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On-demand droplet manipulation plays a critical role in microfluidics, bio/chemical detection and micro-
reactions. Acoustic droplet manipulation has emerged as a promising technique due to its non-contact
nature, biocompatibility and precision, circumventing the complexities associated with other methods re-
quiring surface or droplet pretreatment. Despite their promise, existing methods for acoustic droplet ma-
nipulation often involve complex hardware setups and difficulty for controlling individual droplet amidst
multiple ones. Here we fabricate simple yet effective acoustic tweezers for in-surface and out-of-surface
droplet manipulation. It is found that droplets can be transported on the superhydrophobic surfaces when
the acoustic radiation force surpasses the friction force. Using a two-axis acoustic tweezer, droplets can
be maneuvered along arbitrarily programmed paths on the surfaces. By introducing multiple labyrinthine
structures on the superhydrophobic surface, individual droplet manipulation is realized by constraining
the unselected droplets in the labyrinthine structures. In addition, a three-axis acoustic tweezer is devel-
oped for manipulating droplets in three-dimensional space. Potential applications of the acoustic tweezers
for micro-reaction, bio-assay and chemical analysis are also demonstrated.

© 2025 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Droplet manipulation is indispensable in various application
fields, encompassing microfluidics [1-3], bio/chemical detection
[4-6], heat transfer [7,8], and micro-reaction [9,10]. Various ex-
ternal stimuli, such as electric fields, magnetic fields, light and
sound, have been employed for droplet manipulation [11-21].
Among these techniques, electric fields are most commonly used
since they enable precise and complex droplet operations (e.g.,
dispensing, transporting, mixing and splitting); however, they re-
quire intricate electrode designs and relatively high voltages, which
may adversely affect biological samples [1,22]. Magnetic fields al-
low remote and non-contact control of droplets, but they usu-
ally necessitate the addition of magnetic particles to the manip-
ulated droplets, which may cause unwanted contamination [23].
Light provides excellent spatial and temporal resolution for non-
contact droplet manipulation, though it often requires bulky op-
tics and may induce heating in droplets [13,24]. Recently, acous-
tic manipulation has emerged as a highly promising method
for droplet manipulation, since it provides a contactless, non-
invasive, highly biocompatible and precise method of controlling
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droplets, eliminating the necessity for surface or droplet pre-
treatment, a challenge often encountered with other manipulation
techniques [25,26].

There are two methods to manipulate droplets in air using
acoustic fields. The first method involves the utilization of surface
acoustic waves, which are mechanical waves propagating along
the surfaces of piezoelectric substrates, typically with micrometer-
scale wavelengths [27-29]. These waves are generated by interdig-
ital transducers and can be highly localized on the surfaces, en-
abling precise manipulation of droplets. However, employing sur-
face acoustic waves for droplet manipulation in air poses chal-
lenges such as heat generation and the intricate fabrication of
the interdigital electrodes on the piezoelectric substrates. The sec-
ond method entails the construction of mid-air acoustic tweezers
(ATs), which are created and regulated by ultrasonic transducers
[25,26,30,31]. For instance, Yuan et al. developed an AT utilizing
an ultrasonic phased array for versatile droplet manipulation on
superhydrophobic surfaces (SHPSs) [26]. The AT generated a twin
trap ultrasonic field, enabling the trapping and manipulation of
droplets without the need for surface or droplet pretreatment. It
was used to translate the droplets along programmed paths, pass
through narrow slits and traverse steep slopes, providing a com-
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Fig. 1. (a) Schematic diagram of the single-axis AT consisting of a pair of ultrasonic transducers. (b) Distribution of Gor'kov potential in the single-axis AT. The potential is
normalized by the maximal potential. (c) Scanning electron microscopy image of the superhydrophobic coating. (d) X-ray photoelectron spectroscopy wide scan spectrum of
the superhydrophobic coating. (e) Photographs showing the transportation of a 5-pL water droplet following the motion of the AT.

prehensive platform for contactless and programmable droplet ma-
nipulation. In another study by Luo et al, a simple yet effective
contactless AT was devised for droplet manipulation on SHPSs,
leveraging ultrasonic standing waves between an ultrasonic trans-
ducer and the surface to manipulate droplets without physical con-
tact [25]. Through adjustments to the transducer, this AT was ca-
pable of levitating small droplets (0.6-21pL) for out-plane manip-
ulation and trapping large droplets (5-500uL) for in-plane manip-
ulation on various SHPSs.

