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APPLIED PHYSICS

Acoustofluidic black holes for multifunctional

in-droplet particle manipulation

Pengzhan Liu'?, Zhenhua Tian?*, Kaichun Yang’, Ty Downing Naquin', Nanjing Hao’,
Huiyu Huang?, Jinyan Chen?, Qiuxia Ma?, Hunter Bachman', Peiran Zhang’, Xiahong Xu**,

Junhui Hu?*, Tony Jun Huang'*

Acoustic black holes offer superior capabilities for slowing down and trapping acoustic waves for various applica-
tions such as metastructures, energy harvesting, and vibration and noise control. However, no studies have con-
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sidered the linear and nonlinear effects of acoustic black holes on micro/nanoparticles in fluids. This study
presents acoustofluidic black holes (AFBHs) that leverage controlled interactions between AFBH-trapped acoustic
wave energy and particles in droplets to enable versatile particle manipulation functionalities, such as translation,
concentration, and patterning of particles. We investigated the AFBH-enabled wave energy trapping and wave-
length shrinking effects, as well as the trapped wave energy-induced acoustic radiation forces on particles and
acoustic streaming in droplets. This study not only fills the gap between the emerging fields of acoustofluidics
and acoustic black holes but also leads to a class of AFBH-based in-droplet particle manipulation toolsets with
great potential for many applications, such as biosensing, point-of-care testing, and drug screening.

INTRODUCTION

The past several decades have witnessed a tremendous advancement in
precision manipulation techniques that exploit optics (I, 2), magnetics
(3, 4), electrical fields (5, 6), atomic force microscopy (7, 8), and
acoustofluidics (9-14) for assorted applications in biology, chemistry,
medicine, and micro/nanosystems (15-18). Among them, acoustofluidics-
based precision manipulation techniques have garnered considerable
interest (16, 19-24) because of their versatility, simplicity, low power
requirement, and contactless nature (10, 11, 25, 26).

Acoustofluidic techniques typically use surface acoustic waves
(27-33) or bulk acoustic waves (34-39) to apply acoustic radia-
tion forces and acoustic streaming-induced drag forces on micro/
nanoparticles and further control their motions and positions. To
achieve better manipulation performance and enable more func-
tionalities, the latest breakthroughs in the field of acoustic physics
are gradually introduced to the development of acoustofluidic tech-
niques, such as recent advances in tunable acoustic vortices for
in vivo manipulation of kidney stones (40), phononic crystals for
channel-less translation of cells (41, 42), and acoustic holography
for printing tissues with complex and high-resolution patterns (43, 44).
However, no studies have introduced recent innovations in acoustic
black holes to the field of acoustofluidics.

A black hole is a region of spacetime where gravity is so strong
that nothing can escape from it (45). In the field of acoustics, an
acoustic black hole is a region that can trap wideband incoming
acoustic waves (46). Acoustic black holes have been attracting in-
creasing attention in the communities of acoustics and structural

"Thomas Lord Department of Mechanical Engineering and Materials Science, Duke
University, Durham, NC 27708, USA. *State Key Lab of Mechanics and Control of
Mechanical Structures, Nanjing University of Aeronautics and Astronautics, Nanjing
210016, China. 3Depar‘(ment of Aerospace Engineering, Mississippi State University,
Mississippi State, MS 39762, USA. “State Key Laboratory for Managing Biotic and
Chemical Threats to the Quality and Safety of Agro-products; Institute of Agro-product
Safety and Nutrition, Zhejiang Academy of Agricultural Sciences, Hangzhou
310021, China.

*Corresponding author. Email: tian@ae.msstate.edu (Z.T.); xuxiahong@zaas.ac.cn
(X.X.); ejhhu@nuaa.edu.cn (J.H.); tony.huang@duke.edu (T.J.H.)

