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Micro-Acoustic Holograms for Detachable Microfluidic
Devices

Mingxin Xu, Callum Vidler, Jizhen Wang, Xi Chen, Zijian Pan, William S. Harley,
Peter V. S. Lee, and David J. Collins*

Acoustic microfluidic devices have advantages for diagnostic applications,
therapeutic solutions, and fundamental research due to their contactless
operation, simple design, and biocompatibility. However, most acoustofluidic
approaches are limited to forming simple and fixed acoustic patterns, or have
limited resolution. In this study,a detachable microfluidic device is
demonstrated employing miniature acoustic holograms to create
reconfigurable, flexible, and high-resolution acoustic fields in microfluidic
channels, where the introduction of a solid coupling layer makes these
holograms easy to fabricate and integrate. The application of this method to
generate flexible acoustic fields, including shapes, characters, and arbitrarily
rotated patterns, within microfluidic channels, is demonstrated.

1. Introduction

Microfluidics has emerged as an important toolkit for
medicine,[1,2] chemistry,[3–5] nanotechnology,[6,7] and biomedi-
cal science.[8–12] Microfluidic devices offer unique advantages
over conventional laboratory techniques due to their compact
nature, low fabrication cost, rapid turnaround time, and precise
microenvironment control.[13–18] Several approaches have been
developed to actively achieve micromanipulation in microfluidic
devices, including microgrippers,[19,20] electrowetting,[21–23] and
magnetic[24–26] optical[27,28] and acoustic[29–33] forces. Among
these methods, acoustic methods have been widely used due to
their advantages in being contactless, biocompatible, and ability
to achieve manipulation on cellular length scales.[34–36]
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In acoustic microfluidic devices such
acoustic fields typically form pressure field
patterns comprising nodal/antinodal
positions, and are used to translate
and pattern droplets, particles, and
cells.[37,38] These acoustic fields can be
generated as lines,[39–42] grids,[43,44] and
diffractive patterns conformal to channel
interfaces.[32,45–47] The acoustic approaches
that result in these patterns, however,
have limited ability to generate more com-
plex acoustic fields or reconfigurability.
While more complex patterns can be gen-
erated by trapping microparticles using
microstructures in microfluid channel
via acoustic-structure interactions,[48–50]

these methods require the fabrication and introduction of addi-
tional structures within the channel itself, and can only be used to
create fixed acoustic patterns. The use of robot-assisted acoustic
flow control, however, has been demonstrated to be multifunc-
tional in pumping, micro-particle capture, liquid mixing, and
droplet merging, achieved by generating microflows at the end of
capillaries in a way that is modifiable in space using a multi-axis
orientation system,[51] albeit outside of the context of microfluidic
devices. While progress continues to be made, it has been identi-
fied that the development of high-resolution, complex, and con-
figurable patterns in microfluidic platforms has important impli-
cations for biomedical applications.[52,53]

More recently, the principles of acoustic holography have
demonstrated the ability to create genuinely arbitrary acous-
tic configurations, with the ability to control the aggrega-
tion of wavefronts at a target plane via phase- or amplitude-
based holograms.[54–56] Accordingly, acoustic holograms with
centimeter-scale apertures have demonstrated the ability to pre-
cisely generate complex acoustic fields,[55,57–59] though their ap-
plication to microscale devices has to date been limited. Ef-
forts have recently sought to miniaturize acoustic holograms,
through a mechanism by which particle aggregation often uti-
lizes an air-water interface, rather than using closed microfluidic
channels.[60–62] Further, while reconfigurable/switchable acous-
tic holograms benefit from the implementation of binary ampli-
tude holograms, where optical or electronic signals can be used
to generate or control acoustic energies, these contain much less
information than phase holograms and thus the reconstructed
image resolution is limited.[61,62] Moreover, previous acoustic
holograms implementations utilize water coupling layers, which
presents difficulties in setup and handling, and further permits
the generating or trapping of wavefront-distorting bubbles at the
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Figure 1. Schematic diagram of acoustic holography for detachable microfluidic devices. a) Detachable microfluidic channels coupled with acoustic
holograms via a PDMS coupling layer. b) The incident acoustic waves are modulated by the hologram and then pass through the coupling layer and
generate targeted acoustic patterns in the microfluidic channels, which are visualized by the microparticles. c) Experimental result for the logo of Collins
Biomicrosystems Lab, where inset shows the input image. d) Fabricated detachable holographic microfluidic device. Scale bars are 1 mm.

