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Abstract 

Acoustophoresis is an effective technique for particle manipulation. Acoustic radiation force 

scales with particle volume, enabling size separation. Yet, isolating sub-micron particles 

remains a challenge due to the acoustic streaming effect (ASE). While some studies confirmed 

the focusing ability of ASE, others reported continuous stirring effects. To investigate the 

parameters that influence ASE-induced particle motion in a microchannel, this study examined 

the effect of microchannel height and particle size. We employed standing surface acoustic 

wave (SSAW) to manipulate polystyrene particles suspended in the water-filled microchannel. 

The results show that ASE can direct particles as small as 0.31 µm in diameter to the centre of 

the streaming vortices, and increasing the channel height enhances the focusing effect. Smaller 

particles circulate in the streaming vortices continuously, with no movement towards the 

centres. We also discovered that when the channel height is at least 0.75 the fluid wavelength, 

particles transitioning from acoustic radiation-dominated to ASE-dominated share the same 

equilibrium position, which differs from the pressure nodes and the vortices’ centres. The 

spatial distance between particles in different categories can lead to particle separation. 

Therefore, ASE is a potential alternative mechanism for sub-micron particle sorting when the 

channel height is accurately adjusted.  

Keywords: 

Microfluidics, Acoustophoresis, Acoustic streaming, Particle concentration, Sub-micron 
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1. Introduction 

The combination of acoustics and microfluidics can perform microorganism separation 

accurately and quickly [1-4]. Being label-free and biocompatible, acoustophoretic separation 

has been applied to many biological and biomedical processes, including separation of blood 
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components, stem cell extraction, and cancer cell isolation [5-7]. Most acoustofluidic 

separation devices generate an acoustic field inside a fluid-filled microchannel and use acoustic 

radiation force (ARF) to control the particle’s trajectory [4-10]. In a standing acoustic field, 

ARF drives particles with a positive acoustic contrast factor (ACF), a parameter that considers 

the compressibility and density of the particles and the fluid medium, to the pressure nodes. 

Since ARF scales with particle volume, larger particles experience stronger ARF, enabling 

them to reach the pressure node sooner [11]. Petersson et al. [12] utilized this time difference 

to concurrently sort polystyrene particles ranging from 2 µm to 10 µm.  

In addition to ARF, particles in an acoustic field experience the Stokes drag force 

induced by the acoustic streaming effect (ASE), which is the secondary effect of wave 

propagation [13-16]. The Stokes drag force is proportional to the particle’s diameter [17]. For 

small particles, the drag force induced by ASE overcomes ARF and drives the particles into 

the circular streamlines [18-19], posing a lower size limit on ARF-driven separation. Thus, 

suppressing ASE became a common goal to improve the handling of nanoparticles [20-23].  

However, under certain circumstances, ASE can indeed facilitate useful applications, 

not only mixing of fluids but also particle concentration. Li et al. [24] and Shilton et al. [25] 

demonstrated the rapid concentration of particles by surface acoustic waves (SAW) in a 

microliter water drop. The propagation of SAW generates an azimuthal bulk recirculation 

around the vertical axis in the microdrop, whereby particles can concentrate at the centre of the 

droplet. Li et al. [24] explained the inward radial force by the shear difference between the 

outer radius and the centre of the droplet. Particles diffuse from the high shear region at the 

outer radius towards the low shear region at the centre. The strength of this shear-induced 

concentration effect reduces as the particle size goes down. Collins et al. [26-28] employed that 

size dependence to separate micron particles. In their traveling SAW (TSAW) device, SAW 

propagates orthogonally to the lateral flow, forming vortices with a vertical axis of rotation 
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inside the microchannel. The streaming flow directs particles of all studied sizes into the 

vortical flow. Among them, 2 µm-particle suspensions are captured in the vortex centre, while 

1 µm particles are small enough to escape being trapped [28]. Due to the limited capacity at 

the vortex centre, 2 µm particles are alternately captured and released. To achieve continuous 

particle focusing using ASE, Antfolk et al. [29] employed a two-dimensional acoustic wave to 

produce a large rotational flow in the microchannel, enabling particles as small as 0.5 µm to 

concentrate at the centre. Since the axis of rotation is parallel to the lateral flow, the focused 

particles can move along the flow. 

