward and backward re
covery rate line. The frequency corresponding this point we define as the 
crossover frequency. At this frequency, a particle is equally likely to 

move along or against the traveling wave. 
From Fig. 9, it is clear that a very large percent of particles move in 

the forward direction at low frequencies. As the frequency increases, the 
fraction of particles being transported backward increases. In addition, 
at high frequencies, the blue line shows that the amount of particles 
staying on the board increases, indicating that the ability of the elec
trostatic traveling wave to transport particles decreases. 

The scatter plot of the relationship between the crossover frequency 
and the inverse of particle size is shown in Fig. 10. The crossover fre
quency decreases as the particle size increases. A linear regression line is 
used to model the relationship. The expression is: 

f =
0.125

D
+ 91.4 (11)  

where D is the diameter of the particle. The Pearson correlation coeffi
cient is 0.995. 

The forward and backward recovery rate lines of four groups of sizes 
in the plots of Fig. 9 are combined in Fig. 11. It is evident that the 
proportion of forward and backward motion for particles of different 
sizes may exhibit significant differences at the same frequencies. This 
research suggest that it is possible to separate particles with different 
sizes in terms of direction of transport by selecting appropriate 
frequencies. 

5.2. Prediction of particle size separation 

If we assume that a mixture of particles will behave in a manner very 
similar to that as predicted and measured with single particles then the 
forward and backward collection rates can be predicted. Consequently, 
size sorting performance can be predicted. 

The particles of larger size tend to move backward at lower fre
quencies, at which frequency the small particles may still move forward 
effectively. Therefore, transporting the mixture at appropriate fre
quencies cause small particles to concentrate in the collection box in the 
forward direction, and larger particles to concentrate in the backward 
collection. Fig. 12 shows the prediction of the separation performance 
for the mixture of size groups of 30–50 µm and 75–110 µm with equal 
initial mass as a function of frequency. The data points are calculated by 
the mean data points of the single size class transport runs. Fig. 12 (a) 
depicts the relationship between the recovery rate and concentration of 
fine particles (30–50 µm) with the operating frequency in the forward 
collection. Meanwhile Fig. 13 12 (b) pertains to the coarse particles 
(75–110 µm). 

In the size sorting process, both the recovery rate and concentration 

Fig. 10. Relationship between the crossover frequency and the reciprocal of 
particle diameter. 

Fig. 11. Relationship between the transport (average recovery) and frequency 
for four different size group of particles. 
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of fine particles reach level higher than 75 % when conducting the 
experiment within the frequency range from 240 Hz to 320 Hz. In the 
backward collection, the concentration of coarse particles remains very 
high, larger than 90 %, at the frequency from 20 Hz to 320 Hz. This is 
because that the small particles move very effectively forward at low 
frequencies and only coarse particles move backward. The recovery rate 
of coarse particles in the backward collection is also minimal at low 
frequencies. As the frequency increases, the recovery rate of coarse 
particles increases. In the frequency range of 320–425 Hz, the recovery 
rate and concentration for coarse particles in the backward collection 
can be larger than 60 %. 

Based on the same dataset, the scatter centre plot is shown in Fig. 13. 
The region in the top right quadrant has both high recovery rate and 
concentration for fine and coarse particles. From this chart we can 
evaluate the appropriate frequencies for the given mixture. 

5.3. Particle separation experimental results 

In the separation experiments, we selected two groups of particles: 
30–50 µm and 75–110 µm. The mass of each group was 0.5 g. The size 
distribution of the two groups of particles were measured by the Mas
tersizer, which is shown in Fig. 14. In each experiment, 0.5 g of each 
group were mixed and fed into the board. The mass of the particles 
collected in the forward and backward bins were measured and the size 
distribution of each collection were analysed by the Mastersizer. 

Based on the estimation of separation performance of Fig. 14 in 
section 5.2, the operating frequency from 260 to 380 Hz works well for 
both fine and coarse particles. The operating frequency was tested at 
350 Hz. The size distribution in the forward and backward collection 
were compared in Fig. 15. Backward collection is the same as coarse 
particle size distribution. Forward collection size distribution tends to
ward fine but is coarser than the initial fine sample particle size 
distribution. 

We also used a 50 µm sieve to separate particles in the forward and 
backward collection and measured the mass of the fine and coarse 
particles, seen as Fig. 16. These results also show the good separation 
performance. 

The separation processes were also tested at of 250 Hz and 450 Hz. 
The results are shown in Fig. 17 and Fig. 18. At the lower frequency, 
forward collection is coarser than at 350 Hz suggesting more coarse 
particles move forward. At high frequency, more fines in coarse stream. 
This was because at lower frequencies, particles were more likely to 

Fig. 12. Estimation of particle separation performance at different frequencies from single size transport experiment.  

Fig. 13. Relationship between the separation results of the recovery rate and 
concentration of particles with the frequency. 

Fig. 14. Size distribution of the original sample.  
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move forward, especially for the smaller sizes. In this way, small size 
particles rarely moved backward, and the backward box could collect 
nearly pure big particles. However, in the forward direction, more larger 
particles may also be collected at lower frequency, so the separation for 
small size particles in the forward direction was poor. Likewise, at 
higher frequencies, the forward collection could enhance recovery for 
smaller sizes, while the backward collection showed reduced recovery 
for larger sizes. 

In each experiment, the total mass of the particles in the forward 
collection and backward collection were also measured, which was 
plotted in Fig. 19 with error bars. In addition, the estimation of the mass 
recovery using the single particle transport results is shown in the red 
line for comparison. They have good agreement. This confirms that 
mixing particles with relatively large size difference does not signifi
cantly affect the inherent directional characteristics of particle motion. 
The transport results of four groups of particle sizes can serve as a guide 
for selecting the separation frequency. 

6. Conclusions 

Theoretical analyses and simulations have been investigated for the 
separation of particles using ETW system. Based on the frequency effect 
on particle motion direction, the separation for ballotini with different 
sizes have been tested and shown good performance. The main findings 
are described below.  

1. Our simulation analysis have shown that both the first harmonic 
wave Coulomb and DEP forces contribute the backward motion of 
the particles. The particle has a higher probability to move backward 
at higher frequencies.  

2. We have found and defined a crossover frequency, at which a particle 
is equally likely to move along or against the traveling wave. This 
critical frequency decreases as the particle size increases. We can use 
this parameter as a baseline to adjust upward or downward to select 
the appropriate frequencies to separate particles by size. 

Fig. 15. Particle separation results at 350 Hz.  

Fig. 16. Mass distribution of different sizes of particle in the forward and backward collection.  
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3. We have demonstrated experimentally the successful separation of 
particles with different sizes, which are between 30–50 µm and 
75–110 µm. The concentration of the collected desired particle can 
be over 90 % and the recovery rate can exceed 79 %. 
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