hologram surface because of cavitation[63] or decrease in gas sol-
ubility with temperature change.[64]

In this work, we demonstrate the smallest reported phase-
modulating acoustic hologram that we use to generate designed
acoustic fields in closed microchannels. Here the acoustic waves
modulated by the micro-hologram enter the microfluidic chan-
nel through a Polydimethylsiloxane (PDMS) coupling layer to
generate acoustic patterns with high resolution. The micro-
holograms are printed by a projection micro stereolithography
(PμSL) system[65] and the PDMS coupling layer provides ease of
integration. The use of solid PDMS coupling layer, rather than a
liquid one, radically simplifies system handling and readily per-
mits the coupling, detachment, and rotation of micro-holograms
to generate reconfigurable acoustic patterns a fluid channel. This
work overcomes obstacles commonly faced in microfluidic de-
vices, enabling arbitrary and active particle manipulation. More-
over, whereas previous acoustic hologram approaches utilized
open containers, here we demonstrate the formation of acous-
tic patterns in the closed channels more common to microflu-
idic devices. This approach can accordingly generate flexible, re-
configurable, high-resolution acoustic fields in miniaturized mi-
crofluidic systems, where its straightforward fabrication and in-
tegration make this broadly appropriate for micromanipulation
for biomedical applications.

2. Results and Discussion

The creation of complex acoustic patterns has included the use
of binary acoustic holograms due to their simplicity and ease of
fabrication using traditional lithography processes,[60–62] though
the information embedded within a binary acoustic amplitude-
based hologram approach is limited. In contrast, the required
resolution and scale of phase holograms at the microscale pre-
cludes the use of typical additive manufacturing methods, where
the typical ≈0.1–1 mm scale printing resolution used elsewhere
limits the hologram resolution and range of acoustic frequen-
cies that can be applied.[55,66] To address this latter point, here we

utilize a previously reported projection micro-stereolithography
system[65] (detailed in Experimental Section) to print phase
micro-holograms.

Detachable microfluidic acoustic holography is a combina-
tion of detachable microfluidic channels and acoustic holograms,
where a microfluidic channel fabricated from polydimethylsilox-
ane (PDMS) is coupled to a 3D-printed hologram by the PDMS
coupling layer (Figure 1a). The incident acoustic wave propagates
into the hologram from the transducer along +z and is mod-
ulated. After propagating through the PDMS layers, the target
acoustic field is generated in a microfluidic channel (Figure 1b),
where the resulting acoustic field is visualized via colored PDMS
microparticles (Figure 1c, showing the logo of Collins Biomi-
crosystems Lab). The fabricated holographic microfluidic device
with a 5 mm × 5 mm microfluidic domain (holographic aper-
ture), and an overall size of 13.5 mm × 9.5 mm × 2 mm, is
smaller than an Australian one-dollar coin (Figure 1d). The mi-
crofluidic channels can be easily disassembled, and reused, and
can be placed at an angle to the hologram. Therefore, the acoustic
field in the microfluidic channel can be switched between differ-
ent patterns, or where the pattern can be positioned/rotated in
the channel via appropriate placement. The detailed dimensions
are shown in Figure S3 (Supporting Information).

PDMS has an acoustic impedance comparable to that of water.
Therefore, the acoustic wavefront propagating in the PDMS cou-
pling layer can be effectively introduced into the water-filled mi-
crofluidic channel with a PDMS coupling layer between the holo-
gram and the microfluidic channel.[67,68] In addition, the solid
PDMS coupling layer facilitates device integration without the
potential for generating air bubbles in the water coupling layer,
and where the microchannel height constrains the fluid domain
rather than necessitating the calibration of the required volume
of fluid in an open vessel, as in previous acoustic holography im-
plementations.

Figure 2a illustrates the device structure and wave propaga-
tion. When incident acoustic waves of 6.9 MHz pass into the 3D-
printed hologram that encodes phase information, the acoustic
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Figure 2. Principle of the detachable holographic microfluidic devices. a) The incident acoustic waves modulated by the hologram pass through the
PDMS coupling layer and generate acoustic patterns in the microfluidic channels, where microparticles are patterned by acoustic forces. b) The 3D-
printed micro-hologram without PDMS coupling layer, where the aperture of the hologram is 5 × 5 mm. Scale bar is 1 mm. c) Helium ion microscope
image for micro-hologram. Scale bar is 100 μm.

waves are modulated. The modulated acoustic waves then pass
through the PDMS coupling layer and enter the microchannel to
generate a designed acoustic field, whereby particles suspended
in the solution are patterned by the acoustic forces. A surfactant
solution mixed with polydisperse PDMS particles (<30 μm in di-
ameter) is injected into the microfluidic channel through the in-
let. See Experimental Section for design and fabrication details.