Yet, the concentration process is highly dependent on the applied power [24], which 

has a positive correlation with the streaming velocity [25], not too high nor too low. On one 

hand the weak flow at low power is insufficient to drive particles, but on the other hand, in the 

strong convection at high power, the inertia of particle dominates over the shear gradient and 

moves them away from the centre, causing particle dispersion [30]. As can be found in spiral 

microchannels, fluid moving in a circular path introduces a centrifugal acceleration directed 

radially outward [31-32], which increases with the flow velocity [33]. Therefore, the 

competition between the inward and outward radial motions is associated with the streaming 

velocity [24]. When the streaming velocity is above a critical value, the inertia force 

experienced by the particles is no longer negligible and counterbalances the force induced by 

shear gradient. 

Besides the streaming velocity, particle size and excitation frequency also play an 

important role on the particle motion [30]. In a streaming vortex, small particles, whose inertia 

force is insignificant, are dominated by the shear gradient and tend to concentrate at the centre. 

The influence of the inertia force increases with the particle size. When the particle size is 

above a critical value, the inertia force is sufficient to cause an outward particle motion [34]. 

Particles then reach their equilibrium radial position where the opposite forces contribute 
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equally to the particle motion. There, they circulate in a particular vortex line without further 

radial movement [34]. A higher excitation frequency would reduce the critical particle size 

[30]. The shear-induced inward motion and inertia-induced outward motion are two different 

mechanisms that affect the behaviour of small particles circulating in streaming vortices 

significantly.  

 To enhance the application of these mechanisms on small particle manipulation, one 

must be able to control the streaming vortices, both the streaming velocity and the streaming 

pattern. These parameters are associated with the interaction between the fluid and the 

boundary confining it [35-37], especially in SAW devices [38]. SAW streaming is caused by 

wave attenuation in fluid [39]. In TSAW devices, SAW with a wavelength of λSAW reaching 

the solid-fluid interface radiates a longitudinal wave with a wavelength of λf into the fluid [40-

41]. Due to the different sound velocities of the mediums, the longitudinal wave is diffracted 

by an angle, also known as the Rayleigh angle [42]. A body force is generated on the fluid in 

the direction of wave propagation [43-44]. Once the fluid steam reaches the channel ceiling, a 

reverse flow is induced, leading to streaming rolls near the channel wall [41]. Several numerical 

studies have shown that the streaming rolls are larger and stronger in higher channels [38, 45-

46]. Devendran et al. [45] explained that, as the channel height (h) increases, the acoustic wave 

attenuates more, increasing the effect of streaming. In very high channels, the streaming rolls 

do not continue to grow but significantly weaker counter vortices would appear in the upper 

section since the excitation is from the bottom [46]. In contrast, in very short microchannels (h 

= 0.25 λf), the streaming field is dominated by the displacement conditions along the substrate, 

forming small periodic streaming vortices with decreasing strength as SAW dissipates [38].  

In another branch of SAW devices, the standing SAW (SSAW) devices, where the fluid 

inside the microchannel is excited by a standing wave produced by the wave interference of 

two SAWs propagating in opposite directions, the streaming field is often described as periodic 
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vortices with equal size and strength along the substrate. However, this description is only true 

for microchannels with a channel width less than λSAW [45]. As energy is transferred from solid 

to fluid, the amplitude of SAW reduces, resulting in a mismatch in the amplitude of the opposite 

propagating SAWs. Devendran et al. [45] suggested to consider a travelling wave component 

near the channel walls when using microchannels wider than λSAW. Therefore, the 

microchannel should be divided into two regions, the near wall region with large streaming 

rolls and the centre region with periodic vortices. h changes the streaming field in the same 

way as in TSAW devices. 

The microchannel’s cross-section directly affects the streaming velocity and streaming 

pattern [31-33]. Consequently, the ASE-driven particle motion can be manipulated by changing 

the channel’s geometry. In this study, we experimentally investigated the effect of h on the 

movement of sub-micron particles, which are often dominated by ASE, and evaluated how the 

streaming velocity and streaming pattern change with h. To obtain a detailed size dependence 

of ASE-driven particle motion, we examined the motion of polystyrene particles with diameters 

of 0.31 µm, 0.38 µm, 0.49 µm, 0.79 µm, 1.1 µm, and 5 µm. In addition to shear-induced 

focusing, we discovered an alternative focusing mechanism induced by the particle inertia, that 

directs particles radially outward and detaches them from the streaming vortices to an 

equilibrium point. The spatial distance between them and the particles concentrated at the 

vortex centre by the shear gradient can potentially lead to a new separation strategy for sub-

micron particles. Surprisingly, h can serve as a parameter for controlling the threshold between 

the two ASE-induced focusing mechanisms. 

