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Precision manipulation techniques in microfluidics often rely on ultrasonic actuators to generate
displacement and pressure fields in a liquid. However, strategies to enhance and confine the acoustofluidic
forces often work against miniaturization and reproducibility in fabrication. This study presents
microfabricated piezoelectric thin film membranes made via silicon diffusion for guided flexural wave
generation as promising acoustofluidic actuators with low frequency, voltage, and power requirements.
The guided wave propagation can be dynamically controlled to tune and confine the induced
acoustofluidic radiation force and streaming. This provides for highly localized dynamic particle
manipulation functionalities such as multidirectional transport, patterning, and trapping. The device
combines the advantages of microfabrication and advanced acoustofluidic capabilities into a miniature
“drop-and-actuate” chip that is mechanically robust and features a high degree of reproducibility for
large-scale production. The membrane acoustic waveguide actuators offer a promising pathway for
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Introduction

Ultrasonic ~ technologies  have  brought  significant
contributions to the field of microfluidics for precision
manipulation techniques,"™ notably due to their relatively
low power requirement and superior biocompatibility.>®
Ultrasonic actuators have demonstrated the ability to
accomplish  various microfluidic functions such as
separation,®” ™' patterning,"*™"” trapping,'®**' focusing,*>**
concentrating,>*>® and guiding®” >’ of particles and analytes,
which are crucial functions for biomedical applications. To
achieve such results, it is often required to enhance and
confine the acoustic field near the analytes, which, at this
scale, is a challenging endeavor. Ultrasonic actuators used in
acoustofluidics generally fit into three categories: off-the-shelf
commercial piezoelectric transducers glued onto the
microfluidic substrate, interdigitated transducers (IDTs) on a
bulk piezoelectric substrate, and transducers on a thin-film
piezoelectric layer.
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acoustofluidic applications such as biosensing, organoid production, and in situ analyte transport.

Commercial piezoelectric transducers attached to
structures generate global acoustofluidic effects in
microfluidic volumes. The acoustic energy is distributed into
the whole device as bulk acoustic waves (BAWSs) or Lamb
waves, and its transmission is strongly affected by the
attachment's position and mechanical properties. However,
different methods can be leveraged to confine the acoustic
fields. Carefully designed features to be bonded or etched
onto the substrate like micropillars,>’® vibrating sharp
edges embedded into microfluidic channels,®* and
micromachined holographic lenses®**> have successfully
been used to enhance the intensity of the acoustofluidic
effects. Likewise, finding the substrate's acoustic focal points,
in relation to the position of the transducers,*® and adding
micromachined sound-trapping dimples onto the substrate
can amplify converging flexural waves and their resulting
acoustic fields.*”

IDTs on a bulk piezoelectric substrate can generate
surface acoustic waves (SAWs) and Lamb waves and are
utilized in various settings, from the generation of streaming
inside a sessile droplet to particle separation inside a
microfluidic channel. To accurately control the acoustic fields
induced by the mechanical deformations originating from
the IDTs, several approaches have been investigated, such as
shaping the electrodes into focused IDTs,**?° slanted
IDTs**>*" and holographic IDTs,**** and pairing IDTs with
each other,"”**™*” with microfluidic channels**** or with
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other structural obstacles such as boundaries
phononic crystals.”**

Piezoelectric thin film transducers can bring piezoelectric
actuation to virtually any substrate, opening a wide array of
possibilities for the development of acoustofluidic devices
based on CMOS and MEMS processes, which allow for
miniaturization of devices and wafer-level batch
fabrication.”>* These processes can significantly benefit
acoustofluidic lab-on-a-chip systems® due to their high
degree of reproducibility, essential for consistent acoustic
actuation, and low-cost batch fabrication. Thin-film
transducers are compatible with most of the acoustophoretic
methods deployed with their bulk piezoelectric counterparts,
such as patterning,”®®” sensing®**®**® and streaming
generation.**°"®> However, the thin films can be deposited
onto microfabricated features, enabling new actuation
methods that were previously impossible. Microfabricated
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BAW cavity resonators featuring a piezoelectric thin film have
been numerically®> and experimentally® investigated.
Microfabricated thin piezoelectric membranes have also been
realized to locally enhance acoustofluidic phenomena for
multimodal particle trapping on a Chladni microdisk by
Vuillermet et al® and particle transportation via flexural
plate waves streaming by R. White's group.®>”’° However, as
carried out by Vuillermet and White, microfabrication of
membranes has relied on etching the back of the silicon
wafer, which considerably weakens the structure of the device
and complicates further microfluidic experiments and
integration.

