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Abstract

Applications in chemistry, biology, medicine, and engineering require the large-scale manipulation of a wide range of chemicals,
samples, and specimens. To achieve maximum efficiency, parallel control of microlitre droplets using automated techniques is
essential. Electrowetting-on-dielectric (EWOD), which manipulates droplets using the imbalance of wetting on a substrate, is the most
widely employed method. However, EWOD is limited in its capability to make droplets detach from the substrate (jumping), which
hinders throughput and device integration. Here, we propose a novel microfluidic system based on focused ultrasound passing
through a hydrophobic mesh with droplets resting on top. A phased array dynamically creates foci to manipulate droplets of up to
300uL. This platform offers a jump height of up to 10cm, a 27-fold improvement over conventional EWOD systems. In addition,
droplets can be merged or split by pushing them against a hydrophobic knife. We demonstrate Suzuki-Miyaura cross-coupling using
our platform, showing its potential for a wide range of chemical experiments. Biofouling in our system was lower than in
conventional EWOD, demonstrating its high suitability for biological experiments. Focused ultrasound allows the manipulation of
both solid and liquid targets. Our platform provides a foundation for the advancement of micro-robotics, additive manufacturing, and
laboratory automation.

Keywords: microfluidics, ultrasound, hydrophobic, automation

Significance Statement

Our droplet-based platform using focused ultrasound represents a novel approach in microfluidics. The platform manipulates targets
(both liquids and solids) on a hydrophobic mesh. It supports droplet volumes up to 300 uL and provides manipulation of up to four
droplets simultaneously. Jump heights of up to 10cm can be achieved, a 27-fold increase over conventional
electrowetting-on-dielectric systems. Focused ultrasound offers jumping functionality, low biofouling, and potential for chemical ex-
periments, making it suitable for automation, micro-robotics, or additive manufacturing. The platform provides a foundation for fu-
ture advancements in the field of microfluidics and a new perspective on the use of focused ultrasound technology.

Introduction platforms has been developed (4, 8,1, 5,9, 6, 7). The most common
Microfluidics consists in the manipulation of small volumes of DMF technique is electrowetting on dielectric (EWOD), which ma-
liquids, typically from picoliters to microliters. It is becoming ubi- nipulates droplets using an imbalance of forces induced by
quitous in science and engineering (1, 3, 4, 2) to automate and im- the spatially varying wetting properties of a substrate. In
prove the throughput of experiments involving droplets. general, these platforms manipulate droplets on top of a 2D sur-
Consequently, a wide range of digital microfluidic (DMF) face. In recent years, jumping from the substrate has been
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developed to improve throughput for analysis and device integra-
tion (13, 11, 12, 10).

However, despite significant research in this area, the achiev-
able jump heightis limited to less than 5 mm and require complex
electrode geometries, limiting the deployment of EWOD-based
techniques. Other approaches have been developed, such as pyro-
electric (15, 14) and photovoltaic (16) droplet manipulations. The
pyroelectric effect uses laser heating to control the surface charge
density (SCD) so that the droplet is moved by dielectrophoretic
force. SCD can also be controlled by the photovoltaic effect to ma-
nipulate droplets using the electrophoretic force. Because these
methods do not rely on droplet deformation, they enable jumps
of up to 16 (1.4 uL) and 50 (0.6 uL) mm, respectively.

In this study, we proposed a microfluidic device with large
jump capabilities based on focused ultrasound (Fig. 1A). A focused
ultrasound beam is generated by a phased array of transducers
(PATs) and passes through an acoustically transparent mesh
with hydrophobic treatment (see Methods); liquid droplets on
top of the mesh are manipulated by the foci. This acoustic method
is a new alternative to DMF platforms based on optical manipula-
tion (18, 17, 15, 14, 16).