Liu et al., Sci. Adv. 8, eabm2592 (2022) 1 April 2022

dynamics, owing to their outstanding capabilities of trapping wide-
band waves (46-48). The acoustic black holes for trapping flexural
waves with bending wave motions in plate-like structures typically
have properly tailored material thickness profiles at user-specified
positions (46, 49). From the edge to the center of an acoustic black
hole, the substrate’s thickness gradually decreases, leading to tailored
wave characteristics, such as gradient wave speeds and impedances.
Therefore, when flexural waves encounter acoustic black holes, they
can be slowed down and trapped (46, 47, 50) and their intensities
can be locally enhanced (50, 51). Because of these features, acoustic
black holes have successfully been implemented for many applica-
tions such as elastic metastructures, energy harvesting, vibration
mitigation, and noise control. However, to the best of our knowl-
edge, no studies have been conducted to investigate the linear and
nonlinear effects of acoustic black holes on micro/nanoparticles
dispersed in fluids. The knowledge of these effects could be crucial
for developing next-generation acoustofluidic devices for assorted
biological, medical, and chemical applications.

This study presents acoustofluidic black holes (AFBHs) that
leverage controlled interactions between trapped acoustic energy in
AFBHs and particles in droplets to achieve versatile in-droplet par-
ticle manipulation functionalities (such as translation, concentra-
tion, and redistribution of particles in droplets) in a customizable,
high-throughput, low-power, and easy-to-use manner. In particular,
by trapping wideband flexural waves in plate-like substrates, AFBHs
can increase local wave intensities at targeted locations and further
enhance dynamic wave-fluid and wave-particle interactions to
enable strong acoustofluidic effects, such as applying acoustic radi-
ation forces on in-droplet particles and inducing acoustic streaming
in droplets to apply drag forces on in-droplet particles. Our study
shows that these forces induced by trapped wave energy in AFBHs
can efficiently manipulate and enrich in-droplet particles, even
using a low-power wave source. Moreover, by controlling in-AFBH
mode shapes, AFBHs can reshape internal acoustic pressure fields,
change pressure antinode numbers, and change acoustic streaming
fields for robustly controlling particle distributions in droplets. Further-
more, a large number of AFBHs can be arranged in a customized
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array for trapping acoustic energy in multiple sites to manipulate
(e.g., enrich or redistribute) particles in a large array of droplets in a
parallel and high-throughput manner.

To investigate and leverage the AFBH-enabled features, we de-
veloped three types of AFBH-based acoustofluidic devices: an
AFBH-based elliptical substrate device, an AFBH-based dual trans-
ducer device, and an AFBH array-based device. Through finite ele-
ment simulations and experiments, we successfully demonstrated
multiple particle manipulation functionalities enabled by these
AFBH-based acoustofluidic devices, including controlled enrichment
of in-droplet particles, quantitative characterization of in-droplet
particle concentrations, enhancement of fluorescence signal inten-
sities, control of in-droplet particle distributions, and parallel
manipulation of particles in an array of droplets. We expect that this
study could spur the development of AFBH-based lab-on-a-chip
platforms for biomedical and chemical research.

RESULTS

Principle and design of AFBH-based acoustofluidic devices
Asillustrated in Fig. 1, when an AFBH is created in a specific region
of a plate-like structure, incoming structural-borne flexural waves
from all directions can be trapped by the AFBH. With this feature,
wave energy can be efficiently delivered into a particle-laden drop-
let placed in the AFBH for markedly enhancing linear and non-
linear wave-fluid and wave-particle interactions. These interactions
further lead to a series of acoustofluidic phenomena, such as acous-
tic radiation forces on particles, acoustic streaming, enrichment of
particles, and reshaping of particle distributions within the droplet.
Figure 2 (A and B) shows three-dimensional (3D) and 2D schematics

of a representative AFBH-based acoustofluidic device, i.e., an
AFBH-based elliptical substrate device. In this device, a circular piezo-
electric transducer is bonded to the left focal point F; of an elliptical
polymethyl methacrylate (PMMA) substrate to generate flexural
waves in the substrate. When these flexural waves encounter an ar-
bitrary point P on the elliptical substrate’s free boundary, they are
reflected and redirected to the other focal point F, of the elliptical
substrate because the angle between the boundary’s normal direc-
tion and F)P naturally equals the angle between the boundary’s
normal direction and F,P. Because of this wave redirection effect,
flexural waves reflected by the elliptical boundary can be focused,
leading to marked enhancement of the local wave intensity around
the focal point F,.