To advance the membrane approach pioneered by White
and Vuillermet while preserving the batch fabrication and
reproducibility qualities enabled by microfabrication, and
improve the confinement of acoustofluidic effects, this study
leverages a novel fabrication approach from piezoelectric over
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Fig. 1 Functioning and novel acoustofluidic capabilities of the MAWA. (A) Schematic cross-section of the MAWA with aligned blue particles
traveling in the wave propagation direction (white arrow). (B) Schematic of the MAWA device with a particle-laden sessile droplet on top with
localized particles trapping on the membrane. (C) Schematic of the particle transport mechanism achieved experimentally under unidirectional
traveling GFWs actuation from the MAWA. (D) Schematic of the cluster trapping mechanism achieved experimentally from counter-traveling GFWs
by the MAWA. (E) Schematic of the rotating ring trapping mechanism achieved experimentally from counter-traveling GFWs by the MAWA. White
chevron arrows are positioned to indicate the locations and directions from which the waves originate.
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silicon-on-nothing (pSON).”* The acoustofluidic capabilities
come from a microfabricated membrane acoustic waveguide
actuator (MAWA) which drives flexural waves for in-droplet
acoustophoretic manipulations. The MAWA is composed of a
2 um-thick silicon (Si) membrane over a sealed and seamless
cavity topped with a piezoelectric thin film (Fig. 1A).
Leveraging this top-side fabrication technique allows for
much more complex waveguide patterns than what is
conventionally achievable through anisotropic/DRIE backside
etching while avoiding weakening the mechanical structure.
Such improvements leave the device completely flat and void
of precarious backports, considerably facilitating the
integration of membrane-based actuators to microfluidic
systems and enabling versatile in-droplet localized
acoustophoretic manipulation of particles (Fig. 1B).

The MAWA consists of a piezoelectric thin film on a thin
silicon layer and two pairs of IDTs which can together
generate highly localized guided flexural waves (GFWs) as
their propagation is circumscribed within the area of the
sealed membrane. These waves travel at phase velocities
smaller than the speed of sound in the fluid and produce
strong localized evanescent streaming. Furthermore, several
modes can easily be excited on the device's membrane using
any of the 4 IDTs at various frequencies. Experiments show
that acoustofluidic effects induced by traveling flexural waves
can be leveraged to achieve complex particle manipulation
functionalities: (1) GFWs can align and guide particles along
the waveguide when a single IDT is actuated in acoustofluidic
experiments (Fig. 1C). (2) Counter-traveling GFWs triggered
by two opposed IDTs present the capability to trap particles
in clusters and rings (Fig. 1D and E). (3) The distinct
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functions of the device are combined in a single experiment
for in-droplet dynamic manipulation and in situ
concentration of particles. The pSON-based MAWA emerges
as a versatile toolset compatible with a wide variety of
applications such as biosensing, organoid production,
pulsation-free ~ pumping, analytes separation, and
acoustofluidic tweezing.

Device design and principles
Membrane acoustic waveguide actuator design

The device is a bulk Si chip featuring a 2 pm-thick Si
membrane formed via the pSON process.” The membrane
has a width of 100 um that is constant across the device and
forms a rectangular closed-loop with rounded corners
(Fig. 2A). A piezoelectric thin film of scandium-doped
aluminum nitride (AlScN) is deposited on top of the flat
surface bearing the membrane. The piezoelectric membrane
device includes two different sets of IDTs (4 IDTs in total),
which are wused to generate GFWs traveling on the
membrane. The IDTs are made of molybdenum (Mo) and are
connected to the aluminum (Al) bond pads via Al routing. To
prevent short-circuits between the two metal layers, an
isolation layer of silicon dioxide (SiO,) of 2 um-thick is
added, see Fig. 2B. The rectangular closed-loop shape of the
membrane limits the reflection of the traveling waves and
allows the IDTs to be positioned in pairs on opposite sides.
The IDTs on opposite sides of the membrane waveguide
share the same pitch and resonant properties, with IDTs 1
positioned at the top and bottom, and IDTs 2 positioned on
the left and right segments, see Fig. 2A and insets. The IDTs

n++  Membrane 12 um

Cavity I1 Hm

Fig. 2 Device's design and fabrication cross-section. (A) Top view of the acoustofluidic flexural wave device from an optical microscope.
Dimensions of IDT 1 and IDT 2, pitch A and finger width, are noted inside their respective inset bubble. The dashed line over the top IDT 1
represents the region where the schematic cross-section (B) is taken. (B) Schematic cross-section of the device with annotation of the layers'
material and targeted thickness, the doped region, the buried cavity, and the membrane waveguide. The SiO, layer isolates the Mo electrodes of
the IDTs from the Al layer of the bond pads and routing. (C) Photograph of a wire bonded device next to a Singaporean 0.10 SGD coin.
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1 are designed for traveling waves with a wavelength of 1 =
100 pum, while the IDTs 2 feature half the pitch at A = 50 um.
The width of the interdigitated electrodes composing the
IDTs is A/4. The variation in the IDTs' design enables the
excitation of two different sets of flexural waves and covers a
broader frequency range, while the IDTs' configuration across
the device segments allows for multiple combinations of
IDTs to be simultaneously actuated. By actuating multiple
IDTs and varying the actuation frequency, various resonance
modes and traveling modes can be generated on the
membrane waveguide. Both IDT designs have the anti-
symmetric A0 mode as their primary flexural wave
propagation mode on the membrane waveguide, which is in
accordance with observations previously reported.®®

Electromechanical simulations of the MAWA were
conducted using the finite element analysis (FEA) software
COMSOL Multiphysics® (v6.0, Stockholm, Sweden) to
characterize the frequency response (Fig. 3C) and the mode
shape of the traveling flexural waves (Fig. 3A), see ESIT Movie
S1. The simulated peak-to-peak displacement of the actuated
membrane for a wide band of frequencies often utilized in
acoustofluidics” is shown in Fig. 3C and summarized in
Table 1.