Due to the hydrophobic treatment, the droplets rest on top of
the mesh without permeating; yet, acoustic waves can pass
through the mesh. The PAT generated foci (Fig. 1B), 10 mm above
the target droplet (see Methods section). As shown in Fig. 1C, this
produces a stable and convergent acoustic radiation force (ARF) at
or near the focal point along the horizontal direction. The acoustic
focal point position can be updated dynamically to move the drop-
lets horizontally. A vertical ARF was also generated at the acoustic
focal point (Fig. 1D). Detachment of the droplet from the surface
during horizontal transportation can be prevented by lowering
the acoustic pressure (Pa) (e.g. by lowering the voltage supplied
to the PAT). When the droplet is required to jump above the sur-
face, the acoustic pressure at the focal point gets increased until
the focus creates an ARF higher than the critical value (>F, + Fq,
where Fy and F, are the gravitational and adhesion forces, respect-
ively). As the droplets rest on the mesh without sticking to the sur-
face, propulsion of a relatively large droplet can be achieved using
this approach, and multiple droplets can be manipulated with
minimal force. The acoustic manipulation of liquid droplets has
been studied in the field of acoustic levitation (20, 19, 22, 21); how-
ever, their applications are limited because the volume and num-
ber of droplets that can be handled simultaneously are
significantly constrained. All droplets must be levitated constant-
ly, which restricts the number of droplets (three droplets max-
imum) and their size (3 mm diameter). In our approach, the foci
do not require energy to constantly levitate all droplets, and en-
ergy is used more effectively to just move the droplets. Using
our platform, we demonstrate the fundamental operations for mi-
crofluidics: horizontal manipulation, jumping, merging, and split-
ting. This platform achieves unprecedented features: droplets of
different volumes (15, 30, 45, 60 uL) translated along a 26 mm lin-
ear path in 1s, manipulation of a large droplet 300 xL, simultan-
eous manipulation of four droplets, and a jumping height of 128
mm. This jumping height is two times higher than that for
state-of-the-art photovoltaics, even when using a droplet that is
24 times larger (15 uL). This technique is independent of the target
material, enabling the horizontal manipulation and jumping of
solid spheres and droplets. In applications with densely packed
droplets, the jumping functionality can enhance droplet manipu-
lation efficiency, reduce cross-contamination, and increase auto-
mation by allowing direct substrate-to-substrate jumps. This
eliminates the need for sequential transfers through intermediate

steps. Additionally, for multi-stage droplet-based reactors, jump-
ing enables direct stage-to-stage movement, preventing droplet
interactions and contamination. This leads to improved reaction
efficiency, better process control, and advantages such as parallel
reactions and adaptable design.

Results
Horizontal manipulation

The horizontal manipulation of a droplet on a hydrophobic mesh is
achieved by controlling the focal position horizontally. In acoustic
levitation, hollow traps such as twins, bottles, or vortex traps are
often used to generate stable forces along the axis, allowing objects
tobe held in mid-air (23). However, our platform uses a mesh to sup-
port the droplet, eliminating the need for vertical force convergence
and only requiring converging forces in the xy-plane (horizontal
forces) within the plane of the mesh, as illustrated in Fig. 1C, the
focused ultrasound generates an attractive force in that plane.
The horizontal manipulation of the droplet is shown in Fig. 2
and Movie S1. The PAT phases were controlled such that
(Xf, yr, z5) = (- 12.8 cos (2zft), 0, 115) mm, where f is the frequency
in Hz, with 0 <t < } and was set to (xf, yy, zf) = (= 12.8, 0, 115) mm
after t> 1/f.

Fig. 2A shows the time lapse of a moving droplet (45xL) and
Fig. 2B and C show the horizontal trajectory of the droplets moving
attwo frequencies (f = 1.0, 0.2 Hz) with four volumes (15, 30, 45, and
60uL) and an applied voltage on the PAT of 10 V (see Methods). As
shown in Fig. 2B and C, the droplets mostly follow the specified tra-
jectory, except for 60 uL, which has a large mass and is difficult to
move at a high speed. Some overshoot and underdamped oscilla-
tions were observed at t=1/2f and 1/f in Fig. 2B for all droplets.
Although underdamped oscillations were more prevalent during
the movement (more in Fig. 2C than in B), the magnitude of the
steady-state error was similar in both cases. These trajectory errors
are non-negligible. However, a closed-loop controller can be imple-
mented to control the droplet more accurately. Satellite droplets
were not generated in the process of moving the droplets.

Solid objects can also be manipulated using focused ultra-
sound. Movie S2 shows the manipulation of nylon beads
(MonotaRO Co., Ltd.; density 1, 140kgm ™) with radii of 1.5, 2.0,
and 2.5 mm. The ability to move both objects, regardless of their
properties (solids or liquids), is unique to acoustophoretics.

Focused ultrasound can manipulate small droplets of less than
60uL (See Supplementary Material and Fig. S10 for tiny droplets)
as well as droplets larger than a wavelength. As shown in Movie
S3, the 300 4L puddle droplets were manipulated in a circular path
with a radius of 20 mm for 5 s at an input voltage of 10 V. Such large
droplet manipulation is extremely challenging with acoustic
levitation.