Although ATs have been employed to manipulate droplets on
SHPSs, several limitations still persist. These include the need for
relatively complex hardware and software setup [26], as well as
restrictions on transporting small droplets (<5uL) on the SHPSs
[25]. In addition, it is challenging to individually manipulate a
droplet among multiple ones due to the unintended influence of
the acoustic field on the other droplets. Finally, the capability of
using AT to transport droplets off the SHPSs and guide them along
arbitrary trajectories in three-dimensional (3D) space requires fur-
ther exploration.

Here, we present the development of simple ATs for multidi-
mensional manipulation of droplets. It is revealed that the droplets
on the SHPSs can be maneuvered by the ATs when the acous-
tic radiation force surpasses the friction force. ATs consisting of
two pairs of orthogonal ultrasonic transducers can be used to pre-
cisely transport droplets on the SHPS along arbitrarily programmed
paths. These droplets can be mixed as needed when they are trans-
ported to a designated pinning spot on the SHPS. By incorporating
distinct labyrinthine structures on the SHPS for local constraint of
droplets, the AT can also be used to selectively deliver individual
droplets among multiple ones. Finally, a three-axis AT is built for
3D manipulation of droplets off the SHPS, enabling capture, trans-
port, release and mixing of droplets. This study sheds light on the
working principles of acoustic tweezers, and offers tools for multi-
dimensional droplet manipulation.

The single-axis AT is schematically depicted in Fig. 1a. It con-
sists of a pair of circular ultrasonic transducers (each 10mm in
diameter) arranged horizontally in a coaxial configuration and se-
cured with a 3D-printed plastic holder. The ultrasonic transducers
are simultaneously driven by a 40kHz square-wave electric signal
using a function generator and a power amplifier (see Experimen-
tal section and Fig. S1 in Supporting information for detailed illus-
trations of the equipment). This results in two counter-propagating
acoustic waves with identical amplitude and phase propagating
along opposing directions, the superposition of which generates an
acoustic standing wave. For a small sphere with a radius of R lo-
cated in the acoustic field, the potential for the acoustic radiation
force (Uac, also called Gor’kov potential) can be calculated using

the Gor’kov expression (Eq. 1) [32,33]:

3pj<:]c()2 () - f22p0<"2>} (1)

Use = 2nR3[

where p and u denote the sound pressure and particle velocity,
respectively. The coefficients f; and f, depend on the densities
(00, ps) and sound velocities (co, cs) of the medium and sphere,

with fi=1- po 02 and f, = 22p o . For a sphere in mid-air, since

its density is much larger than that of air, both f; and f, equal
1. Using COMSOL Multiphysics software, we simulated the pres-
sure and particle velocity distributions within the acoustic field
and subsequently calculated the radiation force potential using Eq.
1. Fig. 1b and Fig. S2 (Supporting information) show the poten-
tial distribution in a single-axis AT setup with an inter-transducer
spacing of 36 mm. Multiple potential wells are evident in the AT,
exhibiting bilateral symmetry with respect to the center vertical
axis. These potential wells are separated by approximately 4.3 mm,
which is half of the wavelength (A = cq/f, where ¢y =343 m/s and
f=40kHz) of the mid-air acoustic wave. These potential wells
serve as acoustic traps for manipulating droplets. To allow trans-
portation of droplets on the SHPS, the single-axis AT is horizon-
tally translated using a linear translation stage, and the SHPS is
positioned between the transducers, aligning its top surface at the
same height as the horizontal symmetric axis of the ultrasonic
transducers. This setup ensures that acoustic waves can effectively
transmit to the droplet on the SHPS without obstruction by the
SHPS. The scanning electron microscopy image in Fig. 1c reveals
that the SHPS has a porous surface structure with stacked nanopar-
ticles. The X-ray photoelectron spectroscopy spectrum (Fig. 1d)
shows that the surface is predominantly comprised of Si (31.0%), O
(48.8%), and C (19.2%), consistent with NeverWet’s composition re-
ported in literature—silica nanoparticles coated with poly(siloxane)
[34]. The nanoscale roughness and low surface energy components
(poly(siloxane)) contribute to the superhydrophobic property, and
the friction of water droplet on the SHPS can be effectively de-
creased due to the persistence of air cushion at the SHPS-water
interface [35,36]. The static contact angle of water on the SHPS
reaches 166° + 5°, and the sliding angle for a 5-pL droplet is only
1.5° + 0.8°. The single-axis AT can trap droplets in the potential
wells, enabling droplet transportation when the AT is translated.
As shown in Fig. 1e, Fig. S3 and Movie S1 (Supporting information),
when the AT under a voltage of 25V is translated at a constant ve-
locity of 1mm/s, a 5-uL water droplet on the SHPS is smoothly
transported at the same velocity. When the voltage is decreased
to 10V (Fig. S3), the trapping force is weakened. As a result, the
droplet exhibits an intermittent moving behavior. Further reducing
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Fig. 2. (a) Schematic diagram showing the force sensor used to measure the acoustic radiation force acting on the droplet in the single-axis AT setup. (b) Photographs
showing the deflection of the elastic fiber when the attached droplet is subjected to the acoustic radiation force F.. The deflection is defined as the displacement of the
lower end of the elastic fiber. (c) The acoustic radiation force acting on the droplet along the horizontal symmetric axis of the AT. (d) The acoustic radiation forces acting
on the droplets as functions of droplet diameter. (e) The sliding angles of water droplets with different volumes on the SHPS. (f) Regime diagram for acoustic droplet
transportation on SHPS. The solid curve represents the predicted start-up voltages for transporting the droplets.

