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Abstract

The precise manipulation of acoustic fields in microfluidics is of critical importance for the 

realization of many biomedical applications. Despite the tremendous efforts devoted to the field of 

acoustofluidics during recent years, dexterous control, with an arbitrary and complex acoustic 

wavefront, in a prescribed, microscale region is still out of reach. Here, we introduce the concept 

of acoustofluidic waveguide, a three-dimensional compact configuration that is capable of locally 

guiding acoustic waves into a fluidic environment. Through comprehensive numerical simulations, 

we revealed the possibility of forming complex field patterns with defined pressure nodes within a 

highly localized, pre-determined region inside the microfluidic chamber. We also demonstrated the 

tunability of the acoustic field profile through controlling the size and shape of the waveguide 

geometry, as well as the operational frequency of the acoustic wave. The feasibility of the 

waveguide concept was experimentally verified via microparticle trapping and patterning. Our 

acoustofluidic waveguiding structures can be readily integrated with other microfluidic 

configurations and can be further designed into more complex types of passive acoustofluidic 

devices. The waveguide platform provides a promising alternative to current acoustic manipulation 

techniques and is useful in many applications such as single-cell analysis, point-of-care 

diagnostics, and studies of cell–cell interactions.
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1 Introduction

Acoustofluidics, merging the fields of acoustics and microfluidics, has recently attracted an 

increasing amount of attention in research communities (Ding et al. 2013; Friend and Yeo 

2011; Yeo and Friend 2014). Acoustofluidic-based particle/cell manipulation methods 

exhibit several unique advantages over their optical, electrical, and magnetic counterparts 

(Suri et al. 2013; Voldman 2006; Zhang and Liu 2008). They are simple, noninvasive, 

contactless, and label-free (Ahmed et al. 2016; Bruus 2011, 2012b; Chen et al. 2013, 2014, 

2016; Collins et al. 2015, 2016; Ding et al. 2012a; Gedge and Hill 2012; Glynne-Jones et al. 

2012; Goddard et al. 2006, 2007; Guldiken et al. 2012; Guo et al. 2015a, b, c, 2016; Huang 

et al. 2013; Li et al. 2015; Mao et al. 2016; Ren et al. 2015; Shi et al. 2009a, b; Tang et al. 

2016; Wang and Zhe 2011). Among the wide range of applications enabled by 

acoustofluidic technologies, capturing, patterning, and retaining of biological cells and 

microparticles in an ordered arrangement is of particular interest as it is of fundamental 

importance for fields such as microarrays (Flaim et al. 2005; Gresham et al. 2008), 

regenerative medicine (Khetani and Bhatia 2008; Smith 2007), 3D bio-printing (Kolesky et 

al. 2014; Murphy and Atala 2014), intercellular communications (Van Nhieu et al. 2003; 

You et al. 2004), as well as tissue engineering (Ashkin et al. 1987; Puleo et al. 2007).

In many of the previously reported acoustofluidic devices, the harnessing of the acoustic 

field was realized within a large portion of the microfluidic channel, thereby resulting in a 

homogeneous patterning and transportation of objects inside the chamber (Collins et al. 

2015; Guo et al. 2015a; Shi et al. 2009a). Although tunable particle control can be achieved 

through changing the frequency (Ding et al. 2012b; Guo et al. 2015a) or relative phase of the 

signal (Ding et al. 2012a; Guo et al. 2015a, 2016; Li et al. 2014a), these methods still lack 

the ability to locally manipulate certain particles without influencing neighboring particles. 

Furthermore, conventional 1D and 2D acoustofluidic techniques could only yield relatively 

simple field patterns (Collins et al. 2015; Ding et al. 2012a; Guo et al. 2015a, b, c, 2016; Shi 

et al. 2009a), either in the form of 1D line (Shi et al. 2009a) or 2D dot/net-like distribution 

(Guo et al. 2015a). The forming of more complex distributions of cells is still urgently 

needed and is of fundamental importance for a number of applications including tissue 

engineering (Ashkin et al. 1987) and regenerative medicine (Khetani and Bhatia 2008; Smith 

2007).

In order to address the above-mentioned limitations, we introduce acoustofluidic waveguides 

to guide and localize an acoustic field in a specific region within a microfluidic chamber. 

The transport of traveling and standing acoustic waves using an additional buffer layer or 

superstrate has been reported recently for a variety of applications such as particle 

separation, washing and trapping (Ma et al. 2016; Rambach et al. 2014; Skowronek et al. 

2013; Witte et al. 2014), droplet rotating and liquid pumping (Bourquin et al. 2011; Reboud 

et al. 2012; Wilson et al. 2011), as well as cell sorting and patterning (Guo et al. 2015b; 
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Schmid et al. 2014). With the incorporation of a single uniform layer (Guo et al. 2015b; Ma 

et al. 2016; Rambach et al. 2014; Schmid et al. 2014; Skowronek et al. 2013; Witte et al. 

2014) or a patterned structure such as phononic crystal (Bourquin et al. 2011; Reboud et al. 

2012; Wilson et al. 2011), enhanced manipulation of the acoustic fields can be readily 

realized, which is otherwise difficult to achieve using conventional microfluidic channels. 

However, despite the significant advancements in this field, the comprehensive study on the 

effect of acoustofluidic waveguides with different sizes and geometries in shaping and 

modifying the acoustic fields in fluidics are yet to be demonstrated. In addition, the wide 

range of subwavelength field localization to wavelength-scale confinement has not been 

reported, resulting in a gap in the understanding of the trapping and patterning of objects 

within a region that is comparable to, or much smaller than, the acoustic wavelength scale. 

Herein, we show that a specifically designed waveguide, with finite scales in all three 

dimensions, provides an effective approach for confining the acoustic field within a 

prescribed ultra-small region. The acoustofluidic waveguides studied in this article act as an 

efficient coupler between the acoustic source and the destination area. With a simple, and 

easy-to-realize configuration, the acoustofluidic waveguides provide great potential for the 

efficient manipulation of the acoustic field pattern inside a fluidic chamber.