In addition to redirecting and focusing flexural waves enabled by
the elliptical substrate boundary, an AFBH with its center at the fo-
cal point F, is adopted to further trap the focused flexural waves. As
shown in a cross-sectional view (Fig. 2B), the AFBH has a well-like
geometry with the remaining substrate thickness h(r) following a
relation as

2 <r<
h(r):{ ' , O=r=n (1)

a[r— r+ (hl/a)l/m] (rn =r <nr)

where r is the distance to the focal point F,. As described in this
equation, the AFBH has a flat bottom to the distance r; and a power-
law profile from the distance r; to r,. Because of this power-law
profile (46), the AFBH can trap omnidirectional incoming flexural
waves and further enhance in-AFBH wave intensities. Therefore, by
leveraging both an elliptical substrate to redirect and focus flexural
waves at the focal point F, and an AFBH at F, to further trap the
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Enabling acousto-
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Fig. 1. Schematic for illustrating the principle of an AFBH.
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Fig. 2. Numerical and experimental results for manipulating in-droplet particles using an AFBH-based elliptical substrate device. (A and B) 3D and 2D schematics
for illustrating the mechanism of an AFBH-based elliptical substrate device. (A) Inset: A photo of a fabricated device with a piezoelectric transducer [disc-like lead-
zirconate-titanate (PZT)] bonded at the left focal point of an elliptical PMMA substrate. (C) Left: A simulated flexural wave field (out-of-plane displacement amplitude |u,|)
in the solid domain at an excitation frequency of 163 kHz. Right: The corresponding acoustic streaming field with drag forces illustrated by red arrows. (D) Distributions
of 10-um fluorescent polystyrene particles in an AFBH before applying acoustic waves and after 3 min of acoustic waves. Scale bars, 500 um. For this experiment, the ex-
citation voltage, frequency, droplet volume, and initial particle concentration are 10 Vy, 163 kHz, 20 pl, and 8.25 x 10° ml™, respectively. (E) A simulated flexural wave
field and an acoustic streaming field at an excitation frequency of 141 kHz. (F) Distributions of 10-um fluorescent polystyrene particles in an AFBH before applying acous-
tic waves and after 3 min of acoustic waves. Scale bars, 500 um. For this experiment, the excitation voltage, frequency, droplet volume, and initial particle concentration

are 10 Vyp, 141 kHz, 20 pl, and 8.25 x 10°ml™, respectively.

focused waves, the local wave intensities in the AFBH will be much
higher than those in the substrate’s rest area. Moreover, when a
particle-laden droplet is dispensed in the AFBH, the trapped flexural
waves will be strong enough to induce acoustic streaming and apply
drag forces on particles in the droplet, as well as apply acoustic radi-
ation forces on those particles. These forces will be able to move
particles and rearrange their distributions.

To investigate the wave intensity enhancement effect of our
AFBH-based elliptical substrate device in Fig. 2A, we analyzed the
flexural wave fields in the solid domain and the acoustofluidic effects
in the fluid domain through finite element simulations. The detailed
parameters for our simulations are provided in tables S1 and S2.
Figure 2C (left) shows a simulated flexural wave field (i.e., the out-
of-plane displacement amplitude |u,|) at a frequency of 163 kHz. It
can be seen that there are two adjacent wave antinodes near the
AFBH’s center, and the maximum displacement amplitude in the
AFBH is much larger than that in the rest area. We also simulated
the flexural wave field in an elliptical substrate without an AFBH at
the same frequency of 163 kHz. The result (fig. SIA) shows that the
displacement amplitude |u,| near the focal point F, is larger than that
in the rest area of the elliptical substrate, proving the wave focusing

Liu et al., Sci. Adv. 8, eabm2592 (2022) 1 April 2022

effect enabled by the elliptical substrate configuration. Moreover, by
comparing the simulation results of cases with (Fig. 2C, left) and
without (fig. S1A) an AFBH, it can be found that the maximum wave
displacement amplitude in the AFBH is about 2.75 times that in an
elliptical substrate without an AFBH. This means that an AFBH can
further enhance the local wave intensity by trapping the flexural
waves that are initially focused by the elliptical substrate boundary.