Figure 2b shows a hologram with 125 × 125 pixels printed by
a custom projection micro-stereolithography system (detailed in
Experimental Section), where each pixel has a lateral dimension
of 40 μm. The maximum pixel size of a hologram is determined
by sampling theorem, which limits the pixel size to less than
half the wavelength to avoid aliasing effects. Therefore, the max-
imum lateral dimension of pixel is limited to ≈107 μm for the
6.9 MHz frequency used in this work. Further, increases in the
phase shift (Δ𝜑) are generated by increasing the height of each
pixel (Hp, and Δ𝜑 ∝ Hp), resulting in a maximum pixel height
of ≈280 μm for a 2𝜋 phase shift at 6.9 MHz, where the speed of
sound of the printed hologram is ≈2400 m s−1. It is worth not-
ing that the z-axis printing accuracy is related to the continuity
of the phase change, with thinner layer heights resulting in im-
proved, and where the printed layer thickness here is ≈15 μm.
Figure 2c shows a representative helium ion microscope image
for a printed micro-hologram.

The design and results of detachable microfluidic holography
are shown in Figure 3. Initially, the target image (Figure 3a,
logo of Collins Biomicrosystems Lab (CBML)) is used as the in-
put image, whereafter the phase map of the desired hologram
(Figure 3b) is calculated by the iterative angular spectrum method
(IASA, see Experimental Section for details). Next, the phase map
and accompanying PDMS mold are transformed into an STL file
and printed using the projection micro-stereolithography (P𝜇SL)
system. The PDMS is then mixed, degassed, and poured into the
hologram mold (Figure 3c). The PDMS layer is cured at room
temperature (Figure 3d) and acts as the coupling layer between
the hologram and the microfluidic channel (Figure 3e). After
inflowing the fluid containing PDMS microparticles, the target
acoustic field is visualized with the application of an acoustic
field from a 500 μm thick LiNbO3 transducer actuated at 6.9 MHz
(Figure 3f). The experimental results (Figure 3g) show that the de-

sired acoustic field (Figure 3 h) is generated. The mean squared
error (MSE) and structural similarity (SSIM, calculated using
MATLAB 2022a, MathWorks, CA, USA) between the normal-
ized grayscale simulation result and experimental result are 0.026
and 0.47, respectively. The distance between the hologram and
the microfluidic channel is 2 mm, in which the thickness of the
PDMS coupling layer and the PDMS substrate of the microflu-
idic channel are both 1 mm. The height of the fluid domain in
the microfluidic channel is 130 μm. Figures S1 and S2 (Support-
ing Information) show the resolution of the acoustic field and
the schematic diagram of particle transfer in the channel, respec-
tively.

We further investigated the performance of microfluidic
acoustic holography for generating various patterns. The “UoM”
letters (Figure 4a) representing the initials for the University
of Melbourne, clearly demonstrate the ability for this method
to generate flexible acoustic patterns in microfluidic channels.
Experimental results show that the micro-acoustic holograms
achieve highly controllable phase modulation, enabling these de-
signed patterns to be clearly displayed within the microfluidic
channel.

The angles of microfluidic channels and acoustic holograms
can be flexibly reconfigured, as shown in Figure 4b–d. These re-
sults demonstrate that different acoustic field orientations can
be generated by adjusting the angle of the microfluidic channel,
where the target acoustic field is designed as a series of parallel
fringes with a spacing of 500 μm. Whereas the spacing between
fringes is typically a function of the acoustic wavelength in other
acoustofluidic devices,[40,69] here the use of an acoustic hologram
permits arbitrary spacing between patterning lines. The angle of
the acoustic fringes generated in the microfluidic channel can
also be readily adjusted by changing the angle between the mi-
crofluidic channel and the hologram part. Notably, the use of a
hologram approach in a microchannel rather than one that neces-
sitates the introduction of acoustic energies parallel to the chan-
nel plane (i.e., surface acoustic waves) negates the impact of un-
desired acoustic diffraction, which otherwise results in acoustic
fields that are parallel with channel walls.[70,71]

