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Manipulation of microparticles and bio-samples is a critical task in many research and clinical settings.

Recently, acoustic based methods have garnered significant attention due to their relatively simple designs,

and biocompatible and precise manipulation of small objects. Herein, we introduce a flexural wave based

acoustofluidic manipulation platform that utilizes low-frequency (4–6 kHz) commercial buzzers to achieve

dynamic particle concentration and translation in an open fluid well. The device has two primary modes of

functionality, wherein particles can be concentrated in pressure nodes that are present on the bottom

surface of the device, or particles can be trapped and manipulated in streaming vortices within the fluid

domain; both of these functions result from flexural mode vibrations that travel from the transducers

throughout the device. Throughout our research, we numerically and experimentally explored the wave

patterns generated within the device, investigated the particle concentration phenomenon, and utilized a

phase difference between the two transducers to achieve precision movement of fluid vortices and the

entrapped particle clusters. With its simple, low-cost nature and open fluidic chamber design, this platform

can be useful in many biological, biochemical, and biomedical applications, such as tumor spheroid

generation and culture, as well as the manipulation of embryos.

Introduction

Over the past several decades, microfluidics based platforms

have been proposed and developed for many biological,

biomedical, and industrial applications.1–5 Offering

improvements in cost, size, and precision, these tools have

been regarded as potentially revolutionary for a litany of

applications.6,7One specific application in which these tools

have seen particular attention is the manipulation of micro

and nano-sized materials or bio-specimen.8–11 With the

decreased dimensions of the microfluidic settings,

researchers are able to probe and influence these small

objects in previously unimaginable manners. Manipulation

techniques that utilize fluids,12–14optics,15,16electronics,17–19

magnetics,20,21or acoustics22–25have all been proposed and

demonstrated. Of these tools, acoustic based manipulation

methods can be advantageous in some applications, due to

their high level of biocompatibility when working with fragile

samples.26For example, researchers have utilized acoustics to

concentrate micro/nano particles for numerous

applications,27,28or for patterning/moving cells or particles

for tissue engineering,29–32or analysis.33–35However, many of

these systems rely on complex, high frequency acoustic

transducers.36,37While these high frequencies improve the

manipulation capability, they also complicate the operation of

the device. Additionally, many acoustic based platforms

manipulate particles in a closed chamber.38 This closed

design may keep the sample contained, but it limits the

amount of interaction that the researcher can have with the

sample. Additionally, the closed chamber may complicate the

ability to culture, harvest, and analyze bio-samples after

manipulation is complete. For this reason, researchers have

recently begun exploring more ‘open’ microfluidic

concepts.39,40

Herein, we present a low frequency flexural wave based

acoustofluidic manipulation platform that can be used to

pattern microparticles and cells within an open fluidic

chamber. Flexural waves are bending waves which deform a

material perpendicular to their propagation direction; in this

work we explored the interaction of these waves with a fluid

domain. With regards to the use of flexural waves in

microfluidics, Nguyen and White previously explored the use

of megahertz range flexural plate waves in the design of

microfluidic pumping systems, although the performance
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achieved did not spur extensive interest.41,42The design of

the device presented in this work is extremely straightforward

relying on two inexpensive (∼$1) commercial buzzers to

actuate a thin glass slide and produce motion within the

fluid domain. As a result of this vibration, particles which

have fallen to the bottom surface of the glass substrate are

concentrated at pressure nodes along the glass surface;

additionally, rotational motion in the fluid domain can

concentrate particles into rapidly rotating particle clusters.

Notably, the dual transducer design of the device enables

precise translation of the clusters central position. That is,

with our device we are able to create stable fluid vortices and

precisely manipulate their spatial positions. Both of these

particle manipulation features are enabled by the flexural

vibration of substrate of the device, which acts as a medium

to carry the vibrational energy throughout the system. We

believe that the simplistic, low-cost, and open nature of this

platform offer it the potential to be used in biological and

biomedical studies including the formation, and study of cell

clusters and tumor spheroids,43,44 as well as the

manipulation of heavy bioparticles such as embryos.

Additionally, the open nature of the fluid well makes the

platform conducive to post-manipulation cell culture and

analysis.

