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ABSTRACT

Current experiments in chemistry, biology, medicine, and engineering require the manipulation of
multiple chemicals, samples, and specimens on a large scale. Therefore, automation techniques
for manipulating microliter droplets are essential to improve the throughput, reproducibility, and
sustainability of experiments. Digital microfluidic methods, such as EWOD (electrowetting-on-
dielectric), electrostatics, and acoustophoretic platforms, offer excellent maneuverability and fast
control for droplets. However, they are limited in terms of three-dimensional (3D) manipulation
and droplet size. Here, we propose an acoustic needles platform, a 3D digital microfluidics system
based on focused ultrasound waves (3D-MFUS) that pass through a hydrophobic mesh with droplets
resting on it. A focused beam (acoustic needle), generated dynamically by a phased array, creates a
stable trap through the mesh and attracts droplets to its focus. This needle can be steered to translate
droplets on the surface; droplets can be manipulated simultaneously by generating multiple foci.
Moreover, a liquid droplet can be detached from the surface and propelled into mid-air for up to
10.9 cm. This height is 27 and 2 times greater than that observed in the state-of-the-art methods in
EWOD and photovoltaics, respectively. Droplets can be merged or split by pushing them against a
hydrophobic knife. Additionally, both solid particles and liquid droplets can be manipulated using
the same system. This platform would allow scientists and engineers to manipulate liquid droplets in
a 3D circuit; moreover, it paves the way for developments in micro-robotics, additive manufacturing,
and laboratory automation research.

Keywords Microfluidics · Acoustic Radiation Force · Hydrophobic · Automation

1 Introduction

Microfluidics is becoming an ubiquitous approach in science and engineering [1, 2, 3, 4]. It is commonly used to
automate and improve the throughput of experiments involving liquid droplets. Consequently, a wide range of digital
microfluidic (DMF) platforms have been developed [5, 2, 3, 6, 1, 7, 8, 9, 10]; however, electrowetting on dielectric
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Figure 1: Schematic of the proposed system. (A) The target focal position is defined, and the necessary emission phases
are calculated for each transducer of the PAT. Owing to the radiation force of the focused beam, the droplets jump, move,
merge, or split above the hydrophobic mesh. (B) Simulated normalized sound pressure around the focal point (indicated
by yellow 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 µL droplets along the x and z directions with focal position at (xf , yf , zf ) = (0, 0, 115)mm, with the
mesh placed at z = 105 mm. The excitation voltage of the array in C is 10 V and that in D is 16 V for horizontal
movements and jumping, respectively.

(EWOD) surfaces remains as the most common method. Although EWOD can manipulate a droplet over 2D surface grid,
extending 2D microfluidics to 3D microfluidics is a necessary step forward [11, 12]. However, detaching droplets from
a 2D surface is challenging. The achievable jump height is less than 5 mm with EWOD [13, 14, 11, 15]. Alternative 3D
microfluidics methods have been proposed [16, 17, 18, 19] with jumping heights limited to 50 mm [12].

Containerless 3D microfluidics based on levitation techniques have also been studied. Acoustic levitation is preferred
over other levitation techniques because it supports more materials and a microliter range of droplets [20]. In 2013,
Foresti et al. [21] demonstrated the first horizontal mid-air merger. Despite its potential in 3D microfluidics; the
use of standing waves is a necessity in current systems [22, 23, 24, 25], and this theoretically limits the droplet size
to a quarter of the wavelength [26]. Given that the most frequently used frequency is 40 kHz (λ = 8.5mm), the
liquid-handling capability of a droplet is limited to ≈40 µL. Such a narrow droplet size range limits experimental
applicability. Moreover, all droplets must be constantly levitated in acoustic levitation, which restricts the number of
droplets that can be handled simultaneously. Finally, these systems can manipulate and merge the droplets but are
unable to split them. Thus, a new approach that can handle a large number of liquid droplets of different sizes (>40 µL),
manipulate them in 3D, and split them is needed.