2. Materials and methods 

2.1 Working mechanism 

This study employs SSAW devices, in which the acoustic field used for particle 

manipulation is generated by two counter-propagating SAWs. Figure 1a shows the schematic 
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diagram of the SSAW device. On a piezoelectric substrate, conventional interdigital 

transducers (IDTs) are fabricated on both sides of the microchannel at equal distance. The IDTs 

are connected to the signal generator, which supplies a sinusoidal electric signal, to produce 

SAWs that travel towards the microchannel. The wavelength of SAW on the solid substrate is 

λSAW, while the wavelength of the longitudinal wave radiated into the fluid is λf, which can be 

calculated by the excitation frequency and the speed of sound in the fluid medium. The studied 

microchannels have a constant width of 2λSAW, but h is different multiples of λf, namely 0.25λf, 

0.5λf, 0.75λf, and λf. We identify the devices according to h as Devices 1 (0.25λf) to 4 (λf). The 

microchannels are made of polydimethylsiloxane (PDMS), and water is the fluid medium 

carrying particle suspensions through the acoustic region. The reflection of acoustic waves at 

the PDMS-water boundaries, calculated by the difference in acoustic impedance between the 

materials, is negligible since PDMS and water have similar acoustic impedance [47].  

Figure 1b shows the coordinate system used in this study. We assumed that the 

acoustophoretic effect, which takes place in the xy-plane, is independent of the lateral flow. 

Under acoustic excitation, the most common acoustic forces affecting particle suspensions are 

the ARF Fr, depending on the ACF ϕ(β,ρ), and the Stokes drag Fd. In a half-wavelength 

standing plane wave, Fr and Fd can be written as [48]:  

𝑭𝒓 = −(
𝜋𝑝0

2𝑉𝑝𝛽𝑓

2𝜆
)𝜙(𝛽, 𝜌) sin (

4𝜋𝑙

𝜆
) 

(1) 

𝜙(𝛽, 𝜌) =
5𝜌𝑝 − 2𝜌𝑓

2𝜌𝑝 + 𝜌𝑓
−
𝛽𝑝

𝛽𝑓
 

(2) 

𝑭𝒅 = 6𝜋𝜇𝑟𝒗 (3) 

where λ is the wavelength of the standing wave, p0 is the acoustic pressure, Vp is the particles’ 

volume, β and ρ are the compressibility and density (the subscripts p and f refer to the particles 

and fluid medium, respectively), l is the distance from a pressure node, μ is the dynamic 
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viscosity of the fluid, r is the particle radius, and v is the particle velocity relative to the ASE-

induced streaming flow. In Equation (1), Fr has a sinusoidal distribution over the half 

wavelength interval, indicating that the ARF equals zero at pressure nodes and antinodes. The 

force-balance point of a particle depends on the sign of ACF [48]. 

The equations show that Fr, which scales with r3, is the dominant force for large 

particles, but Fd, which scales with r, becomes significant when the particle size decreases. 

Once the particles are driven into the streaming vortices, they circulate and experience the 

inward radial force induced by the shear gradient. When the streaming velocity is sufficiently 

large or the particle size is above a critical value, the inertia of particle will drive particles 

radially outward. 

(a)

 

(b)

 

Figure 1: (a) The schematic diagram of SSAW devices. (b) The coordinate system employed 

in this study. 

2.2 Device fabrication 

 To avoid the misalignment issues that appear in the conventional SSAW devices, this 

study employed self-aligned IDTs [49], where the IDTs and microchannel were fabricated 

simultaneously. Figure 2 shows the fabrication process. First, we designed the photomask for 

the microchannel, on which the IDTs’ patterns were also printed. Each IDT has 20 electrodes. 

The width of the electrodes and the space between them are 50 µm, i.e., the designed λSAW is 
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200 µm. Next, we followed the photolithography procedures to construct the microchannel 

master mold. Silicon wafers were coated with negative photoresist SU-8 2050 (Kayaku 

Advanced Materials, USA) by a spin coater (WS-650-23, Laurell Technologies, USA). We 

controlled the spinning speed to achieve the required photoresist thickness on separate wafers. 