The iterative back-propagation (IBP) method (24), which is fre-
quently used in acoustic levitation, was used to generate multiple
foci and handle multiple droplets simultaneously. IBP code is
made available in data availability section. Movie S4 used the IBP
method with an input voltage of 20 V to generate four foci at 90 de-
grees on a 20 mm circular path, and four 40 xL droplets were manip-
ulated simultaneously using this method. Multiple droplets can be
controlled simultaneously; however, if the droplets are positioned
closer than 10 mm to each other, they merge (Movie S5).

Jumping from the mesh

The focused ultrasound beam applies a force along its traveling
direction (Fig. 1D). When the ARF exceeds the critical value (i.e.
ARF > sum of gravitational and adhesion forces, the voltage level
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Fig. 1. Schematic of the system. A) The target focal position is defined, and the necessary emission phases are calculated for each transducer of the PAT.
Due to the radiation force of the focused beam, the droplets jump, move, merge, or split. B) Simulated normalized sound pressure around the focal point
(indicated by yellow dashed box in (A)) with focal point at (xf, yf, zf) = (0, 0, 115) mm. C,D) Simulated acoustic radiation force for 15, 30, 45, and 60 uL
droplets along the x and z directions with the focal position at (x, yf, z) = (0, 0, 115) mm, and the mesh placed at z = 105 mm. The excitation voltage of the
array in Cis 10 V and in D is 16 V for horizontal movements and jumping, respectively.

at which the droplet detaches from the surface is provided in the
supplementary material and Fig. S6), the droplet detaches from
the surface and jumps in mid-air. Fig. 3 shows the detachment
process of droplets from the mesh. The droplet initially rests on
top of the mesh ((x,y, z) = (0, 0, 105) mm), and the focal point is
aimed at (xy, 5, zr) = (0, 0, 115)mm for all cases in Fig. 3. We dem-
onstrated the jumping of droplets with 15, 30, 45, and 60 uL (see
Movie S6 and Methods for the experimental setup). The voltages
applied to the transducers were 12 and 16 V. Sixty percent of the
transducers were initially turned off to apply a lower amplitude
and thus keep the droplet trapped. Detachment was then achieved
by turning on all the transducers. The experiment was repeated
five times. The jumping height is defined as the difference between
the centroid of the droplet at the peak height and the beginning of
the jump. When the applied voltage was 12 V, the average jumping
height was 30.7 (SD=0.78), 33.2 (SD=1.87), 15.8 (SD=4.23), and
3.25mm (SD =0.75) for 15, 30, 45, and 60 uL, respectively (Fig. 3A-
D). Note that a 60 uL droplet failed to detach once.

When the applied voltage was increased to 16 V, the average
jumping height increased to 108.8 (SD = 15.05), 78.0 (SD =15.71),
59.7, 27.4 mm for 15, 30, 45, and 60 uL, respectively (Fig. 3E-H). A
height of 108.8 mm are 27,7, and 2 times greater than the jumping
heights reported by the EWOD (12), pyroelectric (15), and photo-
voltaic (16) methods, respectively. The maximum recorded jump-
ing height was 128.2mm with a 15uxL droplet at 16 V. Large
droplets could be detached, as shown in Fig. 3G and H. However,
the droplet split into multiple droplets in the process; this oc-
curred in three out of five attempts for 45 and 60uL droplets.

The surface tension increases as the droplet radius exceeds the
capillary length (2.3 mm in the case of water), and droplets above
this radius easily break into small droplets owing to surface in-
stability. Further engineering is required to make a large droplet
jump without dispersion, for example, by applying a dynamic
ease-in/ease-out in the amplitude of the focal point over time.

Although the experimental motion of the droplets and the nu-
merical simulations were generally consistent, some discrepan-
cies were observed. For example, when the numerical
simulations predict that droplets will not jump, they jumped in
the experiment (see Supplementary Material and Fig. S7). This
may be because we assumed the droplet to be spherical in the
simulation, but the droplet was not perfectly spherical owing to
the wetting caused by the mesh and gravity. Therefore, the sur-
face area impinged by the focal point is larger than that when
the droplet is a perfect sphere, thereby increasing the force ap-
plied to the droplet. Movie S7 tests this hypothesis and compares
the behavior of a solid sphere and a droplet with the same volume.
When the applied voltage is 12 V, all solid spheres with a radius of
1.5, 2.0, and 2.5 mm do not jump as predicted through numerical
simulation. Meanwhile, solids with a radius of 1.5, 2.0 and 2.5 mm
jumped with 16 V, as the numerical simulation predicted (see
Supplementary Material and Figs. S8 and S9).