Device mechanism

As seen in Fig. 1a and b, the flexural wave based

acoustofluidic device utilizes a large glass substrate (25×75

mm) that can accommodate two transducers. Additionally,

the fluid domain is constrained within an open fluid well.

The walls of the chamber in Fig. 1b have been labeled with

symbols to denote the parallel (∥) and perpendicular (⊥) sides

of the device for future reference; namely, the parallel sides

are in line with thexdirection (primary direction of wave

propagation), whereas the perpendicular walls are aligned

with the ydirection as noted in the figure. The dual

transducers of the device are used to create an interference

pattern on the glass substrate and within the fluid domain;

actuating the transducers produces two different effects

within the fluid domain depending on where an object of

interest is located. That is, particles that have sank to the

bottom of the fluid domain are concentrated at pressure

nodes along the surface of the glass slide. However, particles

that remain within the fluid domain are influenced by vortex

streaming patterns that can also be used to concentrate the

objects within the fluid domain. Both of these phenomena

are shown in the composite image in Fig. 1c, where the red

circle shows the rotating mass of particles (within the fluid

domain), and the green portion of the image shows the

particulates on the glass surface translating to a pressure

node (marked by the white arrows). By selectively varying the

phase difference between the excitation signals applied to

each transducer, we are able to manipulate the microparticles

in a controlled manner. Specifically, we are able to translate

the particles on the glass substrate, and translate a fluid

vortex within the fluid domain; manipulation of particle

clusters trapped within the fluid vortex follow a precise

relationship with the phase difference between transducer

excitation signals.

We investigated the generation of wave patterns on the

glass substrates of the device as a result of acoustic excitation

of disc style transducers. Considering the commonly used

operational frequencies (4–6 kHz), and materials (water:c≈

1495 m s−1, glass:c≈ 5600 m s−1), the wavelengths of

vibration within these devices would be expected to be on the

order of hundreds of millimeters–much larger than the

device itself. However, based upon the small dimensions of

the glass substrate (∼150μm thick), the wavelength of

flexural vibrations shrinks to the same scale as the device.

The theoretical equation for the speed of sound of straight

crested flexural waves in thin plates is given as:45

c¼
Ed2

3ρ1−ν2ð Þ

1
4 ffiffiffiffi
ω
p
; (1)

where E,d, andν, represent the Young's modulus, half-

thickness of the thin plate, and Poisson's ratio, respectively.

Fig. 1 (a) Schematic and (b) photo of the flexural-wave-based particle

manipulation platform. The opposing transducers on either side of a

glass coverslip create an interference pattern; adjusting the phase

between the two signals enables translation of particle vortices in a

controlled manner. The notations in the fluid region of (b) indicate the

parallel (∥) and perpendicular (⊥) sides of the device for future

discussion. (c) Stacked images showing the rotating particle group on

the surface of the liquid (red), and particle group aggregating on the

surface of the glass slide (green). Photo was taken along the parallel

wall of the device. Scale bar: 500μm.
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Eqn (1) can be used to predict that the wavelengths of the

vibration in this thin glass substrate should be approximately

17 mm in the frequency ranges that we traditionally utilize.

This means that there could be multiple wave fronts

occurring on the glass slide at the same time. As a result of

this finding, we sought to determine if we could utilize an

interference pattern between opposing vibrations to achieve a

new method for particle manipulation. We began our

investigation by exploring the effect of using two transducers

to operate the acoustofluidic pump that was previously

developed in our lab.46As a modification of this device, we

bonded a second transducer to the bottom of the glass

coverslip, as shown in Fig. S1.†Monitoring the pumping

performance would offer us a simple strategy to demonstrate

and explore the interactions of the transducer vibrations. In

order to study the flow rate, we collected videos of particle

motion in the channel using a fast camera and ImageJ

software; this analysis showed that the decrease in the

average flow rate in the channel followed a sinusoidal pattern

as the phase difference between transducer excitations was

varied (Fig. S1†). Considering this result, we moved forward

to design a system based around a larger glass coverslip

which could accommodate two transducers in an opposing

orientation. The results that follow detail our

experimentation with that device.