The spin-coated wafers were then soft baked using a programmable digital hotplate (HP40A 

EchoTherm, Torrey Pines Scientific, USA) for 1 minute at 65°C, followed by several minutes 

at 95°C depending on the photoresist thickness. Afterwards, the wafers covered with the 

photomask were subject to UV exposure (ABM, USA) and post-exposure baking. The 

unexposed photoresist was dissolved in the SU-8 developer (Kayaku Advanced Materials, 

USA) following the immersion development process. The height of the microchannel master 

was confirmed using an optical profilometer (DektakXT, Bruker, USA). Finally, 

trichloro(1H,1H,2H,2H-perfluorooctyl)silane (Sigma-Aldrich, USA) was deposited on the 

master via evaporation to ensure the easy detachment of the cured PDMS produced later. 

The soft lithography process began with the PDMS prepolymer and the cross-linking 

curing agent (Sylgard 184, Dow Corning, USA) mixed in a 10:1 ratio. The mixture was cast 

on the microchannel molds, degassed in a vacuum desiccator (Bel-Art - SP Scienceware, USA), 

and cured at 80°C in an oven (UF110, Memmert, Germany). Then, the PDMS microchannels 

were detached from the molds and bonded onto 128° y-cut lithium niobate substrates (OST 

Photonics, China) using a plasma cleaner (ZEPTO W6, Diener, Germany). The IDTs were 

completed by filling the IDTs’ patterns with gallium indium eutectic (Sigma-Aldrich, USA). 

Thus, alignment was automatically accomplished. With the thickness of the IDTs changing 

with h, we measured the frequency response of the devices to evaluate their performance (see 

Figure 3a). As the differences were minor, we considered that the generated signal was 

independent of the IDT thickness. Since all the devices peaked at approximately 18.4 MHz, we 
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chose that to be the excitation frequency. As the speed of sound in water at 20℃ is 1481 m/s, 

λf is ~80 µm. 

 

Figure 2: Fabrication process of the self-aligned IDT devices. 

2.3 Experimental setup 

Figure 3b shows the experimental setup. The self-aligned IDTs were connected to a 

function generator (AFG3152C, Tektronix, USA), which supplied a sinusoidal wave with an 

amplitude of 5V. Fluorescent polystyrene particles (Fluoro-max dyed aqueous fluorescent 

particles, Thermo Fisher Scientific, USA) with a density of 1.05g/cm3 were suspended in water 

at a mass concentration of 0.01% and stored in a 0.1 ml microliter syringe (Rongtai 

Biochemical, China). The flowrate was controlled by a syringe pump (LSP02-2B, Longer 

Precision Pump, China). The SSAW devices were placed on the stage of an upright optical 

microscope (ECLIPSE Ni-E, Nikon, Japan), facilitating the observation of the particle 

movement from the top. In other words, the particle movement in the xz-plane was recorded 

by the camera, while the y-position of the particles was estimated by the position of the 
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microscope stage. For each device, the experiment was conducted twice to ensure the 

repeatability of the particle motion. 

(a) 

 

(b) 

 

Figure 3: (a) Frequency response of Devices 1 to 4. (b) The experimental setup. The device 

was placed on the stage of the microscope. The inset image shows the device on the stage. 

The right image shows the device on which the red arrows indicate the flow direction. 

3. Results and discussion 

3.1 The pressure node positions 

In an acoustic field, large polystyrene particles are driven towards the pressure nodes 

by ARF. 5 µm particles are considered large enough to be dominated by ARF, allowing their 
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locations to represent the pressure nodes. Moreover, these particles move sidewise to the 

pressure nodes without rotational motion, indicating that they are not disturbed by ASE. 

The results indicate that h affects the pressure node positions. Table 1 shows the x-

position of the pressure nodes in Devices 1 to 4. In SSAW devices, the acoustic wave has a 

standing wave pattern horizontally but propagates upwards [50]. The pressure field has only 

vertical pressure nodes in very thin microchannels (h < 0.5λf), while it contains horizontal 

pressure nodes (HPNs) as h increases leading to particles’ vertical migration [51]. In Device 1 

(h < 0.5λf), the pressure nodes, which are ~ 0.5λSAW apart, are associated with the displacement 

conditions along the substrate. The results reveal that SSAW on the substrate has a pressure 

antinode at the centre of the channel (x = 0), and the actual wavelength is ~201µm (~1µm 

different from the initial design). As h increases, a HPN should appear in Device 2 and two 

HPNs in Devices 3 and 4. Thus, when h ≥ 0.5λf, particles’ final position can no longer be 

predicted by the pressure nodes of SSAW on the substrate. 