Merging multiple droplets

Various droplets can be manipulated simultaneously by generat-
ing multiple focal points. Here, we generated two focal points
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Fig. 2. Horizontal manipulation of a droplet (applied voltage is 10 V). A) Image series of a 45 uL droplet. The droplet was moved from left to right in the

images for 25.6 mm (3.04) in 2.50 s. B) Tracked position of droplets of different volumes along with the focal point when they move atf =1.0and C) f =0.2
Hz. See supplementary Movie S1.
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Fig. 3. Jumping of a droplet from the mesh with A,E) 15 4L, B,F 30 4L, C,G) 45 uL, and D,H) 60 uL. The applied voltage to the PAT was (A-D) 12 V and (E-H)
16 V. The sequence interval is 10 ms. The experiment was repeated five times. Notably, (D) only jumped once out of the five attempts because of its high
mass and low supplied voltage. In (G-H), the droplet burst into multiple droplets in three out of five attempts. The video clip is provided in Movie S3.

using the method proposed by Andrade et al. (19), where half of focal points were initially placed at (xf,yr, zf) =(+6.39{1+
the transducers were focused on droplet A and the other half on cos (2zft)}, O, kft+ 115) mm, where f =0.4Hz (0 <t < 1.25s). If the
droplet B. two focal points are translated horizontally (i.e. k = 0), the droplets
jump and disperse as soon as they merge (Movie S8). Thus, the focal
point was simultaneously shifted upward to avoid jumping after

Fig. 4A shows the time lapse of merging process (30 uL) and Fig. 4B
show the trajectory of the droplets at a supply voltage of 25 V. The
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coalescence. In Fig. 4, the value is set to k = 20. A suitable k value is
different for each height and volume. If the gradient of the vertical
shift is too high (e.g. when k=40), the droplets fail to merge.
Similarly, in Fig. 2B and C, each droplet approaches the center
(x = 0) along the specified trajectory with some underdamped oscil-
lations. The droplets then merged near the center at approximately
0.84s. The oscillations are generated by merging decay, and the
droplet stabilizes at the center.

While acoustic levitation can achieve merging in mid-air (20,
19, 22); it cannot continue to levitate the merged droplets if the
combined size is larger than the half wavelength limit. Here,
because the droplet rested on the mesh, it could be processed
for further experiments and analysis.

Splitting

Ahydrophobically treated knife was placed vertically 5 mm above
the mesh, and a droplet of 45 uL. was propelled into the knife with
the PAT at 12 V (Fig. 5A). The experimental process was the same
as that used for the jump experiment. The knife cuts the dropletin
halfatt=70ms, and the droplets continue to travel vertically and
land on the mesh after free fall. 15 and 30 4L droplets could also be
split (Movie S9). Whether the droplets can be successfully split is
determined by the Weber number and the position where the
droplet hits the knife (25). Further studies are necessary to split
the droplets into accurate custom proportions.

Discussion

We demonstrated a microfluidics platform using focused ultra-
sound passing through a hydrophobic mesh that holds droplets
on top. We showed the fundamental horizontal manipulation
and jumping capabilities of the proposed device as well as opera-
tions such as merging and splitting. The maximum average jump-
ing height achieved by the system was up to 10.9cm. In the

15 - * Left Droplet
--------------------- * Right Droplet

10~ * Merged Droplet
==Focus
—_ 5-
g
E o
=
5=
-10+-
-157
0 0.5 1 1.5 2 2.5 3

Time [s]

Fig. 4. Merging two droplets with a supplied voltage of 25 V. A) Two
droplets were placed on the mesh at (x, y, z) = (+ 12.8, 0, 105) mm at
t=0.0s, moved to the center, and merged at t =0.84 s; eventually, the
merged droplet becomes stable. B) Experimental results for the horizontal
position of the two droplets when k = 20, along with the foci.

following section, we evaluate and discuss the current perform-
ance of our platform and the steps needed to excel in each field.