As a result of the waveguiding characteristics of the
membrane, traveling flexural waves can change their
direction of propagation and follow the complex shape of the
membrane. As proof of concept, an alternative FEA model
featuring an extra segment connected by a right-angled
corner (Fig. 3B) was created. The simulation result shows that

View Article Online
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GFWs continue to propagate in the subsequent linear
segment, past the corner, corroborating the experimental
observations on changing the propagation direction, see ESI}
Movie S2.

Actuation mechanism and mechanical characterization of
GFWs

A signal generator generates a sinusoidal actuation signal of
10 Vpipk at a frequency ranging from 2-6 MHz for IDTs 1
and 7-16 MHz for IDTs 2. The actuation signal's electric field
at the electrodes causes mechanical stress in the thin layer of
piezoelectric AlScN via the inverse piezoelectric effect. The
oscillating stress-induced deformations at the electrodes set
the membrane in motion, forming traveling flexural waves.
The generated waves traveling along the membrane were
captured using a laser Doppler vibrometer (LDV), as
illustrated in Fig. 4A. When a single IDT is continuously
actuated, the flexural deformation of the membrane
propagates on both adjacent segments and GFWs travel in
both directions. The traveling waves dominate along the
segments connected to the active IDT, while the segment
opposite to the IDT is mainly populated by standing waves
arising from the interference between the counter-traveling
GFWs coming from both sides of the membrane waveguide,®
see ESI} Movie S4.

On the other hand, when two IDTs are continuously
actuated at the same frequency, although they each behave
independently, the counter-traveling flexural waves coming

C = _’ e IDT1(A=100 urp) e IDT2 (A=50 um) [ =
5245 :,W\.. :85
= 1a] s % o
518 = : - [°5
%12—1 e > :_408)
U] 1 ' ° ]
o | ©
()] o A

0 T T LI | T T T O

8 9 10 11 12 13 14 15

Frequency [MHz]

Fig. 3 Device's simulation results. (A) Tilted view of the linear simulation model's cross-section to show the deformation caused by the traveling
GFWs. (B) Right-angled simulation model with GFWs traveling past a corner. All the simulation models have damping at the segments' end, hence
the fast decay of the traveling waves. (C) Simulation results of the frequency response of both sets of IDTs from a 10 V. sine signal with the
MAWA immersed in water. Top inset shows the cross-section of the simulation model under deformation from sine actuation with traveling AO

GFWs propagating on both sides.
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Table 1 Simulated and experimental results of the membrane displacement. Maximum peak-to-peak displacement amplitude and corresponding
actuation frequency obtained from simulations and experiments for IDTs 1 and 2 immersed in water. The thickness of each material layer is also
arranged on the right side for reference

Water

Layer thickness (um)

IDT Frequency (MHz) Displacement (nm) Si AlScN Mo
Simulations 1 2.88 24.19 1.8 0.4 0.15
2 9.73 7.54
Experiments 1 2.82 24.21 2.0 0.3 0.2
2 10.22 5.74

from each source IDT interfere with one another at the half-
distance mark between the two actuated IDTs on the
membrane waveguide. For the case of two opposite IDTs
actuated simultaneously by a sine wave, traveling waves

Displacement [nm]

dominate on the segments adjacent to the IDTs, but the
pattern quickly shifts on the subsequent linear segments
where standing and rotating waves dominate, see ESIT Movie

S5.
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Fig. 4 LDV characterization of the GFWs from the MAWA. (A) 3D visualization of the LDV measurement of the displacement of the water-loaded
membrane under a continuous sine actuation signal of 10 Vi at 2.5 MHz from the bottom IDT 1 (1 = 100 um). (B) LDV measurements of the
frequency response of both sets of IDTs from a 10 Vi p« burst sine signal immersed in water. (C) Displacement amplitude of the membrane
waveguide in immersion under water for different actuation voltages, ranging from 0.5 to 10 V, for IDT 1 at 2.8 MHz and IDT 2 at 10 MHz. (D) Phase
velocity dispersion curve of the traveling flexural waves around the resonant frequency from both IDTs 1 and 2 immersed in water.
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When IDTs are actuated in burst mode, see ESIf Movie
S3, the LDV measurements reveal that the A0 traveling GFWs
are confined onto the membrane waveguide. Furthermore,
the group of waves can be seen preserving their momentum
around a 90° corner and onto the next linear segment, as
predicted by the simulation in Fig. 3B.

The amplitude of the GFWs on the piezoelectrically
actuated membrane was measured using the LDV as a
function of the actuation frequency, voltage amplitude, and
loading medium. The experimental frequency response of the
peak-to-peak membrane displacement induced by the two
IDTs under immersion in water is shown in Fig. 4B and
summarized in Table 1.