Our acoustofluidic waveguides enable diverse field distributions within prescribed regions 

and subwavelength localized control of particles in fluids, thereby making them promising 

candidates for particle/cell manipulation and other lab-on-a-chip applications. In the 

following study, we show in detail that by tuning the shape and size of the waveguide 

structure, as well as the phase and frequency of the excitation wave, the pressure field could 

be dynamically controlled. Besides conducting comprehensive numerical simulations, we 

also experimentally characterized and demonstrated patterning for micro-size particles to 

verify the theoretical predictions. Our studies are expected to pave the way for the 

development of acoustofluidic waveguide-based lab-on-a-chip devices and may open new 

avenues for many biomedical applications such as neuroscience and tissue engineering.

2 Working principle of the acoustofluidic waveguides

The schematic of our proposed acoustofluidic waveguide is shown in Fig. 1. The waveguide 

is a three-dimensional (3D) planar configuration that sandwiches between the microfluidic 

chamber and the LiNbO3 substrate. We chose a 128° Y-cut LiNbO3 wafer due to its optical 

transparency and high electromechanical coupling. To enable the generation of surface 

acoustic waves (SAWs), an identical pair of IDTs with homogenous finger spacing (i.e., a 

quarter of the wavelength of the SAWs) was deposited on the substrate. The pair of IDTs 

was aligned parallel to the polydimethylsiloxane (PDMS) microchannel as shown 

schematically in Fig. 1. An RF signal was split and applied to each IDT to generate two 

identical SAWs propagating along the x-axis. These two SAWs propagate in opposite 

directions and interfere with each other to form a standing surface acoustic wave (SSAW) 

field in between the IDTs. With our introduced ultra-thin acoustofluidic waveguides, the 

acoustic waves could be efficiently and locally transmitted into the microfluidic chamber, 

resulting in periodic longitudinal pressure waves with pressure fluctuations in a defined 

region inside the liquid medium. Depending on their elastic properties, microparticles/cells 

will be pushed toward pressure nodes or pressure antinodes by the acoustic radiation force 
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generated from the pressure fluctuations, similar to the mechanism in previously reported 

experiments (Guo et al. 2015a, b).

3 Numerical simulation of the acoustofluidic waveguides

The numerical model for the acoustofluidic waveguides studied throughout this paper was 

established based on the Helmholtz equation for damped waves. By assuming a harmonic 

time dependence of the acoustic field (p(r,t) = p(r,t)eiωt), the lossy Helmholtz equation can 

be written as (Bruus 2012a; Mao et al. 2016):

(1)

where p, ρf, cf, ω, β, μ, and i represent the acoustic pressure, density of fluid, acoustic phase 

velocity of fluid, angular velocity, fluid viscosity ratio, fluid dynamic viscosity, and 

imaginary unit, respectively.

By selecting appropriate boundary conditions, the acoustic pressure distributions inside the 

acoustofluidic waveguides and microfluidic channels can be obtained based on Eq. (1). The 

lower boundary at the interface between the LiNbO3 substrate and the acoustofluidic 

waveguide is actuated by the SSAW, which is originated from two leaky Rayleigh SAWs 

that feature oscillations both parallel and perpendicular to the surface. Owing to the narrow 

width of the waveguide, the decay of the Rayleigh SAWs is ignored during the study. The 

parallel component of the leaky Rayleigh SAW is not taken into consideration either, due to 

the fact that only the perpendicular oscillation can generate compressible acoustic waves and 

radiate into the waveguide and the fluid domain. Therefore, the harmonic actuation at the 

lower boundary of the interface is modeled by prescribing the normal component of 

boundary acceleration (Mao et al. 2016):

(2)

(3)

where A0, ks, w0, and n correspond to the amplitude of leaky SAW displacement, wave 

number of leaky SAW, channel width, and boundary normal vector, respectively. In Eqs. (2) 

and (3), the accelerations aPN and aAN represent the boundary conditions given for the cases 

when pressure node (displacement node) and pressure antinode (displacement antinode) of 

the SSAW are located in the middle of the chamber.
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The problem formulated above was solved using the pressure acoustics package of the finite 

element method (FEM)-based software COMSOL Multiphysics. In order to gain 

comprehensive observations of the pressure fields inside the chamber, 3D simulations of the 

acoustofluidic waveguide system were conducted. Convergence tests were performed to 

ensure that the numerical boundaries and meshing did not interfere with the solutions. In the 

calculations, the height of the chamber was 120 μm. The thicknesses of the waveguide layer 

and the intermediate layer were 20 and 10 μm, respectively, unless otherwise stated. The 

centerline of the waveguide was placed between two pressure antinodes. The densities for 

water, air, and PDMS are 997, 1.2, and 970 kg/m3, whereas the sound speeds in water, air, 

and PDMS are 1490, 343 and 1080 m/s, respectively. The acoustic attenuation of PDMS is 

estimated to be ~80 dB/cm according to the experimentally measured results for PDMS with 

a mixed ratio of 10:1 (Tsou et al. 2008). The phase velocity of a SAW is 3997 m/s. The 

operational frequency of the SAWs was fixed at 13.4 MHz unless otherwise stated, 

corresponding to a working wavelength of 300 μm. In order to demonstrate the ability of our 

acoustofluidic waveguides in generating versatile field patterns, we not only tuned the size 

and shape of the waveguiding structure, but also changed the operational frequency of the 

acoustic waves.

We first considered 3D acoustofluidic waveguides with circular shape. In the simulations, 

we varied the dimension of the waveguide cross section from subwavelength scale to twice 

the operational wavelength. In order to better compare the detailed pattern of the waveguide 

with different dimensions, all the field distributions were normalized. As illustrated from the 

simulation results in Fig. 2, the pressure field profiles exhibit dramatic change with the 

variation of the waveguide diameter D. We found that when D is smaller than 100 μm, the 

field intensity in the center of the PDMS chamber is more than 4 orders of magnitude 

smaller than that of the incoming boundary of the acoustofluidic waveguides, indicating that 

the transmission efficiency of the acoustic wave is quite low when the waveguide size is 

significantly smaller than the working wavelength. With the dimension of the waveguide 

between 100 and 300 μm, an acoustic field with a single pressure node line was observed 

(see Fig. 2a–g). In addition, two pressure antinodes with varied intensities exist on each side 

of the pressure node, along with slightly different field distributions in the rest of the region.

In these scenarios, since the feature size of the field pattern is much smaller than the 

excitation wavelength, the acoustofluidic waveguide-based devices have the potential to 

enable the study of the interactions between small populations of cells. When D further 

increases from λ to 2λ, significant evolution of the field pattern is observable, indicating the 

notable impact of the waveguide configuration in shaping the pressure field distributions 

under these conditions. For example, it was seen that with a D around 300 ~ 360 μm (Fig. 