To further investigate the in-droplet particle manipulation en-
abled by trapped flexural waves in the AFBH, we simulated the
acoustic pressure field, the acoustic radiation force field (for 10-um
polystyrene particles), and the acoustic streaming field in a particle
suspension droplet in the AFBH. To perform acoustofluidic simu-
lations, the out-of-plane displacements of simulated flexural waves
are coupled to the bottom of the droplet. The simulated 3D acoustic
pressure field in the droplet and its 2D distribution at the droplet’s
bottom are shown in fig. S2A. It can be seen that there are two adjacent
acoustic pressure antinodes near the center. Typically, one would
expect acoustic radiation forces to move particles to acoustic pres-
sure nodes rather than antinodes, which is normally observed in
traditional surface and bulk acoustic wave-based acoustofluidic
devices (9-11). However, according to our simulation results for
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acoustic radiation forces (fig. S3A) and acoustic streaming-induced
drag forces (Fig. 2C), particles should be moved to the acoustic
pressure antinodes rather than nodes. This is because our AFBH
device leverages flexural waves, which typically lead to in-plane
acoustic radiation and acoustic streaming-induced drag forces that
point to antinodes (39, 52, 53).

To validate our simulation results, we conducted particle manipu-
lation experiments using a fabricated AFBH-based elliptical substrate
device (Fig. 2A, top right). The acquired fluorescence microscopy
images (Fig. 2D, left and right) show the distributions of 10-um fluo-
rescent polystyrene particles in the AFBH before applying acoustic
waves and after 3 min of acoustic waves. For this experiment, the
excitation voltage, frequency, droplet volume, and particle concen-
tration used were 10 peak-to-peak voltage (V,p), 163 kHz, 20 pl, and
8.25 x 10° ml ™", respectively. A recorded video of the particle manip-
ulation process can be seen in movie S1. As shown in this experimental
result, after applying acoustic waves, 10-um polystyrene particles
gradually aggregate near the two antinodes. This experimental observa-
tion (Fig. 2D) agrees well with our numerical prediction (Fig. 2C).
In addition, we carried out comparison experiments using the same
wave generation conditions while dispensing droplets at locations
outside the AFBH. The comparison shows that few particles can be
moved, indicating that flexural waves without the AFBH-based inten-
sity enhancement cannot effectively manipulate in-droplet particles.

Controlling in-droplet particle patterns via different
in-AFBH mode shapes

By generating different in-AFBH mode shapes, an AFBH can re-
shape acoustic pressure fields and acoustic streaming fields to further
control particle patterns in droplets. To investigate this capability,
we simulated the flexural wave field in the solid domain (Fig. 2E,
left), the acoustic pressure field in the fluid domain (fig. S2B), the
acoustic radiation force field in the fluid domain (fig. S3B), and the
acoustic streaming field in the fluid domain (Fig. 2E, right) at mul-
tiple excitation frequencies. The results at 141 kHz reveal the wave
focusing effect enabled by the elliptical boundary (fig. S1B), as well
as the wave trapping effect enabled by the AFBH (Fig. 2E, left). By
comparing the maximum wave displacement amplitudes in Fig. 2E
and fig. S1B, it can be found that the maximum wave displacement
amplitude in the elliptical substrate with an AFBH is nearly 11.43
times that in the elliptical substrate without an AFBH. These simu-
lation results indicate that our device can greatly enhance the local
wave intensities by leveraging both the elliptical boundary-enabled
wave focusing effect and the AFBH-enabled wave trapping effect.
Moreover, by comparing the simulation results at 163 kHz (Fig. 2C)
and 141 kHz (Fig. 2E), it can be found that different wave frequen-
cies can lead to different in-AFBH mode shapes with different num-
bers of antinodes. Therefore, by tuning the wave frequency and
changing the in-AFBH mode shape, our device should be able to
change the acoustic forces applied on particles in a droplet and fur-
ther rearrange the distributions of particles.

To validate the simulation results, we performed experiments
using our AFBH-based elliptical substrate device (Fig. 2A) at a fre-
quency of 141 kHz. The rest of the experimental parameters were
the same as those used for the experiments at 163 kHz. Our acquired
microscopy images (Fig. 2F) show the distributions of 10-pum fluo-
rescent polystyrene particles in a droplet before applying acoustic
waves and after 3 min of acoustic waves. The particle manipulation
process can be seen in movie S2. This experimental result shows
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that in-droplet particles can be gradually moved to and enriched at
the three antinodes, and the constructed particle pattern at 141 kHz
is different from that at 163 kHz. These results prove that an AFBH
holds the capability of controlling in-droplet particle distributions
by changing in-AFBH mode shapes.