the applied voltage to 5V leads to failure in droplet transportation
using the AT. This voltage-dependent behavior in droplet trans-
portation will be explored in more detail below.

To investigate the mechanism of acoustic droplet transportation
on the SHPS, the acoustic radiation force acting on the droplet
should be measured. As shown in Fig. 2a, a thin elastic fiber is
used as the force sensor to measure the acoustic radiation force
acting on the droplet [37-40]. The elastic fiber (diameter =0.1 mm,
length=68 mm) is vertically aligned and secured at its top end
by a plastic holder. The droplet is suspended at the lower end of
the elastic fiber, positioned at the same height as the horizontal
symmetric axis of the ultrasonic transducers. Once the droplet is
subjected to the acoustic radiation force, the elastic fiber gets de-
flected by a distance of Ax (Fig. 2b). At equilibrium, the acous-
tic radiation force is counteracted by the restoring force which is
proportional to Ax. The acoustic radiation force F,c acting on the
droplet can be calculated as follows (Eq. 2):

F = kAx )

where the elastic constant k is calibrated using a force balance
with high accuracy, detailed in Fig. S4 and Experimental section
(Supporting information) [39,41]. One example of the acoustic ra-
diation force acting on the droplet is presented in Fig. 2c, show-
ing undulating changes of the force along the horizontal symmet-
ric axis of the single-axis AT. At the center of the AT, the acoustic
radiation force approaches zero. Deviation from the center would
induce forces guiding the droplet to nearby potential wells (Usc
reaching local minimal while F,c = 0, Fig. S2). On the other hand,
departure from the center of a potential well would prompt a
restoring force that directs the droplet back to the well center.
Fig. 2c and Fig. S2 also show that the amplitude of the acoustic
radiation force becomes larger when approaching the transducers,
reflecting a stronger acoustic field near the transducers.

The acoustic radiation force is not only influenced by the rela-
tive position of the droplet in the acoustic field, but also by the
droplet size and the applied voltage. To study the influence of
droplet size on the acoustic radiation force, the droplet attached to
the elastic fiber was allowed to evaporate, and the resulting acous-
tic radiation force on the droplet with a decreasing volume was
determined. As shown in Fig. 2d, decreasing the droplet diameter
correlates with the reduction in acoustic radiation force (the force

amplitude around the center of the AT). This agrees well with the
expectation that the acoustic radiation force is proportional to the
cube of droplet diameter [32]. Furthermore, the acoustic radiation
force can be tuned by the applied voltage. Applying a higher volt-
age increases the acoustic strength, consequently enhancing the
acoustic radiation force acting on the droplet. This explains the re-
sults given in Fig. S3, which demonstrates that a higher voltage is
beneficial for acoustic manipulation of the droplet.

To transport a droplet on the SHPS, the friction force acting on
the droplet should be overcome. The friction force can be quan-
tified by measuring the sliding angle («) of the droplet, which
is the critical tilt angle at which the gravitational force acting
on the droplet became sufficient to overcome the friction force
(fs = pVgsina, where f; is the friction force, V is the droplet vol-
ume and g is the gravitational acceleration). It can be further de-
duced that the friction force is correlated with droplet volume fol-
lowing Eq. 3:

fs=pgv'B 3)

ky 3/ 24sin°0 L
where B= "X 3/ 280 (cosfec — cOSH,q,), Which is de-
PE Y 7 (1—cosh)? (2+cosh) ( rec adv)

termined by the geometric factor k, the droplet surface tension
y, the static contact angle 6, the advancing contact angle (6,4,)
and receding contact angle (6rec) of the droplet on the surface. A
detailed derivation of Eq. 3 and a discussion on how contact an-
gle and contact angle hysteresis influence the friction force can be
found in supplementary discussion and Fig. S5 (Supporting infor-
mation). The experimental results in Fig. 2e are fitted using Eq.
3 to obtain B (here B=0.0776 wL2/3), enabling the prediction of
the friction force fs for a droplet with a volume of V.