2h, j), two pressure antinodes separate into four or even more. In these cases, in addition to 

the horizontal pressure node line along the center region of the waveguide, vertical pressure 

nodes also started to appear. The combination of both vertical and horizontal pressure nodes 

results in more complex 2D field patterns, with curved features incorporated. This 

interesting profile is obviously different from the field distributions generated by the 

conventional acoustofluidic platform, where only 1D straight pressure nodes were observed 

using a single pair of IDTs (Ding et al. 2012b; Shi et al. 2009a). Further increasing the 

waveguide size could result in the appearance of another two pressure nodes near the bottom 
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and top of the waveguide region, as depicted in Fig. 2k, l. As D exceeds ~500 μm, the 

pressure nodes on the top and bottom regions within the waveguide boundary change 

gradually from near-straight lines into curves (Fig. 2m–o). It is also clearly observed that the 

distance between adjacent horizontal pressure nodes is half of the wavelength of the SAWs, 

which matches results observed in previous studies (Ding et al. 2012b; Guo et al. 2015b; Shi 

et al. 2009a).

Next, the effect on the pressure gradient of varying the size of a square acoustofluidic 

waveguide was investigated. As shown in Fig. 3, the width, W, of the square waveguide was 

varied between 100 and 600 μm. Considering that both the number and position of the 

pressure nodes yielded by the square waveguide changed with an increasing critical 

dimension, the evolution of the field patterns with the change in width W is similar to that 

observed in the circular waveguide case. Single pressure node lines could be maintained for 

waveguides with subwavelength dimensions (Fig. 3a–g), while the number of the horizontal 

pressure nodes increases up to three as W exceeds ~360 μm. The interval distances between 

adjacent nodes are also equal to the half-wavelength of the SAWs.

A further comparison between the square and circular acoustofluidic waveguides reveals 

differences in the shapes of their pressure field profiles caused by a change in the cross 

section. For instance, we could observe a significant difference between the field patterns of 

the square and circular- shaped configurations around 400 μm. In these cases, not only the 

numbers, but also the shapes of the pressure antinodes are quite different. We also noted that 

although the square-shaped waveguide has boundaries either parallel or perpendicular to the 

propagation direction of SSAWs, both the pressure node and pressure antinode distributions 

are more complex than those of the conventional SSAW devices (Guo et al. 2015a; Shi et al. 

2009a), in which the microfluidic chambers are typically significantly larger than the 

wavelength scale. This phenomenon reveals the unprecedented confinement capability 

provided by the finite waveguide geometry of our acoustofluidic waveguide- based platform, 

which is the key to the formation of ultra-small and complex pressure field profiles.

We also studied the acoustic field distributions of the acoustofluidic waveguides with 

triangular cross-sectional shape, as shown in Fig. 4. The diameter of the circumcircle of the 

triangle varied from 100 to 600 μm. In significant contrast to the circular- and square-shaped 

waveguide cases, the unique shape of the triangular acoustofluidic waveguides induces more 

notable effect on the generated field pattern, as revealed clearly from the evolution of the 

distributions. Owing to the fact that the area of the cross section for the triangular waveguide 

is smaller than that of its circular or square counterpart with the same diameter/width, the 

critical size that allows the efficient transmission of acoustic wave into the chamber is also 

relatively larger for the triangular configuration. As shown in Fig. 4a, b, the intensity of the 

acoustic field generated by the triangular acoustofluidic waveguide is lower than its circular- 

or square-shaped counterpart with the same size.

Another important feature of the triangular configuration is the unique shape of its pressure 

field distributions. Taking the acoustofluidic waveguide with D = 290 μm as an example, 

four pressure nodes were observed (Fig. 4d), among which a straight and horizontal one 

existed in the center of the waveguide, two tilted ones were seen near the bottom and top 
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regions, and a vertical curved node was positioned near the right edge of the triangle. The 

field distributions could be even more complex for waveguides with dimensions that are 

much larger than the wavelength scale. In these scenarios, not only the number of the 

pressure antinodes increased, but also more wavy-like features were incorporated near the 

boundary of the triangle (Fig. 4m–o). Compared to the symmetric configurations like 

circular and square ones, the triangular acoustofluidic waveguide provides more freedom for 

generating unique and more complex field patterns, thereby making itself a promising 

candidate for shaping and localizing the acoustic fields inside the microfluidic channel.

Based on the above discussions, we have shown that both the pattern and size of the pressure 

field in the microfluidic chamber can be readily controlled by changing the shape and 

dimension of the acoustofluidic waveguide. We further demonstrated that modifications of 

the field distributions can be realized through varying the frequency of the involved acoustic 

wave. Figure 5 shows the field profiles of three types of acoustofluidic waveguides under 

different operational wavelengths. By varying the working frequency from 12 to 20 MHz, 

we can observe a dynamic evolution of the pressure fields in the areas above the waveguides 

for all three cases. Due to the different geometries and shaping effects, the changes in the 

pressure field of the circular and square acoustofluidic waveguides are more dramatic than in 

their triangular counterparts. In addition, we found that the coupling efficiency of the 

acoustic wave into the microfluidic channel could also be well controlled through tuning the 

operational frequency. The flexible harnessing of the acoustic energy in fluidics is beneficial 

for controllable engineering of the acoustic forces exerted on the manipulated objects, which 

could find itself useful to a number of intriguing applications. For example, through tuning 

the frequency of SAWs, trapping and releasing the cells within a prescribed, localized region 

may be readily realized. By introducing multiple acoustofluidic waveguide arrays with 

controlled shape, geometry and distance, separate control of cells within different regions 

can be realized. This might greatly facilitate the study of the interactions between different 

groups of cells.

4 Experimental validation of the acoustofluidic waveguides

To validate the above theoretical predictions, we fabricated several acoustofluidic 

waveguides with different shapes and demonstrated microparticle patterning based on the 

acoustofluidic waveguide platform. The device was fabricated by bonding the waveguide-

integrated PDMS microchannels onto a LiNbO3 substrate patterned with IDTs, similar to the 

fabrication procedure of our previously demonstrated SSAW devices (Guo et al. 2015a, b). 