Herein, we propose a 3D microfluidic device based on acoustic needles, as shown in Fig. 1A. An acoustic needle is
created by a focused ultrasound beam that passes through an acoustically transparent mesh; liquid droplets are dispensed
on top of the mesh with hydrophobic treatment (see Methods). The acoustic radiation forces (ARF) from the acoustic
needles are applied using a phased array of transducers (PAT).

Owing to the hydrophobic treatment, the droplets rest on top of the mesh without permeating through; however, the
acoustic waves can pass through the mesh. The PAT generates a focal point to focus ultrasonic power (Fig. 1B) slightly
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Figure 2: Horizontal manipulation of a droplet (applied voltage is 10 V). (A) Image series of a 45 µL droplet. The
droplet was moved from left to right in the images for 25.6 mm (3.0λ) in 2.50 seconds. (B) Tracked position of droplets
of different volumes along with the focal point when they move at f = 1.0 and (C) f = 0.2 Hz. See supplementary
Movie S1.

above (10 mm) the target horizontal position of the droplet (see Methods). As is evident from Fig. 1C, this produces
a stable and convergent ARF on the target along the horizontal directions (except for 60 µL droplets). The acoustic
focal point position can be updated dynamically, and the droplet can be moved horizontally, if the focal point is in the
vicinity of the droplet (approximately within a wavelength). A vertical ARF is also applied at the acoustic focal point
(see Fig. 1D). The detachment of the droplet from the surface during the horizontal transportation can be prevented by
lowering the acoustic pressure (Pa) applied to it (e.g., by lowering the voltage supplied to the PAT). However, when the
droplet is required to jump above the surface, the acoustic pressure at the focal point is increased until the focus creates
an ARF higher than the critical value (> Fg +Fa, where Fg and Fa are gravitational and adhesion forces, respectively).
Because the droplets rest on the mesh without sticking to the surface, propulsion of a relatively large droplet can be
induced using this approach, and multiple droplets can be manipulated with minimal force. We demonstrate that droplets
greater than 40 µL can be handled using the proposed setup. In addition, we demonstrate that liquid droplets can be
induced to jump to a height of up to 10.9 cm. The droplet can be split by placing a hydrophobic knife along the jump
path. This 3D microfluidic platform can be used to automate pharmaceutical, biological, and chemical experiments
both on Earth and under microgravity conditions. In addition, increased interactivity with microfluids would create new
research avenues in interactive displays, micro-robotics, and additive manufacturing.

In the following sections, we describe the horizontal/vertical manipulation capabilities of the system and discuss droplet
merging and splitting. In addition, we present proof-of-concept demonstrators (chemical reactions, surface cleaning,
augmented reality application, and jumping into a cup) to highlight the potential of acoustic needles.

2 Results

2.1 Horizontal manipulation

The horizontal manipulation of a droplet on the hydrophobic mesh is achieved by steering the acoustic needles (i.e.,
controlling the position of the focal point). Using an acoustic focus is a counterintuitive choice considering the current
trends in acoustic levitation. Conventional acoustic levitators use twin, bottle, or vortex traps to hold objects [27].
Owing to the acoustic contrast factor [28], rigid objects (including liquids [29, 21, 20]) in mid-air are expected to be
pushed away from the focal point where the acoustic pressure is high. However, as shown in Fig. 1C, the focal point
generates an attracting force, which is similar to that observed in underwater acoustics [30, 31]. Thus, the droplets
can be manipulated on the mesh by simply controlling the position of the focal point and its power (Materials and
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Figure 3: Jumping of a droplet from the mesh with (A, E) 15 µL, (B, F) 30 µL, (C, G) 45 µL, and (D, H) 60 µL. 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 dispersed into multiple droplets 3 times out of 5 attempts. The video clip is provided in
Movie S3.

Methods). The horizontal manipulation of a droplet is shown in Fig. 2 and Movie S1. The PAT phases were controlled
such that (xf , yf , zf ) = (−12.8 cos (2πft), 0, 115)mm, where f is the frequency in Hz, with 0 ≤ t ≤ 1

f and hold at
(xf , yf , zf ) = (−12.8, 0, 115)mm with t > 1/f .