To determine the effect of design parameters on hologram per-
formance while retaining the design of an acoustic hologram
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Figure 3. Design and results of detachable holographic microfluidic device. See Experimental Section for details regarding the design and manufacturing.
a) A binary image of the lab logo is input as a target image and computed as b) a phase map. c) The hologram model including phase information is 3D
printed and filled with PDMS. d) After the PDMS is cured, e) the microfluidic channel is placed on top. f) Injecting microparticles into the microfluidic
channel, where the incident acoustic wave is modulated by the hologram and passes through the PDMS coupling layer to pattern the microparticles. g)
The experimental image shows that the microparticle pattern obtained corresponds to h) the simulation result.

image at a target plane in the microchannel, Figure 5 shows the
effect of PDMS coupling layer thickness (HPDMS) and fluid do-
main thickness (Hfluid) on image quality. The image quality is
represented by peak signal-to-noise ratio (PSNR), where an in-
creased PSNR indicates better image quality (better consistency
with the input image). The numbers 0–9, letters A–J, and lab logo

are used as the input images, the corresponding input images are
shown in Figure S5 (Supporting Information).

Figure 5a demonstrates the degradation of image quality as
HPDMS increases from ≈2 mm. The diffraction of acoustic waves
in an acoustic hologram is critical for producing shape acous-
tic patterns.[55] When the acoustic wave propagates to a region

Figure 4. Holographic pattern generation in microfluidic devices, for a) letters “UoM” (standing for the University of Melbourne). b–d) Rotating acoustic
fringes, where the microfluidic channels and holograms can be angled to generate acoustic fields with different configurations while using the same
hologram. The measured line spacings of the experimental results are shown in Figure S4 (Supporting Information). Scale bars are 1 mm.
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Figure 5. Effect of coupling layer thickness (HPDMS) and fluid domain thickness (Hfluid) on image quality. a) Relationship between HPDMS and PSNR for
Hfluid = 130 μm, where PSNR indicates the image quality. b) Results of changing Hfluid, where HPDMS = 2000 μm.

far away from the hologram with far-field conditions, the wave-
fronts of the Fraunhofer diffraction gradually are gradually flat-
tened, where a flattened wavefront indicates that the phase of the
incident waves has limited variation in space, resulting in a de-
graded diffraction pattern. On the contrary, when the hologram is
close to the target plane (HPDMS <2 mm), the effective diffraction
angle of the acoustic wave is reduced. In this region the limited
wavefront interference degrades the quality of the reconstructed
image. Finally, increased target image complexity reduces the re-
sulting image quality as well, with the more complex lab logo
resulting in a lower PSNR than the more straightforward letters
and numbers.

The relationship between fluid domain height and image qual-
ity in microfluidic channels is further shown in Figure 5b, where
fluid domain height (Hfluid) varies from 50 to 2000 μm and HPDMS
= 2000 μm. The results show that the image quality is not signifi-
cantly affected by the height of the fluid domain within common
μm-mm ranges of fluid domain height.[72–74]

In recent years, precise patterning of particles or cells within
hydrogels has become of interest in fields including biomed-
ical engineering, tissue engineering, cell engineering, and 3D
printing.[75] The patterning different types of particles or cells
within a hydrogel matrix has emerged as a promising tool. How-
ever, current approaches are still limited by complex fabrica-
tion or operations, or limited pattern complexity. In this work,
an acoustic holography-based microchannel-based approach pro-
vides a new tool for micromanipulation in microfluidic systems.
Here, control over the fluid environment is enabled by the use of
a microfluidic channel, where the use of optical patterning and
acoustic holography can be used to create defined patterns, in-
cluding heterogeneous microscale patterns in a hydrogel.

Figure 6 shows the patterning of different particles in pho-
tocurable hydrogels. A hydrogel (poly(ethylene glycol) diacrylate
(PEDGA), see Experimental Section for preparation) with blue
particles is injected into the microfluidic channel (Figure 6a) and
patterned by acoustic waves (Figure 6b). The patterned blue par-
ticles are locally fixed as the photocurable hydrogel is exposed
to ultraviolet (UV) light in a selected region (Figure 6c). The un-

cured hydrogel is subsequently flushed with hydrogel containing
green particles (Figure 6d), where the green particles are recol-
ored red for ease of visualization by image processing software
(identical image processing on all areas of the image; Photoshop
2022, Adobe, CA, USA) which are then patterned (Figure 6e) and
fixed with UV exposure (Figure 6f), resulting in different parti-
cles are patterned and fixed in the hydrogel. Figure 6h–j shows
the experimental results corresponding to Figure 6b,d,g.