Chemical reaction

We performed the Suzuki-Miyaura cross-coupling, an essential
carbon—carbon bond formation method in organic synthesis that
is widely used in industry, to show its application in the chemical
field. As shown in Fig. 5B and Movie S10, 20 uL droplets were dis-
pensed on a hydrophobic tungsten mesh. To produce solution A,
1-(5-bromothiophen-2-yl)ethan-1-one (24 mM), N,N-dimethyl-4-
(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)aniline (27 mM), and
potassium carbonate (27 mM) were dissolved in dimethyl sulfox-
ide (DMSO; 50%) and water (50%) and filtered through a 0.45um
polytetrafluoroethylene (PTFE) filter. To produce solution B, diac-
etoxypalladium (4.4mM) was dissolved in acetone (10%) and
water (90%). The two droplets were translated to the center
(2.00s) and merged (2.97 s). Under UV irradiation (375nm), the
merged droplets were almost colorless and transparent at first
(3.67 s), but gradually fluoresced orange, indicating sufficient mix-
ing and the presence of the Suzuki-Miyaura cross-coupling prod-
ucts (1-(5-(4-(dimethylamino)phenyl)thiophen-2-yl)ethan-1-one,
17.67's) (26).

Because the applied acoustic force is independent of the material
properties of the target, different compounds can be moved using fo-
cused ultrasound. System applicability is limited only when the liquid
is not repelled by the mesh and sticks to or permeates it. We tested
various chemicals that could be used in our current setup, which is
currently limited to dimethylsulfoxide or aqueous solutions (see
Supplementary Material and Fig. S11). Other chemicals, such as tetra-
hydrofuran and toluene, permeated through the mesh. Acetonitrile
and N,N-dimethylformamide do not permeate, but stick to the sur-
face. This limitation is bounded to our current hydrophobic mesh.
Pan et al. (27) demonstrated a superomniphobic mesh coating meth-
od that can repel a wider range of chemicals, including N,
N-dimethylformamide and toluene. In addition, the mesh used by
Pan et al. was less dense than ours. Thus, employing it would result
in a high-performance microfluidic platform in terms of the acoustic
force that passes through the mesh and supported compounds.

Biocompatibility

DMF has been used for the automation of experiments with various
bioanalytes. However, surface contamination through the adsorp-
tion of proteins, induced by the hydrophobicity of the device surface,
is an issue that needs to be considered in current methods. It is
known that protein adsorption reduces the hydrophobicity of the
surface (28) and a system with adverse surface contamination be-
comes unusable (hydrophilic) over time. Thus, only samples with
small concentrations (0.005mgmL~! fluorescein isothiocyanate-
labeled bovine serum albumin (FITC-BSA) (29)) of proteins can be
moved on EWOD without the use of filler oil (30), Pluronic additives
(29), or the application of specific pH and voltage biases (31). While
we observed some protein adsorption on the hydrophobic mesh
after exposure to the BSA droplets (Fig. S12); BSA droplet with con-
centrations of up to 1.0mgmL~! with buffer (10mM tris-HCl pH
7.8) can be moved without the use of any additives.

This demonstrates that biofouling using our method is consider-
ably lower than that EWOD methods. This is because the mesh
has 42 percent openings, and unlike EWOD, a high voltage is not ap-
plied to the electrodes that are in contact with the samples (14).
Thus, contamination is not problematic in practice as it is less af-
fected by surface contamination, the working area of our platform
is larger, meshes are inexpensive and replaceable, and droplets can
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Fig. 5. Potential applications of our platform. A) Splitting of a liquid droplet (45 xL) by catapultingitinto a hydrophobicknife placed 5 mm above the mesh.
B) Suzuki-Miyaura cross-coupling (both 20 uL) is carried out on the mesh. After the two droplets were merged, orange emission was observed under UV
irradiation. C) Residues can be cleaned up using a water droplet. D) Demonstration of augmented reality with images projected from a projector fixed
above the mesh, 15 uL milk droplets were used to improve visibility. Selective manipulation of the droplets is possible, and non-manipulated droplets
remain stationary. E) Droplet (15 4L, 17 V) jumping into a paper cup (height 80 mm).

easily jump between meshes, if necessary. Li et al. (14) successfully
transported 20 mg mL~* droplets in photopyroelectric microfluidics
using a superomniphobic surface. Thus, our platform have the po-
tential to reduce biofouling by applying this state-of-the-art surface
treatment.