Fig. 2A shows the time lapse of a moving droplet (45 µL), and Figs. 2B and C show the horizontal trajectory of the
droplets moving at two frequencies (f = 1.0, 0.2 Hz) with four volumes (15, 30, 45, and 60 µL) and applied voltage of
10 V (see Methods). As shown in Fig. 2B and C, the droplets mostly follow the specified trajectory, except for 60 µL,
which has a large mass and is difficult to move at a high speed. Some overshoot and underdamped oscillations are
observed at t = 1/2f and 1/f in Fig. 2B for all the droplets. Although underdamped oscillations are more prevalent
during the movement in Fig. 2C than in B, the magnitude of the steady-state error is similar in both the cases. These
trajectory errors are non-negligible; however, a closed-loop controller may be implemented to control the droplet more
accurately. In the process of moving the droplets, generation of unexpected satellite droplets were not observed.

Solid spheres can also be manipulated using acoustic needles. Movie S2 shows the manipulation of nylon beads
(MonotaRO Co., Ltd., density of 1140 kg m−3) 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.

2.2 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 at which the droplet detaches
itself from the surface is provided in the supplementary material), 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 (xf , yf , zf ) = (0, 0, 115)mm for all the cases in Fig. 3.
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We demonstrate the jumping of the droplet with 15, 30, 45, and 60 µL (see Methods for the experimental setup). The
voltage applied to the transducers was 12 and 16 V. Sixty percent of the transducers were initially turned off to apply a
lower amplitude and thus keep the droplet trapped. The detachment was then achieved by turning on all the transducers.
Because there was some variability in projectile motion, the experiment was repeated five times. Here, 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 3.25 mm (SD = 0.75) for 15, 30, 45, and 60 µL, respectively (Fig. 3A-D). Notably, 60 µL droplet failed to
detach once within five attempts, owing to high mass and low ARF generated.

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 µL, respectively (Fig. 3E-H). The maximum average height of
108.8 mm represents 27, 7, and 2 times more than the jumping heights reported by the EWOD [14], pyroelectric [18],
and photovoltaic [12] methods, respectively. The maximum recorded jumping height is 128.2 mm with 15 µL at 16 V.
Large droplets can be detached as shown in Fig. 3G and H. However, the droplet splits into multiple droplets in the
process; this occurred in 3 out of 5 attempts at 45 and 60 µL. The surface tension increases as the droplet radius exceeds
the capillary length (2.3 mm in the case of water), and the droplets above this radius break easily into small droplets,
owing to surface instability. Thus, it makes difficult for ARF to overcome gravity and surface tension without breaking
the droplet. Further analysis is needed to make a large droplet jump without dispersion, which could be possible by
applying a dynamic ease-in/ease-out in the amplitude of the focal point over time.

Although the observed motion of the droplets and numerical simulation results are generally consistent, some discrep-
ancies exist. For example, even when the numerical simulation predicts that droplets will not jump, they jump in the
experiment (see supplementary material). We believe that this discrepancy is because we assume the droplet to be
spherical in the simulation, but the droplet is not perfectly spherical in reality because of the wetting caused by the mesh
and the gravity. Therefore, the surface area impinged by the focal point is larger than that if the droplet is a perfect
sphere, which increases the force applied to the droplet. Movie S4 tests this hypothesis and compares behavior of a
solid sphere and 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 by the numerical simulation, while 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 for details).

Moreover, while the focal point was kept stationary during the jump in this study, it could also be shifted while in
mid-air, to match the droplet position. Potentially, the droplet trajectory could be changed in mid-air or a double
jump can be performed. This can be used to increase the vertical travel distance, achieve free-space manipulations in
microgravity environments, or generate displays in mid-air [32].

2.3 Merging multiple droplets

Various droplets can be manipulated simultaneously by generating multiple focal points. Here, we generate two focal
points using the method developed by Andrade et al. [22] (half of the transducers were focused on droplet A, whereas
the other half focused on droplet B). Simultaneous manipulation can also be achieved by generating multiple foci using
optimization methods [33, 34, 35].