3. Conclusion

Acoustic holography has the unique ability to generate designed
acoustic fields, with prior demonstrations evidencing the ability
to pattern particles and cells for engineered tissues and materi-
als. Whereas previous implementations of acoustic holography,
however, have been generally implemented in open-air chambers
and containers, with dimensions of the resulting acoustic target
field being on the order of centimeters, here we demonstrate the
generation of acoustic holograms for microchannel-based actu-
ation. This permits the ability to realize advantages in terms of
liquid handling and control that closed channels afford. Further,
the use of immersed transducers in prior setups complicates the
switching between different acoustic holograms. To realize this,
we fabricate detachable holographic microfluidic devices using
a micro-acoustic hologram, comprising a 5 × 5 mm aperture
and resulting mm-scale hologram images. Acoustic waves cou-
pled from the transducer are modulated by the 3D-printed holo-
gram, enabling the generation of high-resolution acoustic pat-
terns in a microfluidic channel, where these channels can be cou-
pled/detached/rotated with micro-holograms to generate recon-
figurable acoustic patterns. Compared to the prior use of liquid-
coupled acoustic holograms, the use of a solid PDMS coupling
layer instead facilitates ready integration with microfluidic chan-
nels, where the defined height of these layers simplifies align-
ment and use. We demonstrate this method in the generation of
lines, shapes, and characters in microchannels, evidencing the
ability to create acoustic holograms within and on the scale of
microfluidic devices.
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Figure 6. Patterning different types of particles within a hydrogel. a) Hydrogel (see Experimental Section for preparation) containing blue particles is
injected into the microfluidic channel and b) patterned with the holographic acoustic field. c) Hydrogel is cured locally by UV exposure. d) Hydrogel
containing green particles is injected into the uncured area. The green particles are then e) patterned and f) exposed. g) Cured hydrogels with different
types of particles. h–j) Experimental results corresponding to (c,d,g), respectively. Experiments are conducted using blue and green PDMS particles,
where the green particles are digitally recolored red to improve visualization.

4. Experimental Section
Design of Acoustic Hologram: The iterative angular spectroscopy

method (IASA)[76] was used to calculate the acoustic hologram phase dis-
tribution. The calculation procedures were as follows.

1) The complex pressure field of the holographic plane was transformed
into an angular spectrum through Fourier transform.

2) The angular spectrum was propagated along +z to the image plane by
multiplying with the transfer function.

3) The angular spectrum in the image plane was transformed into a com-
plex pressure field via an inverse Fourier transform.

4) The amplitude of the image plane was reset to the input value.
5) The Fourier transform was applied to convert the reset complex pres-

sure field in the image plane into an angular spectrum. 6. The angular
spectrum of image plane along -z was back-propagated to the holo-
gram plane.

6) The angular spectrum in the hologram plane was transformed into a
complex pressure field via an inverse Fourier transform, and reset the
amplitude of the complex pressure field to this field.

The above steps were then repeated until a satisfactory target image is
obtained, where an iteration number of 150 was used in this work. After
150 iterations, the phase in the complex pressure field of the hologram
plane was converted to a 3D model by

Tp = Δ𝜑
(kPDMS − kh)

+ T0 (1)

where Tp is the thickness of the pixel, Δ𝜑 is the phase shift. T0 = 8 mm is
the substrate thickness and Δ𝜑 is set to zero at T0. The parameters kPDMS
and khare the wavenumbers in PDMS and the hologram material, respec-
tively. The thickness map, including the thickness of each pixel (Tp), was
exported as an STL file using a MATLAB code. This model was then com-
bined with the pre-drawn PDMS container in Chitubox software (CBD-
Tech, Guangdong, China) and exported as a new STL file.