Following previous reports on flexural plate waves, the
membrane displacement caused by the GFWs varies
linearly with the actuation signal voltage® for a fixed
frequency (Fig. 4C and D). Likewise, the phase velocity
dispersion curves of the GFWs traveling on the membrane
waveguide (Fig. 4E) are also linear. Flexural A0 waves are
strongly dispersed in thin plates due to the mixing of
shear and longitudinal waves, causing the phase and
group velocities to vary with the frequency. When the
plate is very thin, the phase velocity dispersion falls into
a quasi-linear region at the very beginning of the
dispersion spectrum,”? which corroborates our
experimental results.

Methods

Fabrication

The chip bearing the suspended membrane waveguide is a 3
mm X 3 mm microfabricated silicon chip from the
piezoelectric over silicon-on-nothing process (pSON),”*
Fig. 2C. The chip can be further integrated with CMOS
technology wafers by bonding. The pSON process starts with
deep-etching arrays of micron-sized holes covering the exact
shape corresponding to the desired membrane waveguide on
the Si substrate. The etched wafer is then annealed at a high
temperature to enable Si migration.”*””® During this step, the
silicon surrounding the etch holes diffuses and forms the
sealed membrane, leaving a buried cavity underneath. The
thickness of the membrane is around 2 pm, and the cavity is
about 1 pm deep. Following the Si membrane formation, the
relevant parts of the wafers are heavily doped by diffusion to
form a conductive bottom electrode for the piezoelectric
layer. The piezoelectric layer, here a 0.3 pum-thick layer of
scandium-doped aluminum nitride (Alyg5Sco15N), is then
deposited on the doped Si wafer to cover all the areas,
including the membrane waveguide. Molybdenum (Mo), 0.2
pum-thick, is deposited and patterned into the interdigitated
electrodes forming the IDTs, and a thin passivation layer of
AlScN (50 nm) is added to prevent their oxidation. A
patterned oxide layer is subsequently added to separate the
final layer of aluminum (Al) (1 um), forming the bond pads
and electrical routing, from the Mo IDTs.

1870 | Lab Chip, 2023, 23,1865-1878
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Flexural waves generation and characterization

The MAWA device is fixed on a PCB and wire bonded,
Fig. 2C. A signal generator is connected to the PCB and
generates the activation signal via SMA cables. To activate the
device, a sinusoidal actuation signal of 10 Vi split into
two outputs, and phase-shifted by 180° via a Balun device, is
used at a frequency between 2 MHz and 15 MHz. To capture
the GFWs' propagation in the time domain, the laser doppler
vibrometer (LDV - Polytec MSA-500) and its internal function
generator were used. To measure the voltage and frequency-
dependent peak-to-peak membrane displacement, an external
function generator (Keysight 33500B) was used to generate a
6-period-long sine burst actuation signal. A digital
oscilloscope (Keysight DSOX4024A) is used to measure the
output signal from the LDV. The measurements in the time
domain were averaged 256 times for each frequency. The
actuation signal at 10 Vpi_pk is swept from 0.05-9 MHz for
IDT 1 and 0.05-15 MHz for IDT 2.

Finite element simulation

the suspended
waveguide were conducted using the finite element
analysis (FEA) software COMSOL Multiphysics® (v6.0,
Stockholm, Sweden). The FEA model in 3D consists of
four pairs of interdigitated electrodes linearly arranged for
each electrode to be uniformly spaced by /2. On both
sides of the IDT, the segments guiding the flexural waves
are subjected to a progressive Rayleigh damping to
completely attenuate the deformation at the end of the
segments and suppress any reflected standing wave. The
solid mechanics, electrostatic and transient pressure
physics, along with their multiphysics
complements, piezoelectric effect and acoustic-structure
boundary, were used for the model. The model is solved
in the time domain,
displacement on the waveguide after 6 periods is used as
a data point. Akin to the LDV measurements, the
actuation signal is 10 Vp_px and swept from 0.05-9 MHz
for IDT 1 (1 = 100 um) and 0.05-15 MHz for IDT 2 (1 =
50 um).

Simulations  of flexural membrane

acoustics

and the maximum membrane

Fluid sample preparation

For all the acoustofluidic experiments presented in this
paper, a droplet of 5 to 10 pL of solution was added on top of
the device. The liquid sample used for the experiments is a
solution containing blue or red polystyrene particles
(Magsphere, USA) with a diameter of 10 um and 5 um,
respectively. Pluronic F127 at 0.5% m/m was added as a
surfactant. The droplet was flattened to facilitate the
microscope observations using a glass slide installed atop.
The glass slide is supported by conformable sticky bumpers,
positioning it 1 to 2 mm above the device, far greater than
the 15 um depth of the MAWA's evanescent acoustofluidic
effects.