Table 1: X-position of the 5 µm Particles. 

Device no. Channel height (h) x-position of the 5 µm particles (µm) 

1 0.25λf  ±52 ±149    

2 0.5λf 0 ±25 ±62 ±150 ±185 

3 0.75λf 0 ±60 ±135 ±185  

4 λf 0 ±60 ±127 ±177  

3.2 The acoustic streaming vortices 

The movement of small particles, such as 0.31 µm, is dominated by the Stokes drag 

force. In our experiment, we observed that 0.31 µm particles were in swirling motion shortly 

after switching on the acoustic excitation. The particles then moved into the streaming vortices. 

In all devices, a row of eight streaming vortices appeared with the axis of rotation parallel to 

the flow direction. h affects the position and size of the vortices. The vortex patterns from the 

four devices are grouped into two variations for the thin and thick microchannels. Figure 4 
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shows the schematic diagram of the vortex patterns in the cross-sectional view of the 

microchannel. The direction of the vortices is determined by focusing the microscope on two 

separate layers and recording the particle movement in the x-direction of both layers. The 

vertical direction is added afterward to complete the streaming flow. Since the pattern is always 

left-right symmetric, we refer to vortices from the centre to the sidewalls as V1 to V4. 

Supplementary Video 1 shows the vortex patterns obtained from thin (Device 1) and thick 

(Device 3) microchannels. 

In thin microchannels (Device 1), the streaming vortices appeared in pairs. The 

streaming field is believed to be dominated by the displacement condition along the substrate 

[38], where the adjacent vortices were initiated at the pressure node and circulated in opposite 

directions. Although the channel width is larger than λSAW, the streaming rolls caused by the 

travelling wave component of SSAW near the channel walls did not appear, indicating that 

wave attenuation is insignificant when h is short. The vortices along the channel width have 

nearly constant size.  

In thick microchannels (Devices 2 to 4), the streaming vortices moved apart from each 

other. V1 moved closer to x = 0, while V4 moved towards the sidewalls. In terms of size, V2 

and V3 became clearly larger than V1 and V4. Here, we believed V3 is the large streaming 

rolls caused by the travelling wave component of SSAW. As the longitudinal wave propagated 

at Rayleigh angle (~23º in water [43]), V3 was at some distance from the wall, inducing counter 

rotating V4. However, the size of V4 is restricted by the space. For V1 and V2, they should be 

driven by the standing component of SSAW. The reason for V1 being smaller can be associated 

with the amplitude of SSAW, which is the smallest at the centre of the microchannel. 

Furthermore, V2 is next to the strong streaming roll V3, which may have a strengthening effect 

and increase the size of V2. 
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The number of vortices depends on the channel’s geometry. When the channel height 

is less than 0.5λf or the width is less than λSAW, the number of vortices can be determined by 

the number of λSAW included in the channel width, in which one λSAW contains four vortices 

[50]. Otherwise, the travelling wave component of the SSAW on the substrate would produce 

large streaming rolls near the channel walls [45], which may be significantly large and occupy 

a length of several λSAW, leading to a reduced number of streaming vortices. 

a) 

 

b) 

 

Figure 4: Schematic diagrams of the streaming pattern in the cross-sectional view of a) thin 

(Device 1), and b) thick (Devices 2-4) microchannels. The streaming vortices are identified 

as V1 to V4 from the y-axis to sidewalls. 

3.3 The ASE-induced focusing effect caused by the shear gradient 

In a thin microchannel (Device 1), the shear-induced focusing did not occur. 0.31 µm, 

0.38 µm, and 0.49 µm particles circulated in the streaming vortex pairs, forming four scattering 

particle lines whose thickness decreased with particle size (see Figure 5a). On the other hand, 

0.79 µm and 1.1 µm particles moved sidewise to the pressure nodes without any rotational 

motion, indicating that they were driven by ARF. 

