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In this study, we demonstrate an acoustofluidic device that enables single-file focusing of 

submicron particles and bacteria using a two-dimensional (2D) acoustic standing wave. The device 

consists of a 100 µm ✕ 100 µm square channel that supports 2D particle focusing in the channel center 

at an actuation frequency of 7.39 MHz. This higher actuation frequency compared with conventional bulk 

acoustic systems enables radiation-force-dominant motion of submicron particles and overcome the 

classical size limitation (≈ 2 µm) of acoustic focusing. We present acoustic radiation force-based focusing 

of particles with diameters less than 0.5 µm at a flow rate of 12 µL min-1, and 1.33 µm particles at flow 

rates up to 80 µL min-1. The device focused 0.25 µm particles by the 2D acoustic radiation force while 

undergoing a channel cross-section centered, single-vortex acoustic streaming. A suspension of bacteria 

was also investigated to evaluate the biological relevance of the device, which demonstrated the 

alignment of bacteria in the channel at a flow rate of up to 20 µL min-1. The developed acoustofluidic 

device can align submicron particles within a narrow flow stream in a highly robust manner, validating its 

use as a flow-through focusing chamber to perform high-throughput and accurate flow cytometry of 

submicron objects.

Keyword: Square microchannel, Acoustophoresis, submicron particles, Flow cytometry, Acoustic 

radiation, Acoustic streaming
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Introduction
Flow cytometry enables the analysis of large numbers of cells within a fluid stream1,2. Recently, 

this technique has been used in various applications to measure a diverse range of chemical and 

physical characteristics of individual cells3, including the diagnosis of blood cancer, cell phenotyping, 

cell cycling, and rare cell detection4. Flow cytometry involves the use of a device for accurately focusing 

a cell stream and an optical setup for single-cell level detection2, enabling the measurement of single 

cells or micron-sized particles as they pass through an optical detection volume. Thus, it is critically 

important to focus the sample (cells or particles) in a narrow core stream of cells, precisely positioned 

in the interrogation zone, to improve the measurement resolution of the cells 5. 

A single-file coaxial hydrodynamic flow chamber is a widely used focusing method in 

conventional flow cytometry 6,7. Many attempts have been made to replace this conventional flow chamber 

with microfluidic devices 8,9 with various microfluidics-based focusing approaches such as 3-D 

hydrodynamic 10,11, inertial12,13, non-Newtonian14-17 magnetic18,19, dielectrophoretic20,21, and 

acoustic22,23. Among them, the acoustics-based approach has advantages in terms of high throughput, 

simplicity, precise manipulation, and gentle treatment of cells23. The combination of acoustic radiation 

forces acting on suspended objects streaming in microchannels (Fig. 1) is commonly referred to as 

acoustofluidics. The acoustic radiation force can manipulate particles according to their size, density, 

and compressibility differences between the particles and the suspending medium24. Because of 

capabilities such as alignment25, trapping26, and orientation of particles in the microchannel, 

acoustofluidics has numerous biological applications such as plasmapheresis27,28, lipid separation29, 

isolation of circulating tumor cells30,31, bacterial separation32,33, and orientation of red blood cells34,35. 

Moreover, acoustofluidics operates independently of the biochemical and electrical properties of the 

suspending medium and has been extensively explored in various biological samples, including blood, 

urine, cerebrospinal fluid, raw milk, and water resources36-38. However, manipulations or focusing of 

cells in the submicron range using acoustofluidic methods are limited because, as the particle size 

decreases, the physical scaling laws that govern the acoustic radiation force decay faster than the 

hydrodynamic viscous drag force induced by acoustic streaming, thereby counteracting the focusing 

properties of the radiation force. 