Single-site enrichment of particles

We created an AFBH-based dual transducer device for enabling
controlled enrichment of particles at a targeted location. As shown
in Fig. 3A (a schematic and a photo), two piezoelectric transducers
are bonded on a rectangular PMMA substrate to generate standing
flexural waves. An AFBH is located between the two piezoelectric
transducers for trapping the generated standing flexural waves and
enhancing local wave intensities. For the dual transducer configura-
tion, by changing the AFBH’s inner radius r;, it becomes possible to
control the numbers of nodes and antinodes generated in the
AFBH. Moreover, the distance between the adjacent wave nodes
can be reduced by an AFBH, as shown in fig. S4. This is because the
AFBH’s bottom with a thinner wall thickness theoretically supports
flexural waves with a larger wave number and a smaller wave speed
compared with the region outside the AFBH (46, 49). Furthermore,
the AFBH-based dual transducer device can shift the flexural wave
node and antinode positions by tuning the phase difference between
the two excitation sources, as shown in our simulation results (fig. S4).

When a particle suspension droplet is dispensed in an AFBH
with a small radius r; of 3 mm, which only supports one flexural
wave antinode at the AFBH’s center, this antinode will be able to
enrich in-droplet particles at a single site. To understand this mech-
anism, finite element simulations were performed at an excitation
frequency of 147 kHz. We simulated the flexural wave field in the
solid domain (Fig. 3B, left), the acoustic radiation force field in the
fluid domain (fig. S5), and the acoustic streaming field in the fluid
domain (Fig. 3B, right). Our simulation results show that a wave
antinode can be generated at the AFBH’s center. Moreover, both
simulated in-plane acoustic radiation forces and acoustic streaming-
induced drag forces converge at this antinode. Driven by these forces,
in-droplet particles should be gradually moved to the AFBH’s cen-
ter and enriched. To validate this numerical prediction, experiments
were performed using a fabricated device (Fig. 3A, right). The exci-
tation voltage, frequency, droplet volume, and particle concentration
used were 10 Vp,, 147 kHz, 20 ul, and 8.25 x 10° ml™!, respectively.
The acquired time-lapse images (Fig. 3C) show that 10-um fluores-
cent polystyrene particles in a droplet can be gradually moved to the
antinode and enriched to form a cluster (see movie S3 for the en-
richment process). To better understand the mechanism behind the
particle enrichment, we provided side-by-side simulation and ex-
perimental results in fig. S6. The simulation results show that the
in-plane vectors of acoustic streaming point to the antinode. Our
experimental result shows that particles are enriched at the acoustic
antinode. Moreover, the shape of the particle cluster formed by en-
richment is analogous to the shape of the region with weak acoustic
streaming (i.e., the blue region of the simulated acoustic streaming
pattern). Our observation agrees with the findings presented in other
acoustofluidic studies using low-frequency flexural waves for particle
manipulation (39, 52, 53).

Because the enrichment of fluorescent particles can gradually
increase the fluorescence intensity, our AFBH-based device could
potentially be used for quantitative fluorescence-based biosensing
assays (20, 21, 54, 55). As a proof of concept, we performed a series

40f9



SCIENCE ADVANCES | RESEARCH ARTICLE

A

Piezo disc

/
Flexuray Wave

Piezo disc

¥  Substrate

1 Displacement || |

Mix IMax
~ Min Min
332
s |D
2 24
n
o
ko)
E 18-
e
Q
o 8
2
S
29
o 3 6 9 12%10°

Concentration of particle solution (ml™)