The focusing effect by shear gradient is dependent on h. In the slightly thicker 

microchannel (Device 2), the shear-induced focusing occurred when the particle size reached 

0.49 µm. The smaller particles (0.31 µm and 0.38 µm) were driven in V1 to V3, but neither 

had the correct strength to facilitate the focusing effect (see Figure 5b). Particles scattered in 

V1 and V3, while they stayed on the outer radius of V2. According to Li et al. [24], the 

streaming velocity in V2 was larger than in V1 and V3, causing the particle inertia to dominate. 
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For larger particles (0.49 µm and 0.79 µm), some particles accumulated at x = 0, but most 

concentrated at x = ± 20 µm, ± 86 µm and ± 140 µm. The particle lines at x = ± 20 µm and ± 

140 µm were associated with the shear-induced focusing inside V1 and V3 since the inward 

radial force driving particles to the vortex centre increases with particle size. Although the 

particle lines at x = ± 86 µm were near V2, we believed they were caused by another focusing 

mechanism. 0.49 µm and 0.79 µm particles would experience a stronger inertia force than 0.31 

µm and 0.38 µm particles, that is sufficient to detach them from the streaming vortex. This 

alternative focusing mechanism will be discussed in the next section. 

In Device 3, the focusing effect by the shear gradient happened to 0.31 µm, 0.38 µm, 

and 0.49 µm particles in V1 and V3, whose centres were at x = ± 19 µm and ± 139 µm, 

respectively (see Figure 5c). The results indicate that the focusing strength of V1 and V3 

increased from Device 2 to Device 3 where the shear gradient in Device 3 was adequate to 

concentrate also the 0.31 µm and 0.38 µm particles. Interestingly, the streaming field among 

V1 to V3 varied in the same way as in Device 2, i.e., particles in V1 and V3 are dominated by 

the shear gradient while particles in V2 are dominated by the inertia force.  

In the thickest microchannel (Device 4), 0.31 µm, 0.38 µm, 0.49 µm, and 0.79 µm 

particles concentrated at the centre of V2 and V3 at x = ± 70 µm and ± 120 µm, respectively 

(see Figure 5d). The results show that the channel height changed the particle-capturing 

strengths of the streaming vortices. 
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(b) Device 2 

 

 
 V1 and V3 V1 and V3 V1 and V3 V1 and V3 Particles driven 
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 (c) Device 3 
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V3 

V3 

V2 

V2 

V1* 

V1* 

 

     
 V2 V2 V2 

 

   

 (d) Device 4 

 

 
 V2 and V3 V2 and V3 V2 and V3 V2 and V3 V1 and V3 

 

     

 Figure 5: Distribution of 0.31 µm (blue), 0.38 µm (green), 0.49 µm (orange), 0.79 µm 

(red), and 1.1 µm (black) polystyrene particles in (a) Device 1, (b) Device 2, (c) Device 3, 

and (d) Device 4. Images show the top view of the microchannels. The flow direction is 

from left to right (positive z-direction). The channel walls are indicated by the white lines 

and the scale bar is 100 µm. The white dashed lines indicate the centre of the vortices. In 

(a), the centrelines of V1/V2 or V3/V4 are very close. In (d), the location of centreline of 

V1 (V1*) is estimated. The schematic diagrams below each image illustrate the location 

of the particles within and in the vicinity of streaming vortices. 
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3.4 The newly discovered ASE-induced focusing effect by the particle inertia 

We noticed that some particles, such as the 0.49 µm and 0.79 µm particles in V2 of 

Device 2, were too small to be driven by ARF but too big to move to the centre of the streaming 

vortices. The motion of these particles was initiated by the Stokes drag force, which drove them 

into the vortices. As they circulate, they experience the inertia force that drives them radially 

outward. In a streaming vortex, the inertia force scales with the particle mass. When the inertia 

force exceeds a critical value, particles are detached from the vortices. Since all particles in this 

study have the same density, larger particles experience a stronger inertia force. For instance, 

in V2 of Device 2, the inertia force on 0.31 µm and 0.38 µm particles can drive them to the 

outer radius, while the inertia force on 0.49 µm and 0.79 µm particles is large enough to detach 

the particles. Some of the detached particles get into the adjacent vortices, while others 

accumulate at specific positions where the streaming velocity is extremely low, i.e., the region 

between two streaming vortices. In V2 of Device 2, the escaped 0.49 µm and 0.79 µm particles, 

except those captured by adjacent vortices, arrived at the same places (i.e., x = ± 86 µm), 

indicating that, for particles in this category, the concentration spots were independent of the 

particle size (see Figure 5b).  