In general, the motions of larger particles (>2 µm) are dominated by the acoustic radiation 

force, while those of smaller particles are dominated by the drag force induced by acoustic streaming 

in the suspending media39. Therefore, focusing of submicron range bio-objects such as bacteria, viruses, 

and even exosomes is impaired by the interplay between the acoustic radiation force and the viscous 

drag force from acoustic streaming. Several systems have been developed to overcome this limitation, 

including acoustic seed trapping40, diffraction-based acoustic manipulation41, and combining acoustic 

radiation and an acoustic streaming vortex42,43. Antfolk et al.42 demonstrated a square cross-section 

(230 × 230 µm) silicon-glass microchannel operated by a bulk acoustic wave (BAW) that focused 

submicron particles and bacteria. The chip was able to focus 0.5 µm particles toward the channel center 

because of the fact that conventional Rayleigh streaming, arising in a half-wavelength acoustic 
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resonator, reconfigured to a cross-section centered single-vortex stream when operated in a two-

dimensional acoustic resonator setup; hence, it does not interfere with the acoustic radiation force 

directed toward the channel center. The maximum flow rate allowing focusing of 0.5 µm particles was 

less than 2 µL min-1 (~3.3 mm s-1). The focusing efficiency in this configuration depends on the 

magnitude of the radiation force and the retention time in the force field. Similarly, Zangming et al.43 

developed an acoustofluidic chip for the enrichment of submicron particles using a square-shaped 

capillary tube on a chirped surface acoustic wave (SAW) transducer. The SAW induced a torsional 

vibration mode in the square glass capillary that generated a single-vortex acoustic streaming in the 

capillary. The enrichment of submicron to nanoparticles was demonstrated under stop-flow or 

extremely low-flow conditions and were not readily applicable to high-speed flow cytometry.

The simplest approach to overcome the particle size limitation problem in a one-dimensional 

(1D) BAW resonance is to reduce the boundary driven Rayleigh streaming. The relationships between 

the acoustic radiation force and streaming-induced drag force on particle motion in 1D acoustophoresis 

systems have been studied in detail theoretically39 and experimentally44-46. The authors presented the 

critical particle diameter 2ac to define the shift from radiation force-dominated particle motion to 

acoustic streaming-induced particle motion. Equation 1 shows the critical diameter derived when the 

magnitudes of the two forces are equal at the center plane in a 1D half-wavelength resonance: 

                    (1)2𝑎𝑐 =
12𝑠𝜈
𝜋𝜙𝑓

where s is a factor related to the channel geometry, ν is the kinematic viscosity of the media, Φ is the 

acoustic contrast factor, and f is the frequency of the acoustic field. The equation shows that the critical 

particle size can be decreased by operating at a higher frequency (f), changing the properties of the 

medium (ν, Φ)47, or adjusting the channel geometry (s)48. A graphical illustration of this relationship is 

presented in Fig. 1.

To circumvent the size limitations for acoustic focusing, in the classical 1D resonance-driven 

Rayleigh streaming, we developed an acoustofluidic device in which the microchannel size was reduced 

to 100 µm × 100 µm compared with previous work42, to obtain a /2 resonance with a pressure node 

at the channel center. The system was operated at 7.39 MHz. Based on equation (1), the critical particle 

size (2ac) can be calculated as approximately 1.0 µm for a polystyrene particle in water at a frequency 

of 7.39 MHz (f) and geometric factor of 0.47 (s) used for a square cross-section as in the ref 42.  In the 

context of a square cross-section channel, we expected to obtain a unidirectional vortex streaming in 

the channel cross-section that would not counteract the acoustic radiation force-driven particle 

trajectory toward the channel center. Hence, a higher speed of focusing submicron particles was 

expected compared with previous reports42, allowing operation at an increased flow rate. Using the 

device, we investigated and demonstrated focusing of microsized beads (3.25 µm and 1.33 µm in 

diameter) and further submicron sized beads (0.5 µm, 0.25 µm, and 0.191 µm) under different flow 
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conditions (flow rate from 10 µL min-1 (linear flow rate: 17 mm s-1 to 80 µL min-1 (linear flow rate: 133 

mm s-1)). We observed and analyzed the particle location in flow-through mode to investigate the 

focusing efficiency of the device. Finally, we examined the focusing features of bacteria to explore the 

biological relevance of the device.