This journal is © The Royal Society of Chemistry 2023
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Experimental setup video recording capable camera (Olympus DP27). A signal
generator (Agilent 33220A) was connected to the PCB via SMA
cables and provided the activation signal to the device. To
activate the device, a continuous sinusoidal actuation signal

Acoustofluidic experiments were conducted on the stage of a
non-inverted reflection microscope (Olympus BX53M) with a
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Fig. 5 Experimental results of particle alignment and transportation by the MAWA. (A) 3D schematic of the membrane waveguide under deformation
from traveling GFWs. The aligned blue particles travel in the wave propagation direction (white arrow). The red ellipses illustrate the localized streaming
in the bulk fluid causing the blue particles to align over the membrane. (B) Optical microscope images from before and during acoustofluidic actuation
from the MAWA after 2 seconds, at which point the blue particles have been aligned and are traveling in the wave propagation direction (white arrow).
White chevron arrows are positioned to indicate the locations and directions from which the waves originate. (C) LDV measurement of an underwater
burst sine wave at 2.5 MHz,10 Vo1 traveling clockwise (white arrow). Upward and downward membrane displacement is in the order of 4.5 nm. (D)
Sequential time-stamped frames from optical microscope images showing 10 um blue polystyrene particles moving upward under the IDT 1 actuation
at 2.82 MHz, 10 V. (E) Particle velocities of traveling 10 um polystyrene particles under actuation voltage amplitudes ranging from 4 to 10 V. at
2.82 MHz. The error bars on the measurement points represent the standard deviation of the mean for the velocity of all the particles for each voltage
amplitudes. Experiments recorded on video were processed using Trackpy to detect the particles and extract their velocity, see ESIf
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of 10 Vpipk Was generated at frequencies ranging from 2.5-
3.15 MHz for IDT 1 and 9.8 MHz for IDT 2.

Results and discussion
Self-aligned particle transport

To characterize the acoustofluidic capabilities of the MAWA,
a droplet of a solution containing polystyrene particles of 10
pm in diameter was added on top of the device such that the
liquid covers the membrane and non-membrane areas.
Under single-IDT actuation, where traveling GFWs are the
most common waves populating the membrane waveguide,
the particles on the membrane are attracted toward the
maximum membrane displacement amplitude zone near the
middle part of the membrane. Furthermore, the particles are
pushed forward in the wave propagation direction until the
traveling waves vanish while still staying in proximity to the
membrane's surface. The combination of these two effects
aligns the particles over a virtual ridge formed by the
traveling GFWs and transports them following the traveling
waves' path along the linear segments and around the
corners of the membrane waveguide of the device. These
experimental observations are depicted in the schematic of
Fig. 5A and are valid for a short range of frequencies around
the resonant frequency, usually +1 MHz for the IDT 1. As
soon as the continuous sine actuation is turned on, the
particles are set in motion almost instantly (Fig. 5B) and stop
all at once when the actuation is off. Fig. 5C shows the LDV
measurement of the localized membrane displacement of
GFWs at 2.5 MHz traveling around a corner, in the same
device region as the one observed in Fig. 5B.

The first part of the particles’ motion, regarding the
membrane's attractive force and particles’ self-alignment over
the waveguide, is reminiscent of the phenomenon called
inverse Chladni patterns®® but limited to a very localized
region. Literature reports that a strong acoustic streaming-
induced drag force Fqra is usually the main driving force for
such microscale patterns to arise inside a liquid.>”””

In addition, the acoustic radiation force F,,q is also
actively dragging particles downward, toward the vibrating
substrate, and can even push microparticles to converge at
an acoustic anti-node when the kinematic energy component
of the radiation force dominates over the potential energy
component.”” In the present experiment, where the vibration
comes from a directional traveling wave, the radiation force's
contribution to the particle alignment on the membrane
would still work in the same direction as the acoustic
streaming for the in-plane force. Furthermore, the size of the
particles, according to Dorrestijn et al.,”® would also play a
key role. At high frequencies, the thickness of the viscous
boundary layer ¢ is significantly reduced following eqn (1),

2y

Y 1)

where v is the kinematic viscosity of the fluid, and o the
angular frequency of the acoustic perturbation. Around 2.88
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MHz, the thickness of the viscous boundary layer, where the
boundary streaming is confined, is only 314 nm, a fraction of
the radius of the particles used in our experiments. As a
result, the particles would predominantly be affected by the
acoustic streaming-induced drag force Fy,,e in the bulk of the
liquid pointing toward the flexural waves' anti-nodes. This
force acting perpendicularly to the membrane is proportional
to the time-averaged fluid velocity flowing toward the
membrane, which is a second-order effect describing a steady
flow emerging from the non-linear interaction of the sound
waves in the fluid.