It can be hypothesized that once the acoustic radiation force is
able to overcome the friction force, the droplet can be transported
on the SHPS using the AT. In Fig. S6 (Supporting information),
we overlay the F,c ~V and f; ~V curves and identify the criti-
cal volume at which the acoustic radiation force equals the friction
force at a given voltage. It is evident that with increasing the ap-
plied voltage, the critical volume becomes smaller, meaning that
a stronger AT is requisite to manipulate relatively small droplets.
Conversely, for droplets with the same volume, there exists a crit-
ical voltage (called start-up voltage) at which the acoustic radia-
tion force equals the friction force. The deduced start-up voltage
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Fig. 3. (a) Schematic diagram of the two-axis AT setup. (b) Distribution of the Gor'kov potential for the two-axis AT. The potential is normalized by the maximal potential.
(c) Sliding angles of 2-uL droplets on the SHPS when different voltages are applied to generate the two-axis and single-axis (abbreviated as 2A and 1A) acoustic fields. (d)
Time-lapsed images showing the motion of the droplet driven by the two-axis AT. (e) Using the two-axis AT to transport a droplet in the labyrinth. (f) Micro-reaction realized

by the two-axis AT.

is depicted in Fig. 2f (star points and solid curve), showing a de-
creasing tendency with increasing droplet volume. Indeed, experi-
mental observations confirm that droplets can only be successfully
transported when the applied voltage exceeds the deduced start-
up voltage (circle: able to transport; cross: unable to transport).
This verifies the fact that for successful transportation of droplets
on the SHPS using a AT, the acoustic radiation force should surpass
the friction force.

Although the single-axis AT can be used to transport droplets
along the axis direction, it lacks the capability to manipulate
droplets perpendicular to this axis. The two-axis AT, which is
schemed in Fig. 3a and Fig. S7 (Supporting information), can gener-
ate more stable acoustic traps for 2D droplet manipulation on SH-
PSs. Fig. 3b illustrates the Gor'kov potential of a typical two-axis
AT (inter-transducer spacing =38.5 mm), revealing multiple poten-
tial wells (depicted in blue) around its center. These separated po-
tential wells allow for individual trapping of droplets, restricting
their movement in both the x and y directions. Fig. 3¢ shows that
under the two-axis acoustic field, the rolling angle increased with
voltage in both x and y directions, evidencing effective trapping
of the droplets in both directions. In contrast, under the single-
axis acoustic field, the rolling angle does not increase with voltage
along the y direction, suggesting limited constraint of the droplet
in this direction. The acoustic force distribution measured using
the elastic fiber force sensor also evidences that there exist con-
straining forces in both x and y directions in the two-axis AT
(Fig. S8, detailed experimental procedures can be found in Sup-
porting information).

With its ability to provide trapping forces in both x and y direc-
tions, the two-axis AT is suitable for reliable in-plane 2D droplet
transportation along any programed paths. For example, as shown
in Fig. 3d, the droplets are transported along the circular, crescent,
pentagram and heart-shaped paths using the two-axis AT (speed:
1.5mmy/s for the circular path, 0.7 mm/s for the other paths; ap-
plied voltage: 30V). Here the two-axis AT is translated by a two-
axis translation stage, enabling precise programming and control
of its motion. The AT can also be manually maneuvered to realiz-
ing more complicated droplet transportation. Fig. 3e and Movie S2
(Supporting information) demonstrate the use of the two-axis AT
to navigate a droplet through a labyrinth. Since the labyrinth walls
(approximately 0.3 mm in height) effectively impede the droplet’s

movement, to move the droplet from the starting position to the
destination, the AT must follow a specified path. When maneu-
vered manually, the two-axis AT can successfully move the droplet
to the destination.