Fig. 3. Numerical and experimental results for enriching particles using an AFBH-based dual transducer device. (A) Left: A schematic for illustrating the mechanism
of an AFBH-based dual transducer device. Right: A photo of a fabricated device with a pair of piezoelectric transducers for generating flexural waves. (B) Left: A simulated
flexural wave field (out-of-plane displacement amplitude |u]) in the substrate at a frequency of 147 kHz showing that an antinode can be generated at the AFBH center.
Right: The corresponding acoustic streaming field in the fluid domain showing that streaming-induced drag forces (red arrows) converge at the antinode. (C) Time-lapse
microscopy images showing that 10-um fluorescent polystyrene particles can be gradually enriched at the antinode in the AFBH. Scale bars, 1 mm. For this experiment,
the excitation voltage, frequency, droplet volume, and initial particle concentration are 10 Vpp, 147 kHz, 20 pl, and 8.25 x 10° ml™, respectively. (D) Quantitatively charac-
terized mean fluorescence intensities for droplets with different initial particle concentrations. For all the test groups, the excitation voltage, frequency, droplet volume,
and duration of acoustic waves are kept as 10 Vpp, 147 kHz, 20 pl, and 3 min, respectively. a.u., arbitrary units.

of particle enrichment experiments using droplets with different
initial particle concentrations and monitored the mean fluorescence
intensity of the aggregated particle cluster for each case. As indicated
by our quantitative characterization results in Fig. 3D, the mean fluo-
rescence intensity linearly increases with the increase in initial
in-droplet particle concentration. This result indicates that our
AFBH-based device holds great potential as a robust tool for assisting
fluorescent signal amplification, quantitative biochemical sensing,
and point-of-care testing applications.

Manipulating particles in a droplet array via

an array of AFBHs

By leveraging a circular AFBH array and a radially flexural resonance
mode of a circular substrate, we established an AFBH platform for
simultaneously manipulating (e.g., redistributing and enriching)
particles in multiple droplets placed in an array of AFBHs. As shown
in Fig. 4A (a schematic and a photo), six AFBHs with the same de-
sign are distributed on a circular PMMA substrate with a rotationally

Liu et al., Sci. Adv. 8, eabm2592 (2022) 1 April 2022

symmetric configuration. A circular piezoelectric transducer is bonded
at the center of the circular substrate to generate omnidirectional
flexural waves, which can be trapped and locally enhanced by the
six AFBHs. With this feature, our platform can manipulate (e.g.,
redistribute and enrich) particles in six droplets placed in the six
AFBHs simultaneously.

To investigate the mechanism of our AFBH array, we simulated
the flexural wave field in the solid domain (Fig. 4B, left), the acoustic
radiation force field in the fluid domain (fig. S7), and the acoustic
streaming field in the fluid domain (Fig. 4B, right). Among them,
the simulated wave displacement amplitude field (Fig. 4B, left) at
157 kHz shows that the flexural waves can be trapped in the indi-
vidual AFBHs with high intensities. In the fluid domain, both the
acoustic radiation force (fig. S7) and the acoustic streaming (Fig. 4B,
right) converge to the wave antinodes. These simulation results
indicate that in-droplet particles in each AFBH can be manipulated
by flexural waves with enhanced intensities. Moreover, the parti-
cle manipulation phenomena should be similar in all the AFBHs
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Fig. 4. Numerical and experimental results for manipulating particles in a droplet array using an AFBH array. (A) Left: A schematic for illustrating the mechanism
of an AFBH array-based device. Right: A photo of a fabricated AFBH array-based device with a bonded circular piezoelectric transducer for generating omnidirectional
flexural waves. (B) Left: A simulated flexural wave field (out-of-plane displacement amplitude |u,|) in a circular PMMA substrate at a frequency of 157 kHz. It can be seen
that the mode shapes in all the AFBHs are nearly the same, and there are two antinodes at in each AFBH. Right: The corresponding acoustic streaming field in the fluid
domain showing that streaming-induced drag forces (red arrows) converge at the two antinodes. (C) Acquired fluorescence microscopy images showing that 8-um fluo-
rescent polystyrene particles can be redistributed to form two particle clusters in each AFBH. Scale bars, 500 um. The particle distributions in six AFBHs are nearly the
same, indicating that the six AFBHs have similar particle manipulation performance. For this experiment, the excitation voltage, frequency, droplet volume, initial particle

concentration, and duration of acoustic waves are 10 Vp, 157 kHz, 20 ul, 7.38 x 10° ml™", and 3 min, respectively.

because the mode shapes in these AFBHs are nearly the same
(Fig. 4B, left).