The second part of the particles’ motion, a constant drift
forward in the direction of the wave propagation when the
particles are in the vicinity of the actuated membrane, is also
attributable to acoustic streaming, according to Moroney
et al®® The amplitude of the streaming is evanescent in the
fluid in the direction normal to the membrane waveguide,
varying as exp(-yz), with a depth of y™', which is around 15
pm at 2.88 MHz in water.

y=Eoy[1- (”W) )

Cf

where y is the attenuation coefficient, k, is the wavenumber
of the sound waves in the fluid, vgrw is the phase velocity of
the traveling waves, and c¢ is the speed of sound in the fluid.
This leads to the streaming-induced drag force being highly
localized onto the membrane. Particles affected by the drag
force are seen in motion in a composition of sequential
movie frames from an optical microscope (Fig. 5D). Under
the Fyrqg in the direction of the traveling waves, particles can
reach velocities above 150 um s ' (Fig. 5E), which has also
been previously reported for flexural plate waves.®>®”
Furthermore, the particles' velocity profile from the data in
Fig. 4D fits a parabolic curve, which reflects the second-order
velocities' relation with the membrane displacement
amplitude, Vang.order ¢ 4%,°° and confirms the involvement of
a second-order streaming-induced force in the forward
motion of the water-borne microparticles.

This  one-of-a-kind  transport mechanism  differs
considerably from the acoustofluidic transport mechanisms
reported in the past, leveraging SAWs>»**> and vibrating
structures.””’® The latter often occupies a large footprint,
presents limited degrees of freedom and, in some cases,
cannot be fully realized through microfabrication processes.
On the other hand, this novel type of piezoelectric thin film
MAWA opens new avenues for highly localized streaming and
particles transport as the pSON fabrication platform allows
for customizable and scalable MAWA designs, further
supported by a high degree of reproducibility, minimal
footprint, and large-scale production.

Particle cluster trap

The acoustofluidic MAWA device consists of multiple IDTs
which control localized flexural wave interference. The
interference is categorized into two primary modes, namely,
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standing waves and rotating waves. To investigate the
acoustofluidic capabilities of the two interference modes, the
active surface of the device was loaded with a particle-laden
droplet.

Fig. 6A shows a schematic featuring counter-traveling
GFWs interfering on the membrane waveguide. The blue
polystyrene particles are shown to be trapped in clusters at
the nodes, where the membrane displacement is minimal.
The experimental results represented by the schematic are
seen in Fig. 6B, where 5 um polystyrene particles are trapped
and form several static clusters along a vertical segment of
the membrane waveguide under continuous actuation from
the opposed top and bottom IDTs 1. The LDV measurements
corresponding to the membrane displacement during the
experiment (Fig. 6C) show two frames separated by half a
period and reveal that this type of trap arises when the
flexural mode of the membrane waveguide segment features
counter-propagating waves that interfere exactly to form
constructive standing waves. By comparing the data of the
two figures, one can see that the particles trapped by the
standing waves are located precisely at the nodes between
the alternating anti-nodes (red peaks and blue valleys).

Particle trapping at pressure nodes is a common
phenomenon in acoustofluidics. It is mainly attributed to the
acoustic radiation force,>'®%"%> where a stationary acoustic
field with a strong gradient acts on particles according to
their physical properties and the ones from the liquid
medium. By calculating the monopole scattering coefficient
and the dipole scattering coefficient, one obtains the acoustic
contrast factor.®® In the present case, the acoustic contrast
factor has a positive value (around 0.165), which indicates
that the force pushes the particles to the acoustic pressure
nodes. The nodes of the guided flexural standing waves and
the acoustic pressure nodes being co-located, polystyrene
particles should align with the flexural standing waves' nodes
under a dominant acoustic radiation force, which agrees with
our experimental observations.

Particle ring trap

Under dual IDTs actuation, other modes, such as rotating
waves, arise by shifting the frequency away from a
constructive standing mode. Being bound to a node, rotating
waves®® retain many of the acoustofluidic features present in
standing GFWs. However, the rotating pattern of the anti-
nodes around the node gives rise to a circularly traveling
wave, which brings back the streaming-induced drag force
Farag and lateral Fr,q responsible for the particle alignment
along the trajectory of traveling waves. Rotating waves are
defined as a wave field rotating around a fixed node. They
may arise from the linear combination of two waves, as
observed under the LDV (Fig. 6D). The circular trajectory of
the anti-nodes is outlined by the dotted circle, while an x
marks the central node. The colored arrows around the
dotted circle depict the position and direction of the positive
and negative anti-nodes.
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The corresponding acoustofluidic experiment results
(Fig. 6E) from the device loaded with a droplet of solution
with 5 um polystyrene particles are displayed along with the
LDV results. The particles' orbit around the node in Fig. 6E
coincides with the dotted circle representing the rotational
trajectory of the anti-nodes in Fig. 6D.

The rotating wave here acts as a ring trap for the 5 um
particles, superposed on the virtual ridge formed by the anti-
nodes motion. The traveling motion of the anti-nodes, akin
to the traveling wave propagation with a single IDT, generates
a highly localized Fy,, which pushes the particles to orbit
around the node. Other ring-like traps and features have
been reported in acoustofluidic experiments before, based on
mode-switching Chladni microplate,®*””
asymmetric SAWs propagation,® bulk vibration of a
substrate®> and SAW microcentrifugation.*® However, the
ring trap mechanism presented here is highly localized,
easily controllable, and scalable compared to the earlier
works reported.

in a circular

Highly localized dynamic particle control in a sessile droplet

The flexible and adaptable framework of the pSON
fabrication platform allows for complex designs of membrane
waveguides to be paired with multiple IDTs, all working
together dynamically to transport and trap particles at
different points on the device. The characteristics of the
vibrational modes populating the membrane waveguide
depend on the membrane geometry, the frequency, and the
position of the IDTs. The working mechanism of the device
is intuitive for the user, who can operate the system by
adding a sessile droplet containing the desired sample on
top of the device and activating the IDTs simultaneously or
sequentially. The experiment illustrated in Fig. 7
demonstrates the capability of the MAWA device to
dynamically control water-borne particles with precision and
rapidity while switching from one actuation mode to another,
all during the same experiment.