Materials and methods
Device fabrication

The design of the flexural-wave-based acoustofluidic device

utilized in this experimentation is relatively simple compared

to many other microfluidic platforms; that is, the open

nature, and lack of microstructures inherently simplifies the

design and fabrication of the system. Instead of relying on

soft lithography to form a channel, we can simply cut our

chamber by hand. For this device, an approximately 3.5 mm

thick polydimethylsiloxane (PDMS) layer was fabricated by

mixing Sylgard 184 silicone elastomer with its curing agent

(Dow Corning) at 10 : 1 ratio. This mixture was cured in an

oven at 65°for one hour before being cut to shape using a

razor blade. The square chambers were cut from the PDMS

with inner and outer dimensions of 15 and 20 mm,

respectively. These PDMS squares were then bonded onto the

surface of a 25×75mm glass coverslip (Cat. #72192-75,

Electron Microscopy Sciences, USA), which has a thickness of

approximately 150μm. To enhance the bonding strength, the

glass slide and the PDMS chamber were treated with air

plasma (BD-10AS, ElectroTechnic Products, USA) before being

aligned and pressed together. The combined coverslip and

PDMS were then returned to the 65°oven for 24 hours to

completely cure the polymer. After the second cure, the two

piezoelectric transducers (AB2746B-LW100-R, PUI Audio, USA)

were attached to opposite sides of the glass slide using epoxy

(PermaPoxy™ 5 Minute General Purpose, Permatex, USA).

Once the epoxy was cured, the device was ready for use.

Vibrometer measurement acquisition

In order to gain a better understanding of the wave patterns

generated on the surface of the flexural-wave-based

acoustofluidic device, we utilized a laser Doppler vibrometer

(PSV-400, Polytec, Germany). This device analyzes Doppler

shifts in a laser beam that is projected onto the surface of an

object to characterize its vibration. In order to measure the

vibration on the surface of the glass coverslip, the device was

flipped over (to expose a flat surface without any PDMS or

transducers on it), and sprayed with an aerosol powder

(Spotcheck® SKD-S2 Developer, Magnaflux, USA) which is

commonly used to detect defects using a penetrant. This

spray makes it so that the laser from the vibrometer has an

opaque surface to reflect off of for measurement. In order to

improve the consistency of the vibration profile across

devices (as well as the consistency of acoustofluidic

manipulation performance), the device was fixed in a custom

holder using scotch tape (Fig. S2†). The holder ensured that

the device was secured in the same manner during each test,

and this holder was utilized during all experimentation in

the manuscript unless otherwise noted. Operation of the

vibrometer consisted of defining the test area using computer

software and defining the acoustic parameters of interest.

Based off of the historical experimental performance of

sharp-edge based devices, we chose to sweep the frequency

range from 0 to 10 kHz. The oscillatory signal was generated

by the vibrometer itself, and applied to the two transducers

on the device through wire clips. In order to analyze the wave

pattern when the signals were in phase, both positive wires

of the transducers were connected to the same output of the

vibrometer; to actuate the transducers in an out-of-phase

manner, the negative of one transducer, and the positive of

the opposite were connected to the same output. Once

activated, the vibrometer automatically scanned the entire

working area. We analyzed the output data using a custom

Matlab script which enabled us to extract vibration

amplitudes, and frequency spectra.

Numerical simulation setup

In order to gain a deeper understanding of the device

performance, we created a custom numerical model using

the finite element software Comsol Multiphysics®. The 3D

model (Fig. S3†) consisted of a glass substrate, epoxy

layers, two dual-layer piezoelectric transducers (brass and

lead zirconate titanate), a PDMS well, and water. Utilizing

the solid mechanics and electrostatics modules in

combination with a piezoelectric multiphysics coupling, we

were able to apply oscillatory voltages to the transducers

and explore the wave patterns. The boundaries at the

ends of the glass coverslip (covered with tape) were

modelled as low-reflecting boundaries, which proved to

yield comparable wave patterns to the experimental

results. Using a frequency domain study, we could

determine the wave pattern and vibration amplitude for a

given set of input parameters.
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Experimental operation of the flexural-wave-based