Fig. 4 shows the merging process of two droplets (30 µL) at a supplied voltage of 25 V. The focal points were initially
placed at (xf , yf , zf ) = (±6.39 {1 + cos(2πft)} , 0, kft+ 115) mm, where f = 0.4 Hz (0 ≤ t ≤ 1.25 s). If the two
focal points are only translated horizontally (i.e., k = 0), the droplets jump and disperse as soon as they merge (Movie
S5). Thus, the focal point was simultaneously shifted in the vertical direction to avoid jumping after 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), then 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 oscillations. The droplets then
merged near the center at approximately 0.84 s. The oscillations generated by the merging decay, and the droplet
stabilizes at the center.

While acoustic levitation in a standing wave configuration can achieve merging in mid-air [21, 22, 23]; it cannot
continue to levitate the merged droplets if the combined size is larger than quarter wavelength limit. Because the droplet
rests on the mesh, it can be processed for further experiments and analysis.

2.4 Splitting

Here, we demonstrate the splitting of a droplet. A hydrophobically treated knife was placed vertically 5 mm above the
mesh and the droplet (45 µL with 12 V) was catapulted against the knife, as shown in Fig. 5A. The experimental process
was the same as that used in the jump experiment. The knife cuts the droplet in half at approximately 70 ms, and the
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Figure 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 = 0.0 s, 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.

droplet continues to travel vertically and land on the mesh after free-fall. Fifteen and 30 µL droplets could also be split
(Movie S6). Whether the droplets can be successfully split is determined by the Weber number and the position where
the droplet hits the knife [36]. Further studies are necessary to accurately split the droplets in the desired proportions.

2.5 Proof of Concept Demonstration

In the following section, we demonstrate four proof-of-concepts (PoCs) that highlight the potential of acoustic needles
in relevant fields.

2.5.1 Chemical Reaction

In Fig. 5B and Movie S7, we demonstrate the chemical reaction between droplets of rice vinegar (30 µL of acetic acid
(4.2 vol%) in water) and bromothymol blue (BTB) solution (30 µL of BTB (0.04 wt%) dissolved in water). Because the
applied acoustic force is independent of the material properties of the target, any droplet can be moved using acoustic
needles. System applicability is limited only when the liquid is not repelled by the mesh and sticks or permeates it.
We tested various chemicals that could be used in our current setup, and currently it is limited to dimethylsulfoxide
or aqueous solutions (see supplementary material). Other chemicals such as tetrahydrofuran and toluene permeate
through the mesh. Acetonitrile and N,N-dimethylformamide (DMF) do not permeate but stick to the surface. This
limitation is bounded to our current hydrophobic mesh; however, Pan et al. [37] demonstrated a superomniphobic mesh
coating method that can repel a wider range of chemicals, including DMF and toluene. The mesh used by Pan et al. was
less dense than that used in our study. Thus, employing a superomniphobic mesh in acoustic needles would yield a
high-performance microfluidic platform in terms of the acoustic force that passes through the mesh and the supported
compounds.
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2.5.2 Surface Cleaning

We demonstrate the cleaning of the substrate surface by manipulating a water droplet (30 µL, 11 V) in Fig. 5C and
Movie S8. The droplet was moved in 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 is 2.0 mm, height is 1.4 mm, inside hole diameter is 0.9 mm) in the
trajectory (0.57 s). After collection, the droplet and bead returned to the initial position. This operation is needed in

D

Control Path

Contolled Droplet

Uncontrolled Droplets

5 mmA

0 ms 20 ms 30 ms 50 ms 60 ms 70 ms 75 ms 80 ms 100 ms

5 mm

B 0 s

0.58 s

0.71 s

0.88 s

1.70 s

C

10 mm

10 mm

E

0 s 2.00 s

5.70 s 10.7 s

12 mm 12 mm

Figure 5: Potential applications of acoustic needles. (A) Splitting of a liquid droplet (45 µL) by catapulting it into
a hydrophobic knife placed 5 mm above the mesh. (B) Chemical reaction between rice vinegar and BTB solution
(both 30 µL), the two droplets merge and change the color of BTB to yellow, indicating acidity. (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 µL milk droplets were used to improve visibility. Selective manipulation of the droplets is possible,
non-manipulated droplets remain stationary. (E) Droplet (15 µL, 17 V) jumping into a paper cup (height 80 mm).
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experimental automation to clean residues between trials. These beads are difficult to manipulate using acoustophoretic
forces because of their large mass; however, they can be easily transported by carrying them inside a water droplet.