Surface cleaning

We demonstrated cleaning of the substrate surface by manipulating
a water droplet (304L, 11 V) in Fig. 5C and Movie S11. The droplet
was moved along a circular trajectory of radius 10 mm to collect a
solid object (glass bead, TOHO Co., Ltd., density of 2500 kg m~3, outer
diameter 2.0mm, height 1.4 mm, inside hole diameter 0.9 mm) in
the trajectory (0.57 s). After collection, the droplets, and beads re-
turned to their initial positions. This operation is required in experi-
mental automation to clean the residues between trials. These
beads are difficult to manipulate using acoustophoretic forces be-
cause of high friction between mesh and object. However, they
can be easily transported by carrying them inside a water droplet.

Augmented reality application

In Fig. 5D and Movie S12, we demonstrate an augmented reality (AR)
application that combines our microfluidic platform and projection

mapping. Users draw a path on a graphic interface, and the system
applies the trajectory to the droplet. Simultaneously, the information
regarding the path and position of the droplet was projected onto the
mesh. This can improve human interaction with the systems when
the experiments are not fully automatic and require human interven-
tion. This system was created using TouchDesigner (Derivative, Inc.).

Jumping into a cup

The ability to propel droplets further than 10 cm enables a wider
range of tasks. For example, Fig. SE and Movie S13 show a water
droplet (15 uL, 17 V) placed on (x, y, z) = (— 20, 0, 105) mm jumping
diagonally into a cup (height =80 mm). Applications in the food
industry, additive manufacturing, and transferring droplets to
other processor/analyzer/waste bins for experimental automa-
tion can be realized with the jumping capability.

Jump direction control

To demonstrate the controllability of the droplet jumping direc-
tion, we performed experiments using the same experimental set-
up shown in Fig. 3A droplet volume of 15 4L and an applied voltage
of 14 V was used. The droplets motion was captured at 1,000 fps
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with a resolution of 2, 048 x 2, 048 pixels using a high-speed cam-
era (FASTCAM Nova R2, Photron). Initially, the focus was posi-
tioned at (xy, ¥y, Zr) = (0, 0, 115) mm and 60% of the transducers
were turned off to capture the droplet at the center of the grid.
The x; position was then shifted horizontally by -4/3, 0, and 4/3, re-
spectively, to induce the droplet to jump leftward, upward, and
rightward, and all transducers were turned on. The experimental
results showed that the trajectory of the droplet appeared as
shown in Fig. S13. The leftward, upward, and rightward jumps
are represented by blue, green, and red lines, respectively. The
measured jump heights were 45.2, 52.3, and 40.3mm (SD =4.2,
2.7, and 7.4mm), and the horizontal shifts were —19.8, —2.3, and
19.4mm (SD=4.7, 4.9, and 1.9 mm). To statistically compare the
differences in landing positions between upward jumps and left/
right jumps, one-tailed Wilcoxon rank-sum tests were performed
at the 1% significance level. The P-values obtained were 0.000091
and 0.000091, respectively, rejecting the null hypothesis that the
medians of the two populations are equal. This shows the ability
to control the direction of droplet jumping by horizontally shifting
the focus. Further research on control methods during the droplet
jump on the presented microfluidic platform could be interesting.

Droplet evaporation

When a droplet rests on the mesh, it is exposed to the surrounding
atmospheric conditions and evaporates. The evaporation time of a
40 uL droplet was measured to be 136 min when no ultrasound
was applied and 70 min when constantly trapped by focused ultra-
sound (see Supplementary Material and Fig. S5). Droplet evapor-
ation is an open problem in open-air microfluidics, and Nelson
et al. proposed the enclosure of a droplet in a small, pressurized
chamber (32). In addition, coating a droplet with hydrophobic pow-
der can act as a barrier, to reduce evaporation (33). Similarly, ionic
fluids with low vapor pressures can be used as carriers to prevent
evaporation (34). Evaporation can be problematic for DMFs (includ-
ing our method) under atmospheric conditions without any preven-
tion mechanisms. On the other hand, the controlled increased rate
of evaporation that occurs when ultrasound is applied can be useful
in experiments involving solvent evaporation.

In summary, our microfluidic platform enable new research
avenues in microfluidics because of its superior jumping capabil-
ity, power, parallelism, and ease of use; and can be applied in la-
boratory environments, diagnostics, displays and industry.