In the experiments, 128° YX-cut LiNbO3 (500 μm thick, double-side-polished) was 

employed as the piezoelectric substrate. Standard lithography and lift-off processes were 

utilized to fabricate the IDT. Multiplayer lithographic procedure was followed to obtain the 

acoustofluidic waveguide-based PDMS device, including the waveguide layer, thin 

intermediate layer, and the microfluidic chamber (Thorsen et al. 2002). The thicknesses of 

our fabricated acoustofluidic waveguide layer and intermediate layer were measured to be 22 

and 8 μm, respectively, whereas the height of the PDMS chamber was 120 μm.

In the particle patterning experiment, the acoustofluidic waveguide-based device was 

mounted on the stage of an inverted microscope (TE2000U, Nikon, USA). Solutions of 1-
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μm-diameter polystyrene particles (Bangs liberates Inc, USA) were injected into the 

microfluidic chamber of the device using a syringe pump (KDS210, KD Scientific, 

Germany). The SSAW field was excited by applying two coherent RF signals on the two sets 

of IDTs, respectively. A signal generator (E4422B Agilent, USA) was used to generate the 

RF signals, which were amplified by a power amplifier (100A250A, Amplifier Research, 

USA) before applying to the IDTs. A CCD camera (CoolSNAP HQ2, Photometrics, USA) 

was used to monitor the motion of the microparticles. The microscopic images were 

processed with an image processing software (ImageJ, NIH, USA).

For the manipulation of polystyrene beads, RF signals with a frequency of 12.7 MHz and an 

input power between 200 and 800 mW were applied to the IDTs to generate SSAWs. The 

bead distributions observed from experiments with and without the presence of SSAW field 

for acoustofluidic waveguides with circular, rectangular, and triangular shapes are shown in 

Fig. 6a, b, d, e, g, h, respectively. For the considered waveguides with three different shapes, 

the particles were driven, trapped, and eventually patterned into the pressure nodes after 

activating the acoustic field. The interval distance between adjacent nodes was around 150 

μm, which is half of the working wavelength. The shape of the pressure nodes was observed 

to be parallel lines for the square-shaped waveguide, whereas curved features were 

incorporated into the profiles of the circular- and triangular-shaped configurations, 

indicating different shaping effect of the acoustic fields enabled by waveguides with varied 

cross-sectional shapes. Adapting the operational frequency in experiments and the geometric 

parameters measured, we also simulated the field pattern generated by the corresponding 

structure, as illustrated in Fig. 6c, f, i. Detailed comparisons between the observed spatial 

distributions of patterned polystyrene beads and the simulated field patterns indicated an 

excellent match between the numerical and experimental results, thereby validating our 

previous predictions. Here, it is worth mentioning that our experimental and simulation 

results are also in quite good agreement with the experimental observations in (Rambach et 

al. 2014), where square- and circular-shaped posts have been introduced for particle filtering 

and washing.

Interestingly, we found that during the bonding process of the PDMS chamber with the 

substrate, a misalignment of the waveguide with respect to the centerline between the IDT 

pairs (along the x-axis) could result in a modification of the acoustic field profile. To study 

this, we fabricated square- and triangular-shaped waveguides on a single device and aligned 

both waveguides a quarter of the operational wavelength (~75 μm) off the centerline relative 

to the x-axis. Figure 7 shows the spatial distribution of the particles on the two 

acoustofluidic waveguides, as well as their corresponding pressure field distributions 

obtained from numerical simulations. The experimental results exhibit reasonable agreement 

with the simulations for both acoustofluidic waveguides. Compared to the case without the 

displacement, not only the numbers of the pressure nodes but also their pressure field 

distributions varied significantly. For the square-shaped configurations, in contrast to the 

waveguide without misalignment that has three major pressure nodes (Fig. 6e, f), the 

introduction of a 75-μm displacement leads to four horizontal pressure nodes, locating 

symmetrically along the x-axis (Fig. 7b, c). For the triangular-shaped acoustofluidic 

waveguide, a pressure antinode symmetrically accompanied by two pressure nodes starts to 

appear along the waveguide center when the displacement occurs (Fig. 6h, i), whereas a 
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symmetric distribution of a single pressure node, and an antinode on each side of the 

centerline, were observed without the displacement (Fig. 7e, f). Here, it is worth mentioning 

that the pressure field distributions could also be effectively controlled through tuning the 

relative phase of the acoustic waves (Ding et al. 2012a; Li et al. 2014a) in addition to 

changing the position of the waveguide. The phase-changing method provides a more 

feasible pathway for the dynamic engineering of the acoustic wavefront and could also be 

leveraged to compensate the pressure field modifications induced by waveguide 

imperfections during the fabrication process.

5 Discussion

Through comprehensive numerical simulations and experimental verifications, we have 

demonstrated the unique capability of the acoustofluidic waveguide platform in realizing 2D 

patterning with only a single pair of IDTs, which is otherwise difficult to achieve using 

conventional acoustofluidic devices. The acoustofluidic waveguides, with feature sizes 

comparable to or smaller than the wavelength scale in all three dimensions, could offer ultra-

tight confinement and dexterous manipulation of the acoustic potential field and are capable 

of forming single pressure nodes within subwavelength regions inside the microfluidic 

chamber, thereby rendering themselves ideal platforms for studying small population of cells 

even down to the single cell level (Collins et al. 2015; Guo et al. 2016; Kim et al. 2015). In 

addition, the number, dimension, and distribution of the pressure nodes and pressure 

antinodes can also be dynamically controlled through tuning the waveguide geometry and 

the key parameters of the RF signal (frequency, phase, etc.), leading to the formation of 

reconfigurable patterns of particles and cells. The unprecedented flexibility over the control 

of cells provided by our acoustofluidic waveguide platform could greatly facilitate the 

investigation of cell-to-cell interactions and be highly beneficial for applications such as 

neuroscience and tissue engineering. Specifically, the acoustofluidic waveguide approach 

can be exploited to produce complex cell patterns, clusters, assembled arrays, and even 3D 

tissue- like structures based on layer-by-layer positioning of live cells. Another feature of 

our acoustofluidic waveguide technology is its potential for enabling selective, localized 

control of the acoustic field in the microfluidic channel. Multiple, spatially separated 

pressure field distributions can be formed by introducing waveguide arrays with the same or 

varied shapes/dimensions, facilitating the independent and parallel manipulation of the 

objects at different positions within the channel. The formation of isolated pressure nodes, 

with tunable pressure gradients, can also be exploited to adjust the distance between 

different cell assemblies (Guo et al. 2015a) as well as control the movement of cells and cell 

matrix (Ding et al. 2012a; Guo et al. 2016).