Fig. 1 a) 2D acoustic resonance (dashed blue lines) in a channel with a square cross-section. Black arrows indicate 

unidirectional acoustic streaming. Red arrows indicate the direction of the acoustic radiation force. The smaller 

cross-section yields a higher resonance frequency and hence a higher radiation force, even though still 

complemented by an axicentric acoustic streaming roll. b) Schematic of the spiral-shaped trajectory of 

nanoparticles (green) that converges toward the channel centerline under the influence of the acoustic radiation 

force.

Experimental

Acoustofluidic chip 

Figure 2(a) shows the acoustofluidic device consisting of a main fluidic channel and two fluid ports, 

which was fabricated by bonding a glass-silicon-glass sandwich structure. First, silicon wafers with a 

thickness of 100 µm were prepared using a chemical-mechanical polishing process for a double-side-

polished 4 inch silicon wafer with a thickness of 400 μm. A silicon microchannel structure with a cross-

section of 100 µm × 100 µm was subsequently fabricated by deep reactive ion etching through a silicon 

wafer. The fabricated microchannel structure was sequentially sealed by anodic bonding of a bottom 

layer of borosilicate glass (10 mm × 80 mm × 0.5 mm). The top layer of borosilicate glass was provided 

with through-holes as the inlet and outlet ports and was bonded on the structure by anodic bonding. A 

5 mm × 10 mm piezoelectric transducer (C-213; Fuji Ceramics) was glued to the bottom glass layer along 

the microfluidic channel using cyanoacrylate glue (AD100; 3M). 

Acoustophoresis setup

Figure 2(b) shows the experimental setup. The electrical signal for piezoelectric actuation was 

generated by a single-channel functional generator (WF 1974, NF Corporation, Japan) set to 7.39 MHz, 
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and further amplified using a power amplifier (BA 4850, NF Corporation, Japan). The amplified signal 

was set to 50 Vp-p, which is the maximum amplitude to prevent the chip heating induced by thermal 

losses in the piezoceramic element. Because the piezoelectric actuator simultaneously excited a vertical 

and horizontal resonance in the chip owing to the square cross-section of the channel, cells or particles 

were focused at the center of the microfluidic channel. 

The flow rates of the working fluid containing beads and bacteria samples were controlled by 

syringe pumps (70-4505 Elite Pump; Harvard Apparatus) mounted with syringes (SS05-LZ; Terumo) 

connected to the inlets and outlets of the microfluidic channel. The inlets and outlets were directly 

connected to the syringes by polyetheretherketone tubes. To prevent unwanted bubble entrapment, 

the channels were filled with deionized water prior to experiment. After device preparation, syringes 

containing the samples were loaded. Various flow rates of the working fluid were supplied to the device 

from 5 µL min-1 to 80 µL min-1. Video images of flowing cells were obtained at 5 cm from the inlet port 

(observation area in Fig. 2(b)) in the channel using a CMOS camera  (Miro lab 110 of Vision Research, 

USA) linked to the microscope (Olympus BX51, Japan).

Fig. 2 a) Acoustofluidic devices with length of 50 mm or 75 mm, width of 5 mm, thickness of 1.1 mm, and square-

shaped microchannel cross-sections (100 µm ×100 µm). b) Experimental setup: A syringe pump is linked to the 

inlet port for sample introduction, and a waste tube is linked to outlet. A CMOS camera mounted to a microscope 

recorded the acoustofluidic channel. c) Top view of a sample with 3.25 µm polystyrene beads, perfused at 30 µL 

min-1, focused inside the channel while operating the PZT at 7.395 MHz. 

Microbeads

Polystyrene microparticles of various sizes were used to characterize the system. Particles with 

diameters of 3.25 μm, 1.33 μm, and 0.25 µm were obtained from Spherotech (FP-3052-2, FP-1552-2, 

and FP-256-2, respectively; Spherotech Inc., IL, USA). Particles with diameters of 0.5 µm and 0.191 µm 

were obtained from Bang Laboratories (FSDG002 and FSDG003, respectively; Bang Laboratories, 
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Fishers, IN, USA). Particle concentrations were kept below 109 particles mL-1 to minimize the effect of 

acoustic and hydrodynamic interaction forces between particles.