Materials and methods
Phased array transducer

A 16 x 16 transducer array (256 transducers), developed based on
Morales et al. (35) instructions, was used throughout the experi-
ments. The transducers used were Murata MA40S4S (40 kHz). The
array was controlled via serial communication (USB FTDI cable
with baud rate = 230,400) with MOFSETs (MIC4127 SOIC8) and an
FPGA board (ALTERA Core Board CoreEP4CES6). Full details regarding
the hardware (SonicSurface) are available in the Instructables by
Upnalab (36). The voltage applied to the PAT was controlled by ad-
justing the external power supply (RS PRO bench power supply;
IPS-303A, 90W).

Acoustic hologram

To manipulate the target objects dynamically, an acoustic holo-
gram is generated to create a focal point at the target position x;:

B 2xfo
Co

¢ = [d(x5, xe) = d(0, x7)], (1)

where fo =40kHz and ¢y =341ms™! are the acoustic frequency
and speed of sound in the air, respectively. d is the Euclidean dis-
tance between the two points. X; = (X, yf, Zf) and X = (X, yr, z¢) de-
note the focal position and transducer positions, respectively. In
the merging experiments, half of the transducers were focused
on droplet A and the other half on droplet B:

5 -2 [d(xg,, %) - d(0, xg,)], if tis even
U - Edxg,, x) - A0, x5,)],  else

Co

2

where xg, and x, are the focal positions of droplets A and B, re-
spectively. In the experiment involving the simultaneous manipu-
lation of four droplets (Movie S5), IBP method, which iteratively
determines transducer phases for target field production at con-
trol points, was employed. We refer to the details explanation
for the IBP on Marzo et al. (24) The codes are available as shown
in the data availability section.

Hydrophobic mesh

A mesh (Q-ho Metal Works, part number E9122, stainless steel
SUS316, plain weave, mesh count 150) was hydrophobically treated
by spraying with Ultra-Ever Dry (UltraTech International, Inc.). First,
a bottom coat was applied and dried. When the bottom coating was
sufficiently dry, the top coating was applied and dried. The advan-
cing and receding contact angles are 155.7°+1.5° and
138.4° + 4.4°, respectively (i.e. the contact angle hysteresis is 17.3° +
5.1° and see Supplementary Material). The mesh was mounted on
top of a 4mm thick acrylic plate (180 x 180 mm) with a square
hole (80 x 80 mm) cut open in the center. For Fig. 5D, the same
hydrophobic coating was used. However, a high-rigidity tungsten
mesh (Clever Co., Ltd., plain weave, mesh count 150) was used to al-
low a large working area and minimize reflections from the surface
for visibility.

Liquid and its dispense

Deionized water (KOGA Chemical Mfg Co., Ltd.) was used through-
out the study unless otherwise stated. Water was dispensed using
a syringe pump (Chemyx Fusion 101); Figs. 2, 3,4, and 5A, B, C, and
E, an electronic pipette (A&D Company, MPA-200) was used to dis-
pense the liquid.

Recording devices

The movement of the droplet was captured using a high-speed
camera (Photron INFINICAM UC-1) with a Nikon F-to-C Mount
Adaptor (Kenko Tokina) and a single-focus lens (Tamron SP
AF180mm F/3.5Di). The camera was connected to a PC using a
USB C cable and was controlled using Python 3.7. In Figs. 2, 4,
and 5A, the frame rate and image resolution were fixed at 1,000
fps and 1,246 x 1,024 pixels, respectively. The frame rate and im-
age resolution are 2,000 fps and 512 x 1,246 pixels, respectively
(Fig. 3). The camera was triggered to start recording when com-
mands were sent to the PAT. To capture the images shown in
Fig. 5B, C, and E, a Sony a7 (FE 2.8/90 MACRO lens) was used.
Fig. 5D was captured using an iPhone 13 Pro.

Image processing and analysis

Image processing was performed using MATLAB R2020a (37). Lens
calibration was performed using a checkerbox with the MATLAB
Computer Vision Toolbox (ver. 9.2). The pixel-to-mm conversion
rate was obtained by placing an object of known size (i.e. a ruler)
at the x-z plane (y = 0). The droplet position was analyzed by sub-
tracting the droplet from the background image. The subtracted
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portion was then passed onto the regionprops function in MATLAB
Image Processing Toolbox (ver. 11.1) to identify the droplet cent-
roids. Sequence photographs (Figs. 3 and 5E) were also generated
by overlaying the background-subtracted images. The code for
replicate analysis is available in the data availability section.