Although the aforementioned studies were focused exclusively on the 1D standing acoustic 

waves, our acoustofluidic waveguide concept can be readily applicable to more complex 

acoustic fields (Collins et al. 2015; Guo et al. 2015a). According to our numerical 

simulations, 2D acoustic potential field can also be enabled by the acoustofluidic waveguide 

with two pairs of IDTs. The dimensions of the pressure nodes and pressure antinodes can be 

further reduced, whereas their numbers will increase as compared to the same configuration 

leveraging 1D standing acoustic waves. In addition, acoustofluidic waveguides with cross-

sectional shapes other than circle, square, and triangle could also be exploited for the 
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localized shaping of the acoustic fields in microfluidics. Our studies revealed that some of 

these structures are capable of yielding quite unique field profiles, which are extremely 

sensitive to the geometric modifications and/or the frequency changes, making themselves 

appealing platforms for some specific biomedical applications (Lee et al. 2014; Liu et al. 

2012; Sridharamurthy et al. 2006). Furthermore, through designing more complex structures 

(e.g., waveguide arrays) and introducing novel configurations like acoustic metasurfaces (Li 

et al. 2013, 2014b; Xie et al. 2014) and/or phononic crystals (Bourquin et al. 2011; Lin et al. 

2009), we envision the exploitation of our acoustofluidic waveguide platform in realizing 

even more complex and integrated functionalities.

6 Conclusions

In summary, we have proposed and demonstrated compact acoustofluidic waveguides that 

can efficiently guide and couple acoustic waves from the piezoelectric substrate to 

prescribed regions inside the microfluidic chamber. Through comprehensive numerical 

investigations combined with experimental demonstrations, we showed that different 

pressure field patterns, ranging from subwavelength scale to dimensions much larger than 

the wavelength, were dynamically achieved using our waveguide structure. By tuning the 

size and shape of the acoustofluidic waveguide, as well as the frequency of the RF signal, we 

can conveniently control the number, position, and shape of the pressure nodes. 

Additionally, we fabricated the waveguide structure and measured the field pattern of 

specific configuration by using microscale polystyrene beads in our case study. The results 

showed excellent agreement between numerical simulation results and experimental data, 

thereby validating our theoretical predictions. The proposed acoustofluidic waveguide is 

simple, easy-to-fabricate, versatile, and inherently noninvasive for cells and other biological 

specimens to be manipulated. With these features, it is valuable in a variety of applications 

such as microarrays, cell studies, and tissue engineering.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.

Acknowledgments

We thank Dr. Wu Liu, Dr. Peng Li, Dr. Po-Hsun Huang, Dr. Yi Zhang, Dr. Marten Darmawan, Dr. Yuliang Xie, 
Chungyu Chan, Mengxi Wu, and Peiran Zhang for fruitful discussions. The authors gratefully acknowledge 
financial support from the National Institutes of Health (R01 GM112048 and R33 EB019785) and the National 
Science Foundation (IIP-1534645 and IDBR-1455658). Components of this work were conducted at the Penn State 
node of the NSF-funded National Nanotechnology Infrastructure Network. The authors also acknowledge the 
Research Computing and Cyberinfrastructure Unit of Information Technology Services at The Pennsylvania State 
University for providing advanced computing resources and services that have contributed to the research results 
reported in this article.

References

Ahmed D, et al. Rotational manipulation of single cells and organisms using acoustic waves. Nat 
Commun. 2016; 7:11085.doi: 10.1038/ncomms11085 [PubMed: 27004764] 

Ashkin A, Dziedzic JM, Yamane T. Optical trapping and manipulation of single cells using infrared–
laser beams. Nature. 1987; 330:769–771. DOI: 10.1038/330769a0 [PubMed: 3320757] 

Bian et al. Page 10

Microfluid Nanofluidics. Author manuscript; available in PMC 2018 February 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Bourquin Y, Wilson R, Zhang Y, Reboud J, Cooper JM. Phononic crystals for shaping fluids. Adv 
Mater. 2011; 23:1458–1462. DOI: 10.1002/adma.201004455 [PubMed: 21433113] 

Bruus H. Acoustofluidics 1: governing equations in microfluidics. Lab Chip. 2011; 11:3742–3751. 
DOI: 10.1039/c1lc20658c [PubMed: 22011885] 

Bruus H. Acoustofluidics 2: perturbation theory and ultrasound resonance modes. Lab Chip. 2012a; 
12:20–28. DOI: 10.1039/c1lc20770a [PubMed: 22105715] 

Bruus H. Acoustofluidics 7: the acoustic radiation force on small particles. Lab Chip. 2012b; 12:1014–
1021. DOI: 10.1039/c2lc21068a [PubMed: 22349937] 

Chen Y, et al. Tunable nanowire patterning using standing surface acoustic waves. ACS Nano. 2013; 
7:3306–3314. DOI: 10.1021/nn4000034 [PubMed: 23540330] 

Chen Y, et al. Continuous enrichment of low-abundance cell samples using standing surface acoustic 
waves (SSAW). Lab Chip. 2014; 14:924–930. DOI: 10.1039/c3lc51001h [PubMed: 24413889] 

Chen Y, Fang ZC, Merritt B, Strack D, Xu J, Lee S. Onset of particle trapping and release via acoustic 
bubbles. Lab Chip. 2016; 16:3024–3032. DOI: 10.1039/c5lc01420d [PubMed: 26805706] 

Collins DJ, Morahan B, Garcia-Bustos J, Doerig C, Plebanski M, Neild A. Two-dimensional single-
cell patterning with one cell per well driven by surface acoustic waves. Nat Commun. 2015; 
6:8686.doi: 10.1038/ncomms9686 [PubMed: 26522429] 

Collins DJ, Devendran C, Ma ZC, Ng JW, Neild A, Ai Y. Acoustic tweezers via sub–time-of-flight 
regime surface acoustic waves. Sci Adv. 2016; 2:e1600089.doi: 10.1126/sciadv.1600089 [PubMed: 
27453940] 

Ding X, et al. On-chip manipulation of single microparticles, cells, and organisms using surface 
acoustic waves. Proc Natl Acad Sci U S A. 2012a; 109:11105–11109. DOI: 10.1073/pnas.
1209288109 [PubMed: 22733731] 