Bacteria

Bacteria were purchased from the Korean Collection for Type Cultures (KCTC). Enterobacter 

cloacae was grown at 30 °C in nutrient broth medium. The bacteria were cultured under aerobic 

conditions up to an optical density of 0.4 at 600 nm (OD600), followed by centrifugation (~14,200 g) for 

10 min at 4 °C, and then washed twice with Tris-HCl buffer (50 mM Tris, pH 7.4, 1 mM MgCl2, 5 mM KCl, 

100 mM NaCl). 

Result and Discussion

Acoustophoresis

Acoustophoresis refers to the movement of suspended particles in a fluid through acoustic 

radiation forces. This enables the enrichment of particles, particle transfer from one carrier fluid to 

another, or particle isolation according to their size, density, or compressibility49. Acoustic radiation 

forces are produced by a piezoelectric actuator that vibrates the microfluidic device at the resonance 

frequency of the fluid-filled channel. The particles in suspension experience a force along the direction 

of the pressure gradient generated by the acoustic standing wave, transferring them to either the 

pressure minima or maxima depending on their acoustic properties. We set up a model of the channel 

cross-section in finite-element software COMSOL Multiphysics 5.5 to investigate the interplay between 

acoustic radiation forces and streaming. We followed the approach by Baasch et al.50 to model the 

acoustic streaming while dropping the thermal effects and the approach by Antfolk et al.42 regarding 

the model of the channel cross section and the respective boundary conditions. 

The setup (Fig. 3a) consists of the quadratic channel cross-section. As a boundary condition, 

we applied a velocity in the wall normal direction, opposite walls are moving in phase and while we set 

a π/2 phase difference between vertical and horizontal walls. The velocity amplitude was chosen to be 

0.001 m/s which leads to a pressure amplitude of 0.6 MPa at the resonance frequency of 7.45 MHz. A 

rotating pressure field is generated (Fig. 3b) when the horizontal and vertical walls move out of phase, 

as was shown by Antfolk et al42. This rotating pressure field generates a Gorkov potential with a local 

minimum at the center of the capillary cross section (Fig. 3c) and a rotating streaming field (Fig. 3d). 

The Gorkov potential as shown in Fig. 3c was computed for 100 µm radius polystyrene particles. When 

balancing the average acoustic radiation force (outside the viscous boundary layer close to the channel 

walls) with the average acoustic streaming force (by using the Stokes drag) we found a critical radius 

between 0.31 µm and 0.32 µm for polystyrene particles in this 100 µm by 100 µm cross section. In an 

analogous model of a 400 µm by 400 µm channel cross-section we found the critical radius to be 

between 0.625 µm and 0.645 µm. 
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Fig. 3 a) In our numerical model we only considered the quadratic channel cross section. b) The phase difference 

between vertical and horizontal wall excitation generates a rotating pressure field. c) The rotating pressure field in 

turn generates a Gorkov potential with a local minimum at the center of the channel. d) The (Eulerian) acoustic 

streaming is shown in panel.

2D acoustic focusing 

The single transducer can excite both vertical and horizontal /2 standing waves because the 

microchannel has a square cross-section (100 µm × 100 µm). Fig 2 shows two acoustofluidic devices 

(Fig 2-a), the experimental setup (Fig 2-b), and focused particles (Fig 2-c) during the experiment. The 

2D resonance mode drives the particles to the pressure node at the channel center, as shown in Fig. 

2-c, and achieves a continuous-flow-based deviation-free center location of particles in the optical focal 

plane, which is crucial for flow cytometry applications.

To investigate the focusing performance of the microchannel, particles with diameters of 3.25 

µm, 1.33 µm, 0.5 µm, 0.250 µm, and 0.191 µm were each perfused through the device. The flow rate 

ranged from 10 µL min-1 to 80 µL min-1, while the peak-to-peak voltage applied to the transducer 

remained constant. The flowing particles were observed using an objective lens with a high numerical 

aperture (20x, N.A. 0.75) connected to the high-speed camera at the top. We first conducted focusing 

tests of the device using particles larger than 1 µm, i.e., 3 µm and 1.33 µm in diameter. 