Microscopy

The adsorption of FITC-BSA onto the hydrophobic mesh was ob-
served using an upright confocal laser scanning microscope
LSM880 with a Plan-Apochromat 10x objective lens (420640-9900,
Carl Zeiss, Oberkochen, Germany). Tile-scan and Z-stack modes
were used to scan the entire FITC-BSA-treated area. The tile images
were stitched using Carl Zeiss Zen Black software (38). The mesh
and FITC-BSA were visualized using reflection and fluorescence mi-
croscopy, respectively (40, 39). A 543 nm laser was used to visualize
the mesh, and the reflected light was detected. FITC-BSA was ex-
cited by a 488 nm laser, and 490-588 nm fluorescence was detected.

Numerical simulation

The numerical simulations in this study were performed using
MATLAB R2020a. The codes used to replicate the simulation re-
sults fully are presented in the data availability section. The
acoustic pressure field shown in Fig. 1B was calculated based on
Huygens’ principle as follows:

T Py

pin(X, Xt, ¢y) = Zd D kd(x,xz)+¢1)y ©)
t=1

where p;, is the sound pressure, transducer number (T) is 256,
D(n) = 2J1(kr sin ) /kr sin y denotes the far-field directivity function
of piston source, n is the angle between the normal of the trans-
ducer and the position x, k= 2zfs/co denotes wavenumber, and
Py denotes transducer power. We report P, =0.221PaV-! at 1m
for Murata MA40S54S, and Py is evaluated by multiplying the ap-
plied voltage (Ay): Po = A,Py,. The acoustic radiation force (ARF) is
typically calculated using the method proposed by Gor'kov (41).
However, because the PAT contains strong traveling wave compo-
nents and uses droplet sizes larger than the Rayleigh limit (i.e.
r>0.14), we used the method developed by Andersson & Ahrens
to calculate the ARF (43, 42):

Z Z WnAnn

n=0 m=-n

X =

8py C2k2

'(Sﬂ,mS:+1,m+1 - Sﬂy—msjt-ﬁ-l,—m—l)] (4)

el S

n=0 m=

(SnmSnptmer + Sn,ms;+1,m1>]

1 0 n N
Fo=g s Re D PuBun(SumShaam) (> ()
pOCO n

n=0 m=—

where

W =2i(Cn + Chq + 2CnChyq)

Anm =0+ M+ 1)(n+m +2)/((2n+1)(2n+3))

Bum = =2,/(n+m+1)(n - m+ 1)/((2n + 1)(2n + 3).

Amm=y/Mm+m+)n+m+2)/(2n+1)2n+3)), and

Bum=-2/(n+m+ 1)(n—m + 1)/((2n + 1)(2n + 3)). Here, we assume
that the target is solid (i.e. the liquid is rigid compared with air)
and that it is perfectly spherical.

jn(Ra)j, (kpat) -
hn(Ra)jy, (kpa) —

Zj, (kajn(kya)
70, () ©

Ch=—

Pncp

where Z =22 ig the relative impedance, with subscript 0 and p in-

dicate the medlum and sphere, respectively. The asterisk indi-
cates a complex conjugated element. For a water droplet, the
density and speed of sound were assumed to be 1,000kgm™3
and 1,480m s~%, respectively. Further, j, and h, are the spherical
Bessel and Hankel functions of the first kind, respectively, and 'in-
dicates the derivative of each function. This method was inde-
pendently verified and expanded to include the piston source
model proposed by Zehnter et al. (44):

Sam = Z47rPoeW‘ D(n)ikhn (R, (6F, 6. )

Here, Yy is the spherical harmonic function, which was imple-
mented using the code developed by Javier Montalt Tordera
[https://github.com/jmontalt/harmonicY]. (1!, 6", ¢') are in spheric-
al coordinates and calculated from the center of the levitated
sphere to the transducer. The center of the sphere was assumed
to be the mesh height plus the radius of the droplet (assuming a
perfect sphere). Equations 4-5 were evaluated until the relative
tolerance was less than 1 x 107>. We verified the validity of the nu-
merical simulation described above, and the results are available
in the supplementary material and Figs. S1-S4.

Writing paper

A portion of the text in the manuscript was generated with the as-
sistance of artificial intelligence (Al) software, specifically the
OpenAl language model ChatGPT (45). The Al was used to provide
text completions and modification, which were then reviewed and
edited by the authors to ensure accuracy and relevance to the re-
search presented in the paper.
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