Ding X, Shi J, Lin S-CS, Yazdi S, Kiraly B, Huang TJ. Tunable patterning of microparticles and cells 
using standing surface acoustic waves. Lab Chip. 2012b; 12:2491–2497. DOI: 10.1039/c2lc21021e 
[PubMed: 22648600] 

Ding X, et al. Surface acoustic wave microfluidics. Lab Chip. 2013; 13:3626–3649. DOI: 10.1039/
c3lc50361e [PubMed: 23900527] 

Flaim CJ, Chien S, Bhatia SN. An extracellular matrix microarray for probing cellular differentiation. 
Nat Methods. 2005; 2:119–125. DOI: 10.1038/nmeth736 [PubMed: 15782209] 

Friend J, Yeo LY. Microscale acoustofluidics: microfluidics driven via acoustics and ultrasonics. Rev 
Mod Phys. 2011; 83:647–704. DOI: 10.1103/RevModPhys.83.647

Gedge M, Hill M. Acoustofluidics 17: theory and applications of surface acoustic wave devices for 
particle manipulation. Lab Chip. 2012; 12:2998–3007. DOI: 10.1039/c2lc40565b [PubMed: 
22842855] 

Glynne-Jones P, Boltryk RJ, Hill M. Acoustofluidics 9: modelling and applications of planar resonant 
devices for acoustic particle manipulation. Lab Chip. 2012; 12:1417–1426. DOI: 10.1039/
c2lc21257a [PubMed: 22402608] 

Goddard G, Martin JC, Graves SW, Kaduchak G. Ultrasonic particle-concentration for sheathless 
focusing of particles for analysis in a flow cytometer. Cytom Part A. 2006; 69A:66–74. DOI: 
10.1002/cyto.a.20205

Goddard GR, Sanders CK, Martin JC, Kaduchak G, Graves SW. Analytical performance of an 
ultrasonic particle focusing flow cytometer. Anal Chem. 2007; 79:8740–8746. DOI: 10.1021/
ac071402t [PubMed: 17924647] 

Gresham D, Dunham MJ, Botstein D. Comparing whole genomes using DNA microarrays. Nat Rev 
Genet. 2008; 9:291–302. DOI: 10.1038/nrg2335 [PubMed: 18347592] 

Guldiken R, Jo MC, Gallant ND, Demirci U, Zhe J. Sheathless size-based acoustic particle separation. 
Sensors. 2012; 12:905–922. DOI: 10.3390/s120100905 [PubMed: 22368502] 

Guo F, et al. Controlling cell–cell interactions using surface acoustic waves. Proc Natl Acad Sci U S A. 
2015a; 112:43–48. DOI: 10.1073/pnas.1422068112 [PubMed: 25535339] 

Guo F, et al. Reusable acoustic tweezers for disposable devices. Lab Chip. 2015b; 15:4517–4523. DOI: 
10.1039/c5lc01049g [PubMed: 26507411] 

Bian et al. Page 11

Microfluid Nanofluidics. Author manuscript; available in PMC 2018 February 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Guo F, Zhou W, Li P, Mao Z, Yennawar NH, French JB, Huang TJ. Precise manipulation and 
patterning of protein crystals for macromolecular crystallography using surface acoustic waves. 
Small. 2015c; 11:2733–2737. DOI: 10.1002/smll.201403262 [PubMed: 25641793] 

Guo F, et al. Three-dimensional manipulation of single cells using surface acoustic waves. Proc Natl 
Acad Sci U S A. 2016; 113:1522–1527. DOI: 10.1073/pnas.1524813113 [PubMed: 26811444] 

Huang P-H, et al. An acoustofluidic micromixer based on oscillating sidewall sharp-edges. Lab Chip. 
2013; 13:3847–3852. DOI: 10.1039/c3lc50568e [PubMed: 23896797] 

Khetani SR, Bhatia SN. Microscale culture of human liver cells for drug development. Nat Biotechnol. 
2008; 26:120–126. DOI: 10.1038/nbt1361 [PubMed: 18026090] 

Kim HS, Devarenne TP, Han A. A high-throughput microfluidic single-cell screening platform capable 
of selective cell extraction. Lab Chip. 2015; 15:2467–2475. DOI: 10.1039/c4lc01316f [PubMed: 
25939721] 

Kolesky DB, Truby RL, Gladman AS, Busbee TA, Homan KA, Lewis JA. 3D bioprinting of 
vascularized heterogeneous cell-laden tissue constructs. Adv Mater. 2014; 26:3124–3130. DOI: 
10.1002/adma.201305506 [PubMed: 24550124] 

Lee H, Xu LF, Koh D, Nyayapathi N, Oh KW. Various onchip sensors with microfluidics for biological 
applications. Sensors. 2014; 14:17008–17036. DOI: 10.3390/s140917008 [PubMed: 25222033] 

Li Y, Liang B, Gu Z-M, Zou X-Y, Cheng J-C. Reflected wavefront manipulation based on ultrathin 
planar acoustic metasurfaces. Sci Rep. 2013; 3:2546. [PubMed: 23986034] 

Li S, et al. Standing surface acoustic wave based cell coculture. Anal Chem. 2014a; 86:9853–9859. 
DOI: 10.1021/ac502453z [PubMed: 25232648] 

Li Y, Jiang X, Li RQ, Liang B, Zou XY, Yin LL, Cheng JC. Experimental realization of full control of 
reflected waves with subwavelength acoustic metasurfaces. Phys Rev Appl. 2014b; 2:064002.doi: 
10.1103/PhysRevApplied.2.064002

Li P, et al. Acoustic separation of circulating tumor cells. Proc Natl Acad Sci U S A. 2015; 112:4970–
4975. DOI: 10.1073/pnas.1504484112 [PubMed: 25848039] 

Lin S-CS, Huang TJ, Sun J-H, Wu T-T. Gradient-index phononic crystals. Phys Rev B. 2009; 
79:094302.doi: 10.1103/PhysRevB.79.094302

Liu Y, Cheng DM, Lin IH, Abbott NL, Jiang HR. Microfluidic sensing devices employing in situ-
formed liquid crystal thin film for detection of biochemical interactions. Lab Chip. 2012; 12:3746–
3753. DOI: 10.1039/c2lc40462a [PubMed: 22842797] 

Ma ZC, Collins DJ, Ai Y. Detachable acoustofluidic system for particle separation via a traveling 
surface acoustic wave. Anal Chem. 2016; 88:5316–5323. DOI: 10.1021/acs.analchem.6b00605 
[PubMed: 27086552] 