Fabrication of Micro Holograms: The pillar resolution and scale of the
micro-holograms precluded the use of conventional additive manufactur-
ing methodologies, as they fall short of providing the necessary resolu-
tion. To facilitate the creation of such holograms, a custom projection

micro-stereolithography (PμSL) system[65,77–79] was utilized, capable of
achieving an optical resolution of 1 micron and a total printing area of
100 mm x 100 mm. In the PμSL system, UV light was emitted by a high-
resolution projector and focused onto the liquid photocurable resin. Un-
der exposure to UV light, the resin cured and formed a thin layer of the
desired hologram. The platform was then moved on the z-axis to create
the desired pattern in the different layers. Each hologram design is ini-
tially segmented into layers using Chitubox software (CBD-Tech, Guang-
dong, China), with each layer measuring 15 μm in height, and subse-
quently printed onto a photocurable acrylate-based material (HTL Resin,
Boston Microfabrication, MA, USA). Each STL file including thickness map
and PDMS mold was initially segmented into layers using Chitubox soft-
ware (CBD-Tech, Guangdong, China), with each layer measuring 15 μm
in height, and subsequently printed using a photocurable acrylate-based
material (HTL Resin, Boston Microfabrication, MA, USA) using a high-
resolution printing system.[65] The dimensions of hologram aperture were
5 × 5 mm and the whole hologram part was ≈13.5 × 9.5 × 2 mm, with a
fabrication time of 1.5 h per design. After printing, the holograms were
sonicated in isopropyl alcohol for 10 min to remove any excess material
and gently dried under a stream of nitrogen. Once dried, the holograms
were placed into an 80 °C oven for 24 h to evaporate any surface solvents
that would prevent the PDMS from adequately curing in the mold. The
PDMS (SYLGARD 184, Dow, MI, USA) with 10:1 mix ratio was then poured
into the printed part and left on a level surface for at least 48 h to cure. The
thickness of PDMS coupling layer was 2 mm.

Fabrication of Microfluid Channels: SU-8 3050 was spin-coated on sili-
con wafers at 500 rpm for 10 s followed by 1250 rpm at 30 s, and baked,
exposed, and developed according to the manufacturer’s manual, where
the size of each microfluidic channel was 5 × 5 mm and the thickness
was ≈130 μm (see Figure S6, Supporting Information, for the fabrication
results). A 10:1 mix of PDMS (SYLGARD 184, Dow, MI, USA) was then
poured onto the fabricated mold and cured for 48 h at room temperature
on a level surface. The bottom substrate of the microfluidic channel with
a thickness of 1 mm was fabricated using PDMS cured on a blank silicon
substrate. The bottom substrates and upper microfluidic channels were
surface treated by a plasma cleaner (PE-50, Plasma Etch, NV, USA) for
15 s with oxygen and then bonded.

Fabrication of Colored PDMS Microparticles: A 10:1 mix of PDMS (SYL-
GARD 184, Dow, MI, USA) was added to ≈2 wt.% of a silicone pigment
(Orange Silicone Pigment, Barnes, NSW, Australia) and stirred well, then
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added to the solution with 1 wt.% Pluronic F-127 (Sigma–Aldrich, MO,
USA). The mixture was homogenized for a total of 20 min at room temper-
ature, followed by stirring for 4 h at 40 °C and leaving at room temperature
for at least 1 day to cure.

Preparation of Photocurable Hydrogel: The hydrogel monomer,
poly(ethylene glycol) diacrylate (PEGDA, Mn = 700 g mol−1, Sigma–
Aldrich, MO, USA), was fully dissolved in deionized water at a weight
ratio of 1:4. The PEGDA solution was then mixed with 0.25 wt.% photo-
initiator (Lithium phenyl (2,4,6-trimethylbenzoyl) phosphinate (LAP),
Sigma–Aldrich, MO, USA). To cure the hydrogel with the microfluidic
channels, a Digital Light Processing (DLP) module (DLPLCR4500EVM,
Texas Instruments, TX, USA) was used to expose the local area for 80 s
from the top of the channel.

Experiment Setup: The combination of microfluidic channels and
micro-holograms was placed on the surface of an acoustic transducer,
where a thin layer of ultrasound transmission gel (Aquasonic 100, Parker
Laboratories, NJ, USA) was used for coupling between the transducer and
hologram. The acoustic transducers were fabricated by depositing Cr/Al
films on both sides of a 500 μm thick lithium niobate (128°Y-cut LiNbO3)
wafer. The suspension with PDMS microparticles (see the previous section
for preparation) was injected into the channel with a syringe connected by
polytetrafluoroethylene (PTFE) tubing. A power amplifier (TBMDA4B, Tek-
box, Ho Chi Minh City, Vietnam) and a function generator (AFG 31 252,
Tektronix, OR, USA) provided a 6.9 MHz sine wave at ≈1 W to drive the
transducer. The patterns in the microfluidic channels were recorded by a
camera (37MP HDMI USB Camera, Eakins, Guangdong, China) mounted
on a stereo microscope (Stemi 508, ZEISS, Jena, Germany).

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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