acoustofluidic device

Experimental operation of the flexural-wave-based

acoustofluidic device was simplified by using a dual channel

function generator (AFG3022C, Tektronix, USA) to apply

varying signals to the two transducers on the device. The

function generator output is limited to 10 volts, which was

sufficient to achieve functionality with the acoustic devices,

and removed the added complexity of an additional power

amplifier. Due to inconsistencies in device fabrication and

assembly, the optimal frequency for each device varied

slightly, as expected for a resonance based system. As such,

we began testing in the center of the known working range (5

kHz), and would adjust the frequency applied to the

transducers to identify the optimal signal. That is not to say

that the device only works at a single frequency, but that

there may be a peak in performance around a range where

functionality is still achieved. As a result, it is still possible to

define a single frequency for operation, and expect adequate

performance from each working device. During testing, the

device was secured using the custom holder (Fig. S2†) which

was also built to fit onto the stage of a microscope.

Microscope photos and videos were collected using an

inverted microscope (Nikon) and either a fast camera

(Photron), or a CCD camera (CoolSNAP HQ2, Photometrics,

USA). Analysis of microscope data was completed using the

open source software ImageJ, developed by the NIH.

Throughout initial testing, it was found that having a

hydrophilic interaction between the fluid domain and the

chamber of the device improved device performance. As

such, devices were treated with the air plasma for 10 seconds

prior to experimentation using the high frequency generator

to modify the surface of the device. It is well known that this

treatment can significantly affect the hydrophobicity of

PDMS,47and we found that the modified contact angle with

the PDMS wall (Fig. S4†) contributes to the improved

performance when compared to a hydrophobic interface. For

testing, 400μL of liquid was injected into the fluid chamber,

to which 50μL of the desired particle solution was added;

this resulted in an approximate height of 2 mm for the fluid

domain. This fluid volume was chosen because it sufficiently

filled the channel without a risk of overflow; we did not

notice a significant change in device performance when

varying the height of the fluid, and the hydrophobicity of the

chamber showed to be a much more influential factor in

device functionality.

Results and discussions
Vibration profile

We began our investigation by exploring the wave patterns

generated on the surface of the glass slide using experimental

and numerical methods. Utilizing the laser Doppler

vibrometer and our custom Matlab script we were able to

determine the experimental wave pattern on the bottom of

the glass slide as shown in Fig. 2a, with the walls of the

chamber superimposed on the image. The wave pattern

shown was produced by a signal of 4.8 kHz applied to both

transducers in-phase, and represents the magnitude of

vibration throughout a period. We then compared this result

to our numerical model (Fig. 2b) and noted that both results

show a strong antinode in the center of the chamber.

Notably, the model predicts slightly higher vibration

amplitudes outside of the chamber, but the pattern within

the chamber agrees with the vibrometer measurement. We

further explored the experimental and computation domains

by extracting the frequency response spectrum for each set of

Fig. 2 (a) Experimental and (b) simulation results for the amplitude of

vibration on the bottom surface of the flexural-wave-based

acoustofluidic chip; vibration is the result of a 4.8 kHz in-phase

excitation signal applied to both transducers. (c) Experimental and (d)

simulation based plots showing the frequency response spectrum at

the points P indicated in (a and b). (e) Vibrometer measurements and

(f) numerical simulations of the vibration amplitude when the

transducers were excited by 5.42 kHz signals which are out of phase.

The vibrometer and simulation results show a clear pressure node

located in the center of the chamber, consistent with the particle

cluster seen in (g) our experimental observation. Colorbars indicate

scale for each individual image. All scale bars: 10 mm.

Pu
bl
is
he
d 
on
 1
0 
Ma
rc
h 
20
20
. 
Do
wn
lo
ad
ed
 b
y 
Du
ke
 
Un
iv
er
si
ty
 o
n 
7/
18
/2
02
0 
10
:2
3:
15
 
P
M. 

Lab on a ChipPaper

View Article Online

https://doi.org/10.1039/d0lc00072h


Lab Chip, 2020,20, 1281–1289 |1285This journal is © The Royal Society of Chemistry 2020

data (Fig. 2c and d). Both the vibrometer collection and

Comsol simulation predict a peak in the frequency response

near the 5 kHz mark (vibrometer peak: 5.2 kHz, simulation

peak: 4.8 kHz). As expected, the peak in the frequency

response measured experimentally spans several frequencies

from approximately 4–6 kHz; this is most likely caused by

damping from the chamber and external connections, and is

typical in a damped resonance system. The Comsol

simulation, on the other hand, predicts sharper peaks, which

decay rapidly. Notably, this may cause the amplitude

predicted by the simulation to be lower than expected.