Mao Z, et al. Experimental and numerical studies on standing surface acoustic wave microfluidics. Lab 
Chip. 2016; 16:515–524. DOI: 10.1039/c5lc00707k [PubMed: 26698361] 

Murphy SV, Atala A. 3D bioprinting of tissues and organs. Nat Biotechnol. 2014; 32:773–785. DOI: 
10.1038/nbt.2958 [PubMed: 25093879] 

Puleo CM, Yeh HC, Wang TH. Applications of MEMS technologies in tissue engineering. Tissue Eng. 
2007; 13:2839–2854. DOI: 10.1089/ten.2007.0214 [PubMed: 17997691] 

Rambach RW, Skowronek V, Franke T. Localization and shaping of surface acoustic waves using 
PDMS posts: application for particle filtering and washing. RSC Adv. 2014; 4:60534–60542. DOI: 
10.1039/c4ra13002b

Reboud J, et al. Shaping acoustic fields as a toolset for microfluidic manipulations in diagnostic 
technologies. Proc Natl Acad Sci U S A. 2012; 109:15162–15167. DOI: 10.1073/pnas.
1206055109 [PubMed: 22949692] 

Ren L, et al. A high-throughput acoustic cell sorter. Lab Chip. 2015; 15:3870–3879. DOI: 10.1039/
c5lc00706b [PubMed: 26289231] 

Schmid L, Weitz DA, Franke T. Sorting drops and cells with acoustics: acoustic microfluidic 
fluorescence-activated cell sorter. Lab Chip. 2014; 14:3710–3718. DOI: 10.1039/c4lc00588k 
[PubMed: 25031157] 

Shi J, Ahmed D, Mao X, Lin S-CS, Lawit A, Huang TJ. Acoustic tweezers: patterning cells and 
microparticles using standing surface acoustic waves (SSAW). Lab Chip. 2009a; 9:2890–2895. 
DOI: 10.1039/b910595f [PubMed: 19789740] 

Bian et al. Page 12

Microfluid Nanofluidics. Author manuscript; available in PMC 2018 February 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Shi J, Huang H, Stratton Z, Huang Y, Huang TJ. Continuous particle separation in a microfluidic 
channel via standing surface acoustic waves (SSAW). Lab Chip. 2009b; 9:3354–3359. DOI: 
10.1039/b915113c [PubMed: 19904400] 

Skowronek V, Rambach RW, Schmid L, Haase K, Franke T. Particle deflection in a 
poly(dimethylsiloxane) microchannel using a propagating surface acoustic wave: size and 
frequency dependence. Anal Chem. 2013; 85:9955–9959. DOI: 10.1021/ac402607p [PubMed: 
24053589] 

Smith C. Tools for drug discovery—tools of the trade. Nature. 2007; 446:219–224. DOI: 
10.1038/446219a [PubMed: 17344855] 

Sridharamurthy SS, Agarwal AK, Beebe DJ, Jiang HR. Dissolvable membranes as sensing elements 
for microfluidics based biological/chemical sensors. Lab Chip. 2006; 6:840–842. DOI: 10.1039/
b607066c [PubMed: 16804586] 

Suri S, Singh A, Nguyen AH, Bratt-Leal AM, McDevitt TC, Lu H. Microfluidic-based patterning of 
embryonic stem cells for in vitro development studies. Lab Chip. 2013; 13:4617–4624. DOI: 
10.1039/c3lc50663k [PubMed: 24113509] 

Tang S-Y, Ayan B, Nama N, Bian Y, Lata JP, Guo X, Huang TJ. On-chip production of size-
controllable liquid metal microdroplets using acoustic waves. Small. 2016; 12:3861–3869. DOI: 
10.1002/smll.201600737 [PubMed: 27309129] 

Thorsen T, Maerkl SJ, Quake SR. Microfluidic large-scale integration. Science. 2002; 298:580–584. 
DOI: 10.1126/science.1076996 [PubMed: 12351675] 

Tsou JK, Liu J, Barakat AI, Insana MF. Role of ultrasonic shear rate estimation errors in assessing 
inflammatory response and vascular risk. Ultrasound Med Biol. 2008; 34:963–972. DOI: 10.1016/
j.ultrasmedbio.2007.11.010 [PubMed: 18207310] 

Van Nhieu GT, Clair C, Bruzzone R, Mesnil M, Sansonetti P, Combettes L. Connexin-dependent inter-
cellular communication increases invasion and dissemination of Shigella in epithelial cells. Nat 
Cell Biol. 2003; 5:720–726. DOI: 10.1038/ncb1021 [PubMed: 12844145] 

Voldman J. Electrical forces for microscale cell manipulation. Annu Rev Biomed Eng. 2006; 8:425–
454. DOI: 10.1146/annurev.bioeng.8.061505.095739 [PubMed: 16834563] 

Wang Z, Zhe J. Recent advances in particle and droplet manipulation for lab-on-a-chip devices based 
on surface acoustic waves. Lab Chip. 2011; 11:1280–1285. DOI: 10.1039/c0lc00527d [PubMed: 
21301739] 

Wilson R, Reboud J, Bourquin Y, Neale SL, Zhang Y, Cooper JM. Phononic crystal structures for 
acoustically driven microfluidic manipulations. Lab Chip. 2011; 11:323–328. DOI: 10.1039/
c0lc00234h [PubMed: 21057690] 

Witte C, Reboud J, Wilson R, Cooper JM, Neale SL. Microfluidic resonant cavities enable 
acoustophoresis on a disposable superstrate. Lab Chip. 2014; 14:4277–4283. DOI: 10.1039/
c4lc00749b [PubMed: 25224539] 

Xie YB, Wang WQ, Chen HY, Konneker A, Popa BI, Cummer SA. Wavefront modulation and 
subwavelength diffractive acoustics with an acoustic metasurface. Nat Commun. 2014; 5:5553.doi: 
10.1038/ncomms6553 [PubMed: 25418084] 

Yeo, LY., Friend, JR. Surface acoustic wave microfluidics. In: Davis, SH., Moin, P., editors. Annual 
review of fluid mechanics. Vol. 46. 2014. p. 379-406.