Figure 4 presents images of the particles focused toward the channel center. The images were 

obtained using a high-speed camera set to a frame rate and exposure time of 1000 fps and 20 µs, 

respectively. The lateral distribution of each particle was measured from the images (Supplementary 

Information, Figure S-1). Particle analysis was performed on the obtained videos using Trackpy 

(v0.4.2)51. First, the particles in all frames were detected, and the particles detected in each frame were 

linked to those detected in consecutive frames. Then, the intersection of each particle at a designated 

cross-sectional position of the channel was obtained by interpolating the particle trajectory. Based on 

the histogram, we calculated the standard deviation of the particle distribution ( and defined 2 as 
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the focusing width, Fig 4-b. 

For all investigated flow rates, the 3.25 µm particles were tightly focused within 2 µm at the 

center of the fluid channel. The focusing width of the 1.33 µm particles increased with the increase in 

flow rate. The focusing width was 10 µm at a flow rate of 80 µL min-1, corresponding to a linear average 

velocity of 13.3 cm s-1. The acoustofluidic device showed excellent 2D focusing even for the 1.33 µm 

particles. 

Fig. 4 a) Focusing images of 3.25 µm and 1.33 µm particles, showing tight focusing even at a flow rate of 80 µL 

min-1. b) Focusing width of each particle size at flow rates ranging from 10 µL min-1 to 80 µL min-1. Focusing width 

is defined as the standard deviation of the lateral particle distribution. At a flow rate of 80 µL min-1, the 3 µm 

particles deviated by less than 1 µm from the centerline, while the 1.33 µm particles displayed a 10 µm focusing 

width. (2 standard deviation)

Figure 5 shows the focusing sequence of 0.5 µm particles at stop-flow before and after the 

acoustic actuation. To investigate the movement of particles with diameters less than 0.5 µm, 

fluorescence microscopy was employed to visualize the movement. The movements of three different 

submicron particles (0.5 µm, 0.25 µm, and 0.191 µm) were observed under stop-flow conditions, while 

acoustic actuation was applied to the chip. Visually, it can be observed that the 0.5 µm particle moved 

rapidly toward the centerline and was moderately influenced by the rotating streaming vortex owing 

to the short transition time to the channel center. In contrast, the smaller particles showed a gradual 

focusing toward the centerline while simultaneously following the acoustic streaming-induced fluid 

rotation (see supplementary video: Video.1 for 0.25 µm and Video.2 for 0.191 µm). 
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Fig. 5 Time-lapse images of 0.5 µm particle movement under both acoustic-off and acoustic-on conditions by an 

acoustic actuation a) Particles were distributed randomly and moved by a pressure driven flow in the channel 

without any acoustic actuation active. b) Tracing images show that the particles moved toward the channel center 

by applying an RF frequency to generate an acoustic standing wave. c) In the end, the particles were focused and 

enriched at the channel center.

Figure 6 illustrates the results of the focusing performance of 0.5 µm particles at different flow 

rates. The particles could be fully focused in a single streamline at the channel center at a flow rate of 

8 µL min-1; however, at 12 µL min-1, the retention time in the acoustic field was insufficient to fully focus 

all particles. The corresponding linear velocities (average velocities) at 8 µL min-1 and 12 µL min-1 were 

1.33 cm s-1 and 2 cm s-1, respectively. The focusing efficiency can be further improved if an active cooling 

system is installed, which enables the operation of the piezoelectric actuator at a higher driving voltage 

without the thermal dissipation, which may lead a resonance shift52.