Nonetheless, the overall response from both the simulation

and experimental measurement are consistent with our prior

experimentation with these flexural-wave-based

acoustofluidic devices,48,49and provide use with a relative

starting point for experimental determination of the optimal

working frequency.

We next explored the vibration patterns when the

excitation signals applied to the two transducers were out of

phase. Fig. 2e and f provide the vibration amplitude profiles

produced by the vibrometer measurement and simulation,

respectively. As these results both show, a clear pressure node

(low pressure line) located in the center of the channel,

which is consistent with the experimental particle patterning

shown in Fig. 2g. Additionally, we can utilize the distance

between the pressure nodes in the channel to estimate the

wavelength of the interference wave pattern; measuring these

distances in Fig. 2e and f yields approximate wavelengths of

16.75 mm, and 17.2 mm for the vibrometer and simulation,

respectively. These results are similar, and consistent with

the expected wavelength calculated using eqn (1) (16.5 mm).

As with any comparison between numerical and experimental

results, subtle differences in the size of the glass slide or

PDMS chamber, or alignment disparities between model and

experimental device can contribute to errors between results;

however, comparison presented here suggests that the model

could be used as a qualitative tool for analyzing wave shapes

and vibrational responses to guide experimentation. Using

the data collected from the vibrometer, we were also able to

visualize the propagation of waves across the surface of the

glass slide, as shown in Video S1.†In these videos, we can

see the wave patterns when the transducers were operated

with signals that were both in phase, and out of phase. It can

be seen that the in-phase wave pattern does not produce a

particularly strong, or consistent node location, whereas the

out of phase pattern maintains a lower pressure along the

centerline. This is consistent with the vibration amplitude

profiles for these instances (Fig. S5†), where the lack of

localized low pressure fields relative to the pressure

antinodes hinders particle concentration. That is, the wave

pattern producedviathe out of phase excitation signals is

more conducive to particle patterning, as highlighted in

Fig. 2g. If this platform were to be used for cell manipulation,

the effect of the device on these organisms would be

important. One common cause for concern with acoustic

based manipulation is the undesirable generation of heat

caused by transducer excitation; however, our previous

experiments have shown that even under high power (50 volt

excitation signal), the temperature of the transducer will not

rise above 30°C.50This means that heat generation should

not be a concern for bio-sample manipulation.

Vortex based particle manipulation

While exploring the patterning of particles on the surface of

the glass substrate, we noticed that the motion within the

fluid domain was also serving to concentrate particles. Upon

further inspection, we found that at the top of the fluid

domain, near the surface of the water in the PDMS well,

vortex streaming was created. Fig. 3 provides still images of

the concentration process collected when both transducers

had a 5.3 kHz, 10 V signal applied to them. As the figure

shows, the 20μm particles are drawn into the center of a

vortex within 20 seconds of activating the transducers. We

found that the vortex-based particle patterning and

concentration was able to occur with only a single transducer

being activated. However, we also found that the streaming

velocity increased, and as a result the particle concentration

Fig. 3 Frames depicting the particle concentration effect in the acoustic vortex (20μm particles) generated in the flexural-wave-based

acoustofluidic device. Using a 5.3 kHz signal applied to both transducers, a rotating mass of particles has formed on the surface of the liquid in the

device within 17 seconds. Scale bar: 500μm.
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occurred more rapidly when both transducers were activated.

Video S2†provides a side by side comparison of the particle

concentration phenomenon when operating the device with a

single transducer, or with both transducers. In our testing,

the concentration occurred approximately twice as fast with

the second transducer being active; this would be consistent

with a constructive interference between the waves of the two

transducers, creating a strong vibration, and more active

vortex. Additionally, we would like to note that the vortex

streaming was isolated to near the walls of the chamber, with

multiple vortices being generated around the perimeter of

the device, and the rotation direction of the different vortices

alternated from clockwise to counterclockwise along a wall of

the chamber.