You LC, Cox RS, Weiss R, Arnold FH. Programmed population control by cell–cell communication 
and regulated killing. Nature. 2004; 428:868–871. DOI: 10.1038/nature02491 [PubMed: 
15064770] 

Zhang H, Liu K-K. Optical tweezers for single cells. J R Soc Interface. 2008; 5:671–690. DOI: 
10.1098/rsif.2008.0052 [PubMed: 18381254] 

Bian et al. Page 13

Microfluid Nanofluidics. Author manuscript; available in PMC 2018 February 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 1. 
a 3D schematic and b 2D view of the acoustofluidic waveguide configuration within the x–z 
plane. The waveguide sits between the LiNbO3 substrate and the upper microfluidic 

chamber. An ultrathin intermediate layer was introduced to connect the waveguide and the 

chamber. The waveguide, chamber, and intermediate layer were made of PDMS in our case 

studies. A pair of IDTs was placed on both sides of the waveguide, acting as the excitation 

source to generate the SAWs that travel along the LiNbO3 substrate. The acoustic waves 

were guided through the waveguide and then transmitted into the fluidic chamber
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Fig. 2. 
Normalized 2D absolute pressure field distribution (Abs(P)) at the center cross section of the 

microfluidic chamber for circular acoustofluidic waveguides with different diameters (D). a 
D = 100 μm; b D = 170 μm; c D = 190 μm; d D = 200 μm; e D = 240 μm; f D = 270 μm; g D 
= 280 μm; h D = 300 μm; i D = 340 μm; j D = 360 μm; k D = 440 μm; l D = 460 μm; m D = 

500 μm; n D = 540 μm; o D = 600 μm (Movie 1). Scale bar: 300 μm. The boundary of the 

waveguide region is highlighted using a black circle. Pressure nodes and pressure antinodes 

are shown with different field intensities. The corresponding 3D pressure field distributions 

for typical waveguides are shown in Supplementary Fig. 1
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Fig. 3. 
Normalized 2D absolute pressure field distribution (Abs(P)) at the center cross section of the 

microfluidic chamber for square acoustofluidic waveguides with different widths (W). a W 
= 100 μm; b W = 150 μm; c W = 170 μm; d W = 180 μm; e W = 200 μm; f W = 220 μm; g 
W = 230 μm; h W = 300 μm; i W = 320 μm; j W = 360 μm; k W = 400 μm; l W = 420 μm; 

m W = 500 μm; n W = 540 μm; o W = 600 μm (Movie 2). Scale bar: 300 μm. The boundary 

of the waveguide region is highlighted using a black square. Pressure nodes and pressure 

antinodes are shown with different field intensities. The corresponding 3D pressure field 

distributions for typical waveguides are shown in Supplementary Fig. 2
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Fig. 4. 
Normalized 2D absolute pressure field distribution (Abs(P)) at the center cross section of the 

microfluidic chamber for triangular acoustofluidic waveguides with different diameters of 

their circumcircles (D). a D = 150 μm; b D = 200 μm; c D = 280 μm; d D = 290 μm; e D = 

300 μm; f D = 320 μm; g D = 380 μm; h D = 400 μm; i D = 420 μm; j D = 460 μm; k D = 

480 μm; l D = 500 μm; m D = 540 μm; n D = 580 μm; o D = 600 μm (Movie 3). Scale bar: 
300 μm. The boundary of the waveguide region is highlighted using a black triangle. 

Pressure nodes and pressure antinodes are shown with different field intensities. The 

corresponding 3D pressure field distributions for typical waveguides are shown in 

Supplementary Fig. 3
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Fig. 5. 
Normalized 2D absolute pressure field distribution (Abs(P)) at the center cross section of the 

microfluidic chamber for acoustofluidic waveguides at different excitation frequencies. a–e 
Circular acoustofluidic waveguides (300 μm in diameter): a 12 MHz; b 14 MHz; c 16 MHz; 

d 18 MHz; e 20 MHz (Movie 4); f–j square acoustofluidic waveguides (width of 300 μm): f 
12 MHz; g 14 MHz; h 16 MHz; i 18 MHz; j 20 MHz (Movie 5); k–o: triangular 

acoustofluidic waveguides (diameter of the circumcircle as 300 μm): k 12 MHz; l 14 MHz; 

m 16 MHz; n 18 MHz; o 20 MHz (Movie 6). Scale bar: 300 μm. The boundary of the 

waveguide region is highlighted using black lines. Pressure nodes and pressure antinodes are 

shown with different field intensities. The corresponding 2D pressure field distributions 

within the x–z plane and 3D pressure field profiles for typical waveguides are shown in 

Supplementary Fig. 4 and Supplementary Fig. 5, respectively
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Fig. 6. 
Experimental results of the polystyrene bead distributions enabled by acoustofluidic 

waveguides with different shapes, and the corresponding simulated pressure field patterns. 

Images of the polystyrene beads on a circular waveguide (600 μm in diameter) a without and 

b with the presence of SSAW field; c normalized 2D absolute pressure field distribution 

(Abs(P)) at the center cross section of the microfluidic chamber. Images of the polystyrene 

beads on a square waveguide (width of 600 μm) d without and e with the presence of SSAW 

field; f normalized 2D absolute pressure field distribution (Abs(P)) at the center cross 

section of the microfluidic chamber. Images of the polystyrene beads on a triangular 

waveguide (diameter of the circumcircle as 600 μm) g without and h with the presence of 

SSAW field; i normalized 2D absolute pressure field distribution (Abs(P)) at the center cross 

section of the microfluidic chamber. Scale bar: 100 μm. For simulations and experiments, 

the thicknesses of the acoustofluidic waveguide layer and intermediate layer are 22 and 8 

μm, respectively, while the height of the PDMS chamber is 120 μm
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Fig. 7. 
Experimental results of the polystyrene beads distributions enabled by acoustofluidic 

waveguides with ~75 μm displacements, and the simulated pressure field profiles. Images of 

the polystyrene beads on a square waveguide (width of 600 μm) d without and e with the 

presence of SSAW field; f normalized 2D absolute pressure field distribution (Abs(P)) at the 

center cross section of the microfluidic chamber. Images of the polystyrene beads on a 

triangular waveguide (diameter of the circumcircle as 600 μm) g without and h with the 

presence of SSAW field; i normalized 2D absolute pressure field distribution (Abs(P)) at the 

center cross section of the microfluidic chamber. Scale bar: 100 μm. Other parameters of the 

waveguides are the same as those in Fig. 6
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