Fig. 7 shows several individually time-stamped sequential
frames of acoustofluidic experiments featuring 10 pm
particles. The sequential displacement of the actuated
particles over the membrane waveguide is illustrated in parts
A to D of Fig. 7. To facilitate the understanding of the time
dependence and evolution of the experiments, Fig. 7E
presents a timeline featuring the dominant acoustofluidic
phenomenon around different time stamps. The video of the
dynamic control of particles is available as ESIf Movie Sé6.
The experiment started with loading the particle-laden
droplet onto the device. The particles slowly settled down
and were initially scattered across the surface of the whole
device at ¢t = 0 s (Fig. 7A). At ¢t = 8 s, the bottom IDT 1 was
turned on, generating GFWs at 2.85 MHz, and the particles
in the range of the membrane migrated toward the top of the
device. Once the particles had reached the top segment of
the device, the bottom IDT 1 was stopped, and the top IDT 1
was subsequently turned on. Particles were then driven back
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Fig. 6 Experimental results of particle trapping from interfering GFWs. (A) 3D schematic of the membrane waveguide under deformation from counter-
traveling GFWs. The blue particles are trapped at the flexural waves' nodes. The white arrows indicate the propagation direction of the waves. The red
ellipses illustrate the localized streaming in the bulk fluid causing the blue particles to align over the membrane. The short red arrows illustrate the localized
acoustic radiation force acting on the blue particles to trap them in clusters at the waves' displacement nodes over the membrane. (B) Optical microscope
image from acoustofluidic trapping experiment showing 5 um particles trapped on the membrane under dual IDT 1 actuation at 3.102 MHz, 10 Vg pi.
White chevron arrows are positioned to indicate the location and directions from which the waves originate. (C) LDV measurement showing the two beats
from a standing wave formed under continuous dual IDT actuation at 3.034 MHz, 10 V. The segments presented in (C) and (B) are from the same part
of the device and aligned to show the relation between the position of the particle clusters and the location of the displacement nodes of the waves. (D)
Arrangement of LDV measurement images covering half a period of a rotating wave, arising from continuous dual IDT actuation at 3.034 MHz, 10 V. pk.
The blue and red arrows indicate the movement of the anti-nodes toward the next frame. The dotted circle illustrates the rotational trajectory of the anti-
node motion, while the x marks the node's position. (E) Optical image of particles trapped in a rotating ring at the same location as the LDV measurement
of (D) has been conducted. The particles rotate clockwise, and the particles’ orbit matches closely with the dotted circle used for the LDV measurement.
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Fig. 7 Time evolution of dynamic control of particles in sessile droplet via MAWA. Parts (A) to (D) are arrangements of reframed snapshots
extracted from ESIT Movie S6, acquired on an optical microscope. The time stamps associated with each snapshot are colored to follow the color
gradient used in the timeline in part (E). Insets are added to magnify the phenomena observed under specific actuation modes. White arrows
indicate the propagation direction of the waves and the particles. White chevron arrows are positioned to indicate the location and direction from
which the waves originate. (A) Arrangement of 3 snapshots showing the particles' position at separate times to display the particles aligning on the
membrane and the upward/clockwise particle transport caused by traveling GFWs originating from the bottom IDT 1 actuated at 2.85 MHz. (B)
Arrangement of 4 snapshots showing the particles' position at separate times to display their downward/counterclockwise displacement from the
top segment to the bottom one caused by traveling GFWs originating from the top IDT 1 actuated at 2.85 MHz. (C) Arrangement of 2 snapshots
showing the particles' position and behavior at separate times. The left and middle snapshots are from the same segment, on the left side of the
device, and are both obtained under dual IDT actuation (right) but at different frequencies. The rotating circle traps appear at 3.05 MHz, while the
static cluster traps appear at 3.15 MHz. (D) Arrangement of 2 snapshots showing the particles' position at separate times to display the particle
transport caused by traveling GFWs originating from the left IDT 2 actuated at 9.8 MHz. Particles previously trapped along the left segment move
in two different directions, away from the actuated IDT 2. (E) Timeline for parts (A) to (D) presenting the linear time relation between each part and
illustrating which acoustofluidic phenomena are observed.