We next tested the device's ability to concentrate particles

with smaller diameters. Fig. S6†provides fluorescent images

that show the particle concentration effect when utilizing 10

μm and 1μm particles. We found that a small portion of 10

μm particles were able to be concentrated at the center of the

vortex, but a larger portion simply follow the fluid

streamlines in a circular pattern. Similarly, the 1μm particles

follow the circular streaming patterns, but do not

concentrate. We believe that the concentration efficiency

could be improved by utilizing a larger voltage signal, which

could increase the streaming velocity, and the concentrating

force on the particles as well.

Phase modulation and particle manipulation

Based off of our initial interest in using this technology as a

tool for manipulation based on signal interference, we began

to explore the effect of modulating the phase difference

between the two transducers. We first analyzed the effect of a

phase change on a particle cluster adjacent to the

perpendicular wall of the chamber. A 5.56 kHz signal, with

an amplitude of 10 volts was applied to both transducers,

and a particle cluster concentrated along the wall. We fixed

the phase of one of the output channels, and adjusted the

phase of the second channel to produce a difference between

the two signals. As we modulated the phase difference

between the two signals, we noted that the rotation speed of

the particle cluster varied; the photos in Fig. 4a provide a

visualization of this phenomenon captured using the CCD

camera. At specific phases in this device (−120°and 240°),

the signals from the two transducer destructively interfered

with each other to prevent rotation of the particle cluster. As

one would expect, the two frequencies that produce this

cancellation occur 360°apart from each other. At these

points, the cluster began to drift away (noted by the white

arrows), before being sucked back into the vortex upon its

reformation at a new phase difference. Next, we

quantitatively explored this cancellation effect using a fast

camera and recording the rotation across a range of phase

differences (Fig. 4b). The plot shown in Fig. 4b compares the

rotation speed of the particle cluster to the phase difference,

with a clear oscillatory response; that is, the rotation speed

peaked at nearly 190 rpm with a phase difference of 90°

between transducer excitation signals, and decreased away

from this point; this is expected from the interference of two

wave patterns, similar to the initial pumping experiment (Fig.

S1†) Using the interference of the two transducer signals, it is

possible to modulate the rotation speed of the particle

cluster, and produce different forces on the particles within

the mass.

Noting that these phase differences could affect the

particle rotation along the perpendicular wall, we explored

what would happen to the vortices along the parallel section

of the device. We expected that since the wall was aligned

with the general propagation direction of the waves, a phase

change could potentially translate the particle vortex along

the wall. As such, we focused our attention onto a vortex

adjacent to the parallel wall, and began modulating the

phase. Fig. 5a provides photos, while Fig. 5b provides a plot

of the displacement of the rotating cluster along the parallel

Fig. 4 (a) Stacked photos showing 25μm particle rotation with various degrees of phase difference between the two transducer excitation

signals; this particle mass was located along the perpendicular wall of the device, adjacent to the transducer (Fig. 1b). Varying the phase difference

between the signals affected the rotation speed of the particle mass. 360 degrees apart (−120°and 240°), the particle group stopped rotating and

started drifting to the side of the image before being brought back to rotating with a change of phase. Scale bar: 250μm. (b) Plot showing the

rotational speed of a separate group of particles; results were collected with a fast camera and analyzed using ImageJ. Results are consistent with

the phenomenon in a), where the rotation speed varied based off of the phase angle. Data is shown±one standard deviation forn=3.
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wall (a video of particle cluster rotation is provided in Video