To validate our numerical prediction, we performed experiments
using a fabricated device with an array of six AFBHs (Fig. 4A, right)
to manipulate an array of particle suspension droplets dispensed in
the AFBH array. The excitation voltage, frequency, droplet volume,
particle concentration, and duration of acoustic waves used were
10 V,p, 157 kHz, 20 ul, 7.38 x 10° ml™", and 3 min, respectively. The
acquired fluorescence microscopy images for the individual drop-
lets are given in Fig. 4C. These images show that the particles can be
successfully manipulated and redistributed to form two particle
clusters at the two antinodes in each AFBH. Moreover, the shapes
of particle clusters in all the AFBHs are nearly the same, proving
that the individual AFBHs have similar wave trapping effects and
particle manipulation performance. Although this experimental study
is for the in-AFBH mode shape with two antinodes, other in-AFBH
mode shapes (e.g., a mode shape with three antinodes in Fig. 2E and
a mode shape with one antinode in Fig. 3B) could also be generated
to achieve different in-droplet particle distributions by carefully op-
timizing the parameters of the AFBH array-based device (such as
wave frequency, dimension and material of substrate, and AFBH’s
center location). In addition to the demonstrated case with six
AFBHs, our platform can be extended to configurations with more
AFBHs. For example, when a circular array of 18 AFBHs is con-
structed, our simulation result (fig. S8) shows that all the AFBHs
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can successfully trap flexural waves with enhanced intensities and
support similar in-AFBH mode shapes. We expect this capability to
benefit many potential applications, such as parallel fabrication of
cell spheroids by concentrating cells in multiple droplets, as well as
parallel enrichment of particles with fluorescent biomarkers in
multiple droplets for fluorescence signal enhancement.

DISCUSSION

In this study, we introduced, investigated, and demonstrated AFBHs,
which leverage controlled linear and nonlinear interactions between
trapped acoustic energy in AFBHs and particle suspension droplets
to enable versatile particle and fluid manipulation functionalities,
such as translation, concentration, and redistribution of particles, as
well as the generation of fluidic streaming. Through finite element
simulations and acoustofluidic experiments, the mechanisms of AFBHs
were investigated. Our study shows that AFBHs can increase local
wave intensities by trapping wideband flexural waves and, therefore,
notably enhance wave-fluid and wave-particle interactions to
enable strong acoustofluidic effects, such as applying acoustic radia-
tion forces on in-droplet particles and generating acoustic streaming
to apply drag forces on in-droplet particles. Our experiments show
that these forces can effectively manipulate and enrich in-droplet
particles, thanks to the wave trapping and intensity enhancement
caused by AFBHs. Second, by controlling their internal flexural mode
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shapes, AFBHs can reshape internal acoustic energy distributions,
change acoustic radiation and streaming-induced forces applied on
in-droplet particles and, therefore, change in-droplet particle distri-
butions. Third, our study shows that multiple AFBHs can be arranged
in a customized array to simultaneously trap acoustic energy in
AFBHs at multiple locations and, therefore, manipulate particles in
a large array of droplets in a parallel and high-throughput manner.
In addition to focusing and trapping flexural waves, the AFBH has
the potential to locally shrink the wavelength. As shown in our sim-
ulation results (fig. S4), the wavelength in the AFBH with a reduced
thickness is much smaller than that in the region outside the
AFBH. This is because the flexural mode’s wavelength decreases with
the decrease in material thickness. In the future, we will further ex-
perimentally investigate the wavelength shrinking effect enabled by
an AFBH and leverage this mechanism for finer particle manipula-
tion. We also plan to perform studies on increasing the frequency of
acoustofluidic experiments and scaling down the AFBH-based
devices using high-resolution 3D printing techniques such as digital
light processing-based stereolithography and Nanoscribe two-photon
lithography.