onto the left segment and traveled along the membrane  actuation mode, rotating waves predominantly populated
downward (Fig. 7B). Shortly after ¢ = 73 s, the top IDT 1 was  the left segment, which led to particles being redirected
stopped, and the particles halted. The sinuous shape of the  and trapped in rotating rings, see Fig. 7C and magnified
particles’ trajectory, see Fig. 7A and B and magnified insets,  inset. Soon after, the frequency was changed to 3.15 MHz,
coincides with the ridgeline of the traveling GFWs in the  allowing standing waves to populate the segment. Hence,
currently active vibrational mode,>® the latter of which  particles swiftly shifted from their ring formation into
depends on the actuation frequency. In preparation for the  static clusters. Subsequently, after the 200 s mark, the
next step of the dynamic experiment, the actuation frequency  actuation of IDTs 1 was stopped, and the left IDT 2 was
was changed to 3.05 MHz, and both the bottom and the top  turned on at 9.8 MHz. The traveling GFWs generated are
IDTs 1 were simultaneously actuated. Under this dual seen dividing the clustered particles into two groups
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migrating toward the top and bottom parts of the device
(Fig. 7D).

The MAWA generating GFWs is a powerful toolset with an
intuitive working mechanism that can be leveraged for
efficiently transporting, concentrating, and trapping particles
throughout a single experiment and within the same device.
The multiple actuation modes of the device offer an
exceptional range of acoustofluidic functions and make
membrane acoustic waveguides a versatile tool for
acoustofluidics. Furthermore, the open and flat surface of
the device makes it compatible with various manipulations
and assays carried out inside sessile droplets.*”*’

Conclusions

In this study, we introduced, investigated, and operated a
microfabricated  acoustofluidic  device based on a
piezoelectric thin film membrane waveguide actuator for
acoustophoretic manipulation. The MAWA generating
membrane-borne GFWs producing a highly localized
acoustofluidic response is utilized to dynamically transport,
redistribute, concentrate, pattern, and trap microscale
polystyrene particles inside a sessile droplet. We examined
the mechanisms and capabilities of the GFW-generating
MAWA through finite element simulations, LDV non-contact
vibration measurements, and acoustofluidic experiments.
Our investigation shows that the GFWs observed are anti-
symmetric flexural waves with a relatively low phase velocity
and high displacement amplitude due to the thinness of the
lithographically defined membrane. Their travel path is
bounded by the membrane waveguide, hence facilitating the
waves' propagation along complex non-rectilinear trajectories
under immersion in water. When the waveguide is immersed
in water, the acoustic energy carried by the GFWs couples
into the medium to generate highly localized linear and non-
linear wave-fluid and wave-particle interactions giving rise to
acoustofluidic phenomena, such as acoustic radiation forces
on particles and acoustic streaming-induced drag forces.
Using the piezoelectric thin film MAWA as a toolset to
leverage the different GFWs modes and their corresponding
acoustofluidic forces contribution, microscale particles can
be dynamically manipulated via self-alignment over the
waveguide, transportation along the waveguide, and trap
formation near the guided flexural standing waves' nodes.
Specifically, GFWs traveling on the membrane waveguide
affect particles in two ways: by drawing them toward the
middle of the waveguide and pushing them in the direction
of propagation of the flexural wave via the acoustic
streaming-induced drag force. On the other hand, interfering
flexural waves give rise to standing waves or rotating waves,
which both have trapping capabilities. However, the balance
between the acoustofluidics forces at play differs between the
two types, which leads to different trapping modes. Standing
waves form static particle clusters at the waves' nodes, while
rotating waves form rotating ring clusters where the particles
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rotate around the nodes. The multidirectional transportation
capability of the MAWA can be used for the local enrichment
of particles anywhere along the membrane and the formation
of several particle clusters for high-throughput biomedical
applications.

The MAWA, realized by the pSON fabrication process,
introduces a novel actuation method based on GFWs and
their various modes, which can deliver a wide variety of
highly localized acoustofluidic actuation functions. Actuation
modes like traveling, standing and rotating guided flexural
waves take advantage of the capability of the membrane
waveguide to conform to complex planar geometries and
synergistically operate with multiple pairs of IDTs. This
versatility elevates the MAWA as a powerful toolset for
performing and dynamically switching between advanced
acoustofluidic actuation functions such as highly localized
particle transportation, patterning, and trapping, all inside a
sessile droplet. Moreover, the fabrication process of the
device further drives the development of microfluidic devices
by improving the miniaturization capabilities, ensuring
reproducibility, and enhancing the device's structural
integrity and compatibility with microfluidic systems.
Compared to other acoustofluidic devices, the active
acoustofluidic region and the transducers of the membrane
waveguide devices occupy a very small footprint, can be
fabricated at wafer-scale with unmatched precision, and do
not necessitate backside etching. The intuitive and
straightforward “drop-and-actuate” mode of operation of the
device points to future generations of acoustofluidic MAWA
to offer promising developments for high-throughput
microfluidic biomedical applications targeted for lab-on-a-
chip systems. Such compatible applications include
pulsation-free pumping, analytes separation, cell spheroid
and organoid production, local cell and particle enrichment
and patterning, fluorescence and infrared-based detection
amplification, and parallel lateral flow assay.
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