S3†). As we hoped, modulating the phase difference enabled

us to vary the position of the rotating particle clusters. In

fact, this particle translation was highly repeatable and linear

in fashion, as would be expected from uniform standing wave

fields utilized in other acoustofluidic devices.38,51,52 We

found that with the 5.42 kHz signal, the phase-dependent

displacement was equal to an average of 30μm deg−1; we also

used this data to calculate an apparent wavelength of 9.97

mm for the given frequency, which we found to be in

disagreement with the wavelength prescribed by the straight

crested flexural waves in eqn (1). However, this result is not

unexpected based on the findings of Chen, et al.who

explored the effect of coupled fluid layers on the surface of

thin plates;37they found that a thin layer of water served as a

pathway for energy to radiate from the vibration surface,

which reduced the velocity of wave propagation, and the

apparent wavelength of the signal.53Nonetheless, to verify

this phenomenon, we returned to the study of particle

patterning on the surface of the glass slide. Specifically, we

compared the apparent wavelength of particle patterning on

the glass substrate to the wavelength for phase manipulation

of the vortex. Analyzing the particle patterning on the surface

of the glass slide with an out of phase excitation pattern, we

can actually see three node lines of particles in the fluid

domain (Fig. S7†). Measuring the distance between these

lines yields an apparent wavelength of 11.41 mm, which is

similar to the 11.56 mm wavelength for the specific device

which provided the comparison. Thus, it seems as though

the vibration of the glass substrate, fluid domain, and the

PDMS walls combine to form a complex flexural mode

vibration which enables the particle manipulation; the fluid

domain also serves to slightly reduce the wavelength when

compared to the empty chamber testing we completed

earlier. We further explored this phenomenon by measuring

the phase-dependent displacement at another frequency; one

would expect that a lower frequency would produce a larger

wavelength. Analyzing the phase change for a 4.89 kHz

excitations signal, we found that the apparent wavelength

increased to 15.19 mm (Fig. S8†). This increase is consistent

with the inverse relationship between the wavelength and

square root of the frequency that is produced by eqn (1); that

is, by manipulating eqn (1), we can arrive at the following

wavelength–frequency relationship:

λ1
λ2
¼

ffiffiffiffiffiffi
f2
f1

s

(2)

The results of our study differ by only 3% (15.19 mm/4.89

kHz vs. 11.56 mm/5.42 kHz). This suggests that the

mechanism of particle manipulation, although slightly

shifted from the wavelengths predictedviaeqn (1) due to

fluid coupling, is a result of the flexural vibration of the

system. Additionally, slight variations between numerical and

experimental results can be explained by subtle

Fig. 5 (a) Microscope images showing the translation of the rotating

particle group achieved by modulating the phase difference between

transducer excitation signals. Results were collected along the parallel

wall of the device (Fig. 1b), and showed a consistent translation as the

phase change was modulated. Scale bar: 250μm. (b) Plot showing the

linear relationship between phase difference and translational distance.

Data is shown±one standard deviation forn= 4 samples, with a

linear best fit ofR2 = 0.9963 included; the equation provided

correlates the translational distance (d), as a function of the phase

difference (θ) measured in degrees.
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inconsistencies in device fabrication, component

manufacturing, and experimental data collection.

As a final experiment, we explored the phase manipulation

of 10μm particles. Similar to our previous exploration, a

small portion of the particles were concentrated, with the

remainder of the particles following the streamlines (Fig.

S9†). As we expected, the phase manipulation was still

repeatable, with the concentrated cluster moving in a

predictable and consistent manner; as the center of the

vortex moved, the particles trapped in the outer streamlines

translated to align with the new vortex center as well. This

suggest that with a higher power, dense clusters of 10μm

objects could be formed and manipulated as well.

Conclusions

The flexural-wave-based acoustofluidic platform developed in

this work presents a useful technology for particle and bio-

sample manipulation. The inexpensive, mass-produced

transducers utilized in this device, paired with its simplistic,

open fluidic chamber design (no microstructures involved),

offer a unique and inexpensive way for researchers to interact

with samples. Throughout our investigation, we numerically

and experimentally explored the wave patterns generated on

the surface of the device, as well as the patterning of particles

within pressure nodes on the glass coverslip. These pressure

nodes can potentially offer researchers a way to form clusters

of cells or embryos within the device. Additionally, we

uncovered a unique potential to generate vortex streaming on

the surface of the liquid in the device; this streaming enabled

particle concentration and the dual transducer design

allowed for precise control over the special location of the

vortex. This capability could potentially be used to form

cancer spheroids for biomedical research; the open chamber

is also conducive to downstream culture and analysis of the

patterned bio-samples. With future exploration, there is the

potential to concentrate smaller particles, expanding the

potential applications. Altogether, we have presented and

characterized a simple, low-cost, open chamber platform for

acoustofluidic manipulation, which has potential in many

areas of research.
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