The results obtained from Device 2 show that the occurrence of this focusing effect 

depends on individual vortices. In the previous section, we show that the streaming velocity 

varied among the vortices. For Device 2, the velocity of V2 seemed to be higher than V1 and 

V3, resulting in the newly discovered focusing effect. The flow in V1 and V3 was insufficient 

to cause noticeable inertia force. Particles were therefore dominated by shear gradient. h also 

affects the focusing effect by inertia. It did not occur in thin microchannels (Device 1). In 

Device 3, it occurred to 0.79 µm and 1.1 µm particles in V1 to V3, and drove them to x = ± 30 

µm, ± 92 µm, and ± 152 µm (see Figure 5c). In Device 4, it occurred only to 1.1 µm particles 

in V1 and V3, forming particle lines at x = ± 32 µm and ± 150 µm (see Figure 5d). We noticed 



19 
 

that some of the 1.1 µm particles scattered at x = 0 and ± 60 µm, but they were indeed ~34 µm 

in y-direction above the other particle lines. Nevertheless, they contained only a small portion 

and therefore are excluded in the following discussion. 

3.5 The impact of channel height on particle motion 

In our experimental results, it can be observed that the particle motion could be 

classified in five categories. It is proposed that they can be identified as S1, S2, S3, S4, and S5, 

with the size in descending order (see Figure 6). Particles in S1 are driven to the pressure node 

by ARF (insensitive to ASE), while particles in the other categories move into the streaming 

vortices due to the Stokes drag force. Particles in streaming vortices experience inertia force 

and shear gradient, leading to particles’ radial motion. Particles in S2 and S3 are large enough 

that the inertia force is significant. The slightly larger S2 particles can detach from the vortex, 

but S3 particles are held in the rotating flow on the outer radius. For smaller particles, the inertia 

force becomes negligible. S4 particles are influenced by the shear gradient and concentrate at 

the vortex centre. However, S5 particles are too small to experience the shear gradient, and 

thus circulate in the vortex without radial motion. The newly discovered focusing effect by 

inertia happens to S2 particles, and the shear-induced focusing effect applies to S4 particles. 

The sizes of S1, S2, S3, S4, and S5 are variable. Except for S1, the size category that a 

particle of a given diameter belongs to changes with h (Devices 1 to 4) and the vortex number 

(V1 to V4). Table 2 shows the classification of the particle diameters from our study into size 

categories (S1 to S5). Not all size categories appear in a single device, i.e., intermediate size 

categories may be vacant in some devices. Nevertheless, the trend in particle diameter from S1 

to S5 is descending in all devices. 

In Device 1, particles behaved similarly in V1 to V4, where they were in either S1 or 

S5. Thus, both ASE-induced focusing effects were not achievable in thin microchannels (h = 

0.25λf). In thicker microchannels (Devices 2 to 4), V4 was not included because it did not 
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contain particles. In Devices 2 and 3, particles behaved similarly in V1 and V3 but differently 

in V2. For a given particle size (e.g., 0.49 µm), the inertia force in V1 and V3 was negligible, 

while in V2 it was large enough to dominate the particle motion, indicating a higher streaming 

velocity in V2 than in V1 and V3. The growth in h (from Devices 2 to 3) increased the 

streaming velocities of V1 and V3, enabling 0.31 µm and 0.38 µm particles to change their size 

category from S5 to S4. Additionally, the increased streaming velocity enhanced the particle 

inertia, causing 0.79 µm particles to change from S4 to S2. However, the streaming velocity in 

V2 seemed to decrease slightly. The inertia force on 0.49 µm particles reduced, changing them 

from S2 to S3. 

In Device 4, most particles moved into V2 and V3. As h increased from Device 3 to 4, 

the streaming velocity in V2 seemed to decrease further, allowing the 0.79 µm, 0.49 µm, 0.38 

µm, and 0.31 µm particles to change to S4. The results indicate that particles in V2 are no 

longer affected by the particle inertia. Consequently, they are dominated by the shear gradient 

and concentrate at the vortex centre. Besides, V3 also seemed to decrease slightly. 0.79 µm 

particles change from S2 to S4 (i.e., from dominated by the particle inertia to dominated by the 

shear gradient). Yet, the impact on V1 was unclear as all particles moved away. 
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Figure 6: Schematic diagram showing the position of the size categories (S1 to S5) within 

and in the vicinity of a streaming vortex.  

 

Table 2: The classification of the particle diameters from this study. 