In addition, while we observed that 0.25 µm and 0.191 µm particles can be focused toward 

the centerline of the square cross-section channel under stop-flow, the maximum flow rate while still 

having sufficient focusing depends on the retention time in the acoustic field. The time it takes to reach 

the centerline of the microchannel is inversed-proportional to the acoustic velocity, and hence the 

square of the particle radius (Eq. 4). In the experiment, both the 0.25 µm and 0.191 µm particles were 

injected into the device, and focusing tests were conducted in the flow-through mode. The 0.25 µm 

particles were focused at a flow rate of 2 µL min-1, which is in agreement with the reduced 

acoustophoretic velocity compared with that of the 0.5 µm particles. A factor of two reduced radii 

should yield a factor of four lower acoustophoretic velocity, which provides the corresponding 

extended retention time in the acoustic field. Under the given actuation and fluidic conditions, the 

focusing of 0.191 µm particles was too slow to be observed in the flow-through mode.
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Fig. 6 a) Images of focusing of 0.5 µm particles under two different flow conditions (8 µL min-1 and 12 µL min-1). b) 
. AA’ and BB’ are cross section of each channel and cross-sectional profiles of fluorescent intensity displayed at 
these flow conditions

Bacteria focusing

Figure 7(a) shows images of acoustic focusing bacterial cells at different flow rates. A 

suspension of Enterobacter cloacae was investigated to evaluate the biological relevance of the device. 

Bacteria samples were vortexed prior to injection to prevent aggregation. The sample concentration 

was 108 cells mL-1, which is sufficient to visualize the stream of bacterial flows by bright field observation 

(without fluorescent dye). 

Figure 7(b) illustrates focusing width of the bacterial cells as a function of the flow rate, which 

was obtaining by analyzing the focused bacterial streams in the images. An analysis to obtain the flow 

position of bacteria was performed as follows. First, the intensity profile at the designated cross-section 

of the channel was obtained. After subtracting the background, peak detection was performed on the 

profile to determine the cross-section of the bacteria at a certain frame. Finally, the positions of the 

peaks in each frame were combined to obtain the histogram (S-2). The standard deviations of each 

histogram were calculated based on the histogram and 2-σ of each image was plotted as their focusing 

width. While the features of performing bacteria focusing were analyzed by observing its focused 

streamline due to a limited optical setup used in this study, our acoustofluidic device enables 

observation of bacteria at single cell resolutions by installing high magnification and high N.A. objective 

lenses. 

As a result, the focusing width was approximately 3.6 µm at a flow rate of 5 µL min-1, and 

reached 6 µm at 20 µL min-1. The calculated flow averaged velocity at 20 µL min-1 was 3.33 cm s-1, 

demonstrating that the developed device can operate as a high-speed and high-throughput focuser of 

submicron cells. In contrast to commercial flow cytometry, in which flow focusing relies on the use of 

large volumes of hydrodynamic sheath flow, acoustofluidics enables the focusing of bacteria and 

submicron particles without requiring such sheath flow. 
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Fig. 7 a) Image of bacteria flow stream obtained at four different flow conditions. b) The focusing width, 2-σ of 

bacterial distribution, plotted at four different flow rates. At a 5 µL min-1 flow rate, the measured focusing width 

2-  was about 3.6 µm, and reached 6 µm at a 20 µL min-1. 

Conclusions 

This paper presents an acoustofluidic device with a square channel structure (100 µm × 100 

µm) that achieves 2D acoustic focusing of submicron particles by using a single piezoelectric actuator. 

At a 7.39 MHz actuating frequency, 0.5 µm polystyrene particles were rapidly focused toward the 

channel center by the acoustic radiation force. 0.25 µm particles underwent an extensive vortex 

rotation driven by acoustic streaming due to the longer elapsed time for the particle to get to the 

channel center by acoustic focusing.

The current device can focus particles with diameters down to 0.5 µm nm for a fast retention 

time in a 75 mm focusing channel at a linear flow rate of 13 mm s-1 and  0.25 µm particles at a linear 

flow rate of 2 µL min-1.  This enables to open up the acoustophoresis research field to new application 

in microbiology such as microalgae, plankton, and bacteria. Future work will target an improved optical 

system to develop a single-cell resolution flow cytometry system for submicron cells and particles.
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