2.5.3 AR application

In Fig. 5D and Movie S9, we demonstrate an augmented reality (AR) application that combines acoustic needles and
projection mapping. Users draw a path on a GUI and the PAT plays back the trajectory of the droplet. Simultaneously,
information regarding the path and position of the droplet is projected onto the mesh. This could further improve human
interaction with the systems when the experiments are not fully automatic and require human intervention. This system
was created using TouchDesigner (Derivative Inc.).

2.5.4 Jumping into a cup

The ability to propel droplets above 10 cm allows achieving a wider range of tasks. For example, Fig. 5E and Movie
S10 show a water droplet (15 µL, 17 V) which is placed on (x, y, z) = (−20, 0, 105)mm jumping diagonally into
a cup (height = 80 mm). Applications in the food industry, additive manufacturing, or throwing droplets to other
processor/analyzer/waste bins for experimental automation can be realized with such three-dimensional manipulation
capabilities.

3 Conclusion

We proposed acoustic needles, a three-dimensional microfluidics platform with focused ultrasound passing through a
hydrophobic mesh that holds droplets on the top. We demonstrated the fundamental horizontal/vertical manipulation
capabilities of the proposed device and operations such as merging and splitting. The maximum average jumping height
achieved by the acoustic needle is up to 27 times higher than that of the conventional DMF. Moreover, we presented
four proof-of-concepts that highlight the potential applicability of the proposed device in multiple fields. Acoustic
needles could create new research avenues in microfluidics owing to their superior three-dimensional capability.

4 Material and Method

Here we describe the experimental setup and numerical simulation.

4.1 Phased Array Transducer

4.1.1 Hardware

A 16×16 transducer array (256 transducers) developed based on Morales et al. [38] instructions was used throughout the
experiments. The transducers used were Murata MA40S4S (40 kHz). The array was controlled via serial communication
(USB FTDI cable with baud rate = 230400) with MOFSETs (MIC4127 SOIC8) and an FPGA board (ALTERA Core
Board CoreEP4CE6). Full details regarding the hardware (SonicSurface) are available at the Instructables by UpnaLab1.
The voltage applied to the PAT was controlled by adjusting the external power supply (RS PRO bench power supply,
IPS-303A, 90W).

4.1.2 Acoustic Hologram

To manipulate the target objects dynamically, an acoustic hologram was generated to create a focal point at the target
position xt:

ϕt = −2πf0
c0

[d(xf ,xt)− d(0,xf )] , (1)

where f0 = 40 kHz and c0 = 341ms−1 are the acoustic frequency and speed of sound in the air, respectively. d is
the Euclidean distance between two points. xf = (xf , yf , zf ) and xt = (xt, yt, zt) denote the focal position and
transducer positions, respectively.

4.2 Hydrophobic Mesh

A mesh (Q-ho Metal Works, part number E9122, stainless steel SUS316, plain weave, mesh count 150) was hydrophobi-
cally treated by spraying with Ultra-Ever Dry (UltraTech International Inc.). First, a bottom coat was applied and dried.

1https://www.instructables.com/SonicSurface-Phased-array-for-Levitation-Mid-air-T/
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When the bottom coating was sufficiently dry, the top coating was applied and dried again. Advancing and receding
contact angle were 155.7◦ ± 1.5◦ and 138.4◦ ± 4.4◦, respectively (i.e., contact angle hysteresis was 17.3◦ ± 5.1◦). The
mesh was mounted on top of a 4 mm thick acrylic plate (180× 180 mm) with a square hole (80× 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 allow a large working area and minimize reflections from the surface
for visibility.