 Vortex S1 S2 S3 S4 S5 

Device 1 V1 to V4 5 µm 

1.1 µm 

0.79 µm  

   0.49 µm 

0.38 µm 

0.31 µm 

Device 2 V1 and V3 5 µm 

1.1 µm 

  0.79 µm 

0.49 µm 

0.38 µm 

0.31 µm 

V2 0.79 µm 

0.49 µm 

0.38 µm 

0.31 µm 

  

Device 3 V1 and V3 5 µm 1.1 µm 

0.79 µm 

 0.49 µm 

0.38 µm 

0.31 µm 

 

V2 0.49 µm 

0.38 µm 

0.31 µm 

  

Device 4 V1 5 µm 1.1 µm    

V2   0.79 µm 

0.49 µm 

0.38 µm 

0.31 µm 

 

V3 1.1 µm  0.79 µm 

0.49 µm 

0.38 µm 

0.31 µm 

 

3.6 The feasibility of sub-micron particle separation using ASE 

3.6.1 Separation of S1 and S4 particles 

Theoretically, separating S1 and S4 particles would seem feasible since the former 

exists at pressure nodes and the latter at vortex centres. However, their locations coincide in 

almost all devices. Hence, separation is not possible. 

3.6.2 Separation of S1 and S2 particles 
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Spatial distance between S1 and S2 particles was observed in Device 2 (V2), and 

Devices 3 and 4 (all vortices). In Device 2, the movement of particles in V2 showed that the 

focusing effect by particle inertia always drives the particles away from the vortex centre, 

which coincide with the pressure node. However, for a given particle size (e.g., 1.1 µm and 

0.79 µm), most particles remain mixed in V1 and V3 as they belong to S1 and S4. The spatial 

distance between S1 and S2 particles can be used to separate 5 µm and 1.1 µm / 0.79 µm 

particles in Device 3 and 5 µm and 1.1 µm particles in Device 4. Yet, to facilitate particle 

separation, the design of the microchannel needs to be refined to reduce the number of particle 

lines. 

3.6.3 Separation of S2 and S4 particles 

The separation of S2 and S4 particles requires a channel height of at least 0.75λf 

(Devices 3 and 4). Device 3 can separate 1.1 µm / 0.79 µm particles and particles ≤ 0.49 µm, 

while Device 4 can separate 1.1 µm particles and particles ≤ 0.79 µm. The results show that 

for the studied devices, separation of sub-micron particles (in Device 3) using the focusing 

effects by particle inertia and shear gradient is feasible but difficult due to the small distance 

between particles and the number of particle lines. For SSAW devices with channel width less 

than λSAW, the diameter of a vortex is roughly equal to λSAW/4 [50]. Considering the vortex 

centre located in the middle of the vortex, the separation distance becomes λSAW/8. TSAW 

devices may be able to produce streaming vortices larger than λSAW. Nevertheless, further 

refinement on the microchannel’s geometry is needed to enlarge the streaming vortices, thereby 

increasing the distance between the vortex centre and the region of low streaming velocity. 

4. Conclusion 

This study demonstrated the ASE-induced focusing effect by particle inertia, provided 

the classification of particle motion in the vicinity of streaming vortices, and evaluated the 

impact of microchannel height. 
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For the newly discovered focusing effect to occur, particles need to be small enough to 

avoid ARF and enter the streaming vortices, but large enough that the inertia force is adequate 

to drive them to the region of low streaming velocity. Generally, the particle motion in an 

acoustic field is size-dependent and classified as one of the following five categories:  

S1: driven by ARF to pressure nodes. 

S2: dominated by particle inertia, which is large enough to drive the particles from the 

vortices to regions of low streaming velocity. 

 (Particles in this category are subject to the ASE-induced focusing effect by the 

particle inertia) 

S3: dominated by particle inertia, which is inadequate for detachment, leaving particles 

on the outer radius of the vortices. 

S4: concentrated at the vortex centres by the shear-induced inward radial movement. 

(Particles in this category are subject to the ASE-induced focusing effect by the 

shear gradient)  

S5: small particles that are solely driven by the Stokes drag force. 

The microchannel height plays an important role in the streaming velocity, thereby changing 

the sizes of the five categories (S1 to S5). 

Finally, we evaluated the feasibility of sub-micron particle separation using the ASE- 

induced focusing effects. The spatial distances between S1/S2 and S2/S4 are shown, indicating 

that the focusing effect by particle inertia can separate sub-micron particles from micron 

particles, and also from other sub-micron particles. However, the studied devices involve too 

many particle lines, and the spatial distances are narrow. A microchannel that contains fewer 

but larger streaming vortices would enable sub-micron particle separation by ASE. 
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