The AFBHs presented in this study not only fill the gap between
the fields of acoustofluidics and acoustic black holes but also lead to
novel AFBH-based acoustofluidic devices, including an AFBH-based
elliptical substrate device, an AFBH-based dual transducer device,
and an AFBH array-based device. By leveraging the trapped flexural
waves in AFBHs and the enhanced wave-particle and wave-fluid
interactions, our devices successfully achieved different particle
manipulation functionalities, including in-droplet particle concen-
tration, control of particle distributions, and simultaneous manipu-
lation of particles in an array of droplets. Compared with other types
of acoustofluidic devices, such as devices based on surface acoustic
waves and bulk acoustic waves, the AFBH-based devices offer mul-
tiple appealing features. The AFBH-based device can easily manipu-
late particles in multiple droplets in a parallel manner with only one
acoustic source. In addition, the AFBH-based device has a simple
and easy-to-fabricate design (i.e., a piezoelectric transducer bonded
on a plate with tailored holes), and the AFBH-based particle manipu-
lation mechanisms can easily be integrated with different plate-
like substrates for developing portable point-of-care devices. With
these advantages, we believe that AFBHs hold great potential for
developing versatile tools for a wide range of applications such as
particle enrichment, fluorescence signal amplification, cell pattern-
ing, quantitative biochemical sensing, parallel particle manipula-
tion, point-of-care testing, and high-throughput construction of
cell spheroids.

MATERIALS AND METHODS

Numerical simulations

The commercial finite element software COMSOL Multiphysics 5.6
(Burlington, MA, USA) was adopted for numerical simulations.
The flexural wave fields in solid domains were computed using the
coupled Piezoelectricity-Solid module. The acoustic pressure fields
in fluid domains were computed using the Pressure Acoustics module.
The acoustic radiation force fields (i.e., vector fields) were derived
through the postprocessing of the simulated in-fluid acoustic fields
based on the Gor’kov radiation force equation (39). With the simu-
lated in-fluid acoustic fields, the in-fluid acoustic streaming fields
were computed on the basis of the Reynolds stress method (52) using
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the Laminar Flow module. More details of our numerical models
and the related equations for acoustic radiation force and acoustic
streaming can be found in section S1.

Device fabrication and characterization

Our devices are composed of substrates with AFBHs and circular
piezoelectric transducers. In this study, PMMA is selected for de-
vice fabrication because PMMA plates are transparent and it is easy
to fabricate AFBHs on PMMA plates. The PMMA plates were fab-
ricated by a computer numerical control machining (HK GS Rapid
Co. Limited, China) to form PMMA substrates with AFBHs. The
profiles of AFBHs were designed on the basis of the relation in Eq.
1. To characterize the manufactured AFBH, we took an image of the
thickness profile of a PMMA substrate with an AFBH (see fig. S9).
The comparison between the measured thickness profile and the
designed profile shows that the material thickness errors in the
AFBH region are less than 70 um. To improve the fabrication accu-
racy, the feasibility of using microfabrication and high-resolution
3D printing techniques for manufacturing AFBHs will be investi-
gated in the future. For generating flexural waves in PMMA substrates,
circular piezoelectric transducers (SMD12T06R412WL, Steiner &
Martins Inc., USA) were bonded on PMMA substrates at optimized
locations using an epoxy kit (Permatex, USA). For device character-
ization, a vector network analyzer (E5063A, Keysight) was used to
acquire reflection coefficient S;; curves (fig. S10) for a free piezo-
electric transducer and a piezoelectric transducer bonded on an
elliptical PMMA substrate.

Particle sample preparation

For our experimental studies, both 8- and 10-um fluorescent poly-
styrene beads (Phosphorex Inc., USA) were chosen because their
material properties are similar to those of cells. These particles were
diluted and mixed in deionized water and then ultrasonically dis-
persed for 1 min for preparing particle suspensions.

Experimental setup

Our experiments were conducted on the stage of an inverted micro-
scope (Nikon TE2000U, Japan). The excitation signals for piezoelectric
transducers were generated by a function generator (SDG1050,
Siglent, Germany). Images and videos were taken using Nikon
imaging software (NIS-Elements Advanced Research, Nikon, Japan)
through a charge-coupled device digital camera (CoolSNAP HQ2,
Photometrics, Tucson, AZ, USA). The fluorescence intensities in
acquired images were postanalyzed using the Image] (National
Institutes of Health, USA) software.

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at https://science.org/doi/10.1126/
sciadv.abm2592
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