4.3 Liquid and its dispense

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

4.4 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 USB C cable and controlled using Python 3.7. In Figs. 2, 4, and 5A, the frame rate and image resolutions
were fixed at 1000 fps and 1246× 1024 pixels, respectively. The frame rate and image resolution were 2000 fps and
512× 1246 pixel, respectively in Fig. 3. The camera was triggered to start recording when commands were sent to the
PAT. To capture the images presented in Fig. 5B, C, and E, a Sony α7 (FE 2.8/90 MACRO lens) was used. Fig. 5D was
captured using iPhone 13 Pro.

4.5 Image Processing and Analysis

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

4.6 Numerical Simulation

The numerical simulations in this study were performed using MATLAB R2020a. Codes to fully replicate the simulation
results are presented in the data availability section.

4.6.1 Acoustic Pressure Field

The acoustic pressure field shown in Fig. 1B was calculated based on the Huygens’ principle as follows:

pin(x, xt, ϕt) =

T∑
t=1

P0

d(x,xt)
D(η)ej(kd(x,xt)+ϕt), (2)

where pin is the sound pressure and transducer number (T ) is 256. D(η) = 2J1(kr sin η)
kr sin η denotes the far-field directivity

function of the piston source. η is the angle between the normal of the transducer and position x. k = 2πf0
c0

is the
wavenumber. P0 denotes the transducer power. We report Pv = 0.221Pa V−1 at 1 m for Murata MA40S4S; P0 is
evaluated by multiplying the applied voltage (Av): P0 = AvPv .

4.6.2 Acoustic Radiation Force

The acoustic radiation force (ARF) is typically calculated using the method proposed by Gor’kov [39]. However,
because the PAT contains strong travelling wave components and uses droplet sizes larger than the Rayleigh limit (i.e.,
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r>0.1λ), we used the method developed by Andersson & Ahrens to calculate the ARF [40, 41]:

Fx =
1

8ρ0c20k
2
Re

{ ∞∑
n=0

n∑
m=−n

ΨnAnm

(
Sn,mS∗

n+1,m+1 − Sn,−mS∗
n1,−m−1

)}
(3)

Fy =
1

8ρ0c20k
2
Im

{ ∞∑
n=0

n∑
m=−n

ΨnAnm

(
Sn,mS∗

n+1,m+1 + Sn,−mS∗
n1,−m−1

)}
(4)

Fz =
1

8ρ0c20k
2
Re

{ ∞∑
n=0

n∑
m=−n

ΨnBnm

(
Sn,mS∗

n+1,m

)}
(5)

where Ψ = 2i(cn + c∗n+1 + 2cnc
∗
n+1), Anm =

√
(n+m+1)(n+m+2)

(2n+1)(2n+3) , and Bnm = −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 in comparison to air) and that it is perfectly spherical.

cn = − jn(ka)j
′
n(kpa)− Zj′n(ka)jn(kpa)

hn(ka)j′n(kpa)− Zh′
n(ka)jn(kpa)

(6)

where Z =
ρpcp
ρ0c0

is the relative impedance, with subscript 0 indicating the medium, and p indicates the sphere. The
asterisk * indicates a complex-conjugated element. For a water droplet, the density and speed of sound are assumed
to be 1000 kg m−3 and 1480m s−1, respectively. jn and hn are the spherical Bessel and Hankel functions of the first
kind, respectively. ’ indicates the derivative of each function. This method was independently verified and expanded to
include the piston source model by Zehnter et al. [42]:

Sn,m =
∑
t

4πP0e
(jϕt)D(η)ikhn(kr

t)Y ∗
nm(θt, ϕt). (7)

Ynm is the spherical harmonics function, which was implemented using the code developed by Javier Montalt Tordera2.
(rt, θt, ϕt) are in spherical 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 3 to 5 were evaluated until the relative tolerance was less than 1 × 10−5. We verified the validity of the
numerical simulation above, and are available in the supplementary material.

Data Availability

The data that support the findings of this study are available within this paper, its supplementary material, and in Zenodo
at http://doi.org/[doi].
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