Given its multiple acoustic potential wells, the two-axis AT is
able to trap and transport multiple droplets (Fig. S9 in Support-
ing information). However, their relative positions remain fixed
during movement, making it challenging to manipulate individ-
ual droplets using only the AT. To realize individual manipulation
of the droplets, SHPSs with distinct labyrinth structures can be
used (Fig. S10 in Supporting information). These distinct labyrinth
structures ensure that while one droplet is moved out from the
labyrinth, others remain confined. This enables individual trans-
portation of the selected droplet after being moved out from the
labyrinth.

For sequential mixing of multiple droplets on the SHPS using
the two-axis AT, a simple method involves creating a hydrophilic
defect on the SHPS. In contact with the hydrophilic defect, the
droplets would get pinned and become immobilized. Therefore,
the droplets can be mixed in sequence at the pinning spot, see
the top left panel in Fig. 3f. We used this routine to perform a
micro-reaction. As shown in Fig. 3f and Movie S3 (Supporting in-
formation), the FeCls, FeCl, and NaOH droplets were successively
translated to the defect position. The FeCl,, FeCl3 droplets were
first mixed together resulting in a yellow mixture droplet. After
adding the NaOH droplet, the mixture droplet turned black, in-
dicating the coprecipitation of Fe(Il) and Fe(IIl) salts under a ba-
sic condition and formation of iron oxide with black color [42].
This method can also be used for droplet-based bio-assays. For
instance, in Fig. S11 (Supporting information), a transparent ana-
lyte droplet (5 mg/mL bovine serum albumin) was mixed with a
droplet containing Coomassie brilliant blue (CBB) G250 using the
AT. The mixture droplet uniformly turned blue after 4 min, con-
firming the presence of protein in the analyte droplet [43].

Apart from manipulating droplets on two-dimensional SHPSs,
the acoustic fields can also be used to manipulate droplets and
small particles in 3D space [32,44]. Here we present a simple yet
stable 3D AT for the individual manipulation of droplets in 3D
space. Figs. S12a and b (Supporting information) show digital im-
ages of the three-axis AT setup, which consists of three pairs of
coaxial ultrasonic transducers arranged orthogonally with horizon-
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Fig. 4. (a) Using the three-axis AT to test the acid-base properties of droplets. (b) Using the three-axis AT to capture, transport, release and mix droplets. (c) Color change
of the merged litmus-HCI droplet in the three-axis AT. (d) Color change of the merged litmus-HCl droplet without applying the acoustic field. (e) Evolution of color inhomo-

geneity for the merged droplet with and without applying the acoustic field.

tal and vertical spacings of 27 mm and 12 mm, respectively. When
an electric signal (40kHz, 35V) is applied to the transducers, a
standing acoustic field is formed in 3D space (Fig. S12c in Sup-
porting information). Although the resulting acoustic traps (blue
regions) are not strong enough to levitate the relatively heavy wa-
ter droplets, it can easily levitate the expanded polystyrene (EPS)
spheres. The EPS-droplet combined system can also be levitated
(Figs. S12b and d in Supporting information, droplet volume: 1.5 pL,
transportation speed: 16 mmy/s; the EPS sphere helps to increase
the acoustic radiation force for levitating the droplet). The capabil-
ity to levitate the attached droplet on the EPS sphere while the
unattached droplets remain static can be exploited to indepen-
dently transport droplets in 3D space. As showcased in Fig. 4a and
Movie S4 (Supporting information), three 1-pL droplets, i.e., water,
HCl (pH 1) and NaOH (pH 14) droplets, were initially deposited
on a superhydrophobic mesh. The mesh structure not only im-
peded the lateral movement of the droplets, but also allowed ef-
ficient transmission of the acoustic waves. The three-axis AT was
used to transport a litmus droplet (1.5uL, attached to the EPS
sphere) to mix with the three droplets and assessed their acid-
base properties. Transported by the AT in 3D space, the purple lit-
mus droplet was first mixed with the pure water droplet, result-
ing in no significant color change. Next, it was sequentially mixed
with the HCl and NaOH droplets, causing its color to change to
orange and blue, respectively. This demonstrates that it is feasi-
ble to use the three-axis AT to manipulate droplets individually in
3D space.

By modifying the surface of the EPS sphere, it is also possible
to capture, transport, and release droplets. As depicted in Fig. 4b
and Movie S5 (Supporting information), under AT manipulation,
the superhydrophobic EPS sphere (coated with Glaco) successfully
picked up a droplet from the superhydrophobic mesh. The droplet
was then transported in 3D space until it touched another droplet
on the superhydrophobic mesh. Due to the minimized adhesion
between the droplet and the EPS sphere, the transported droplet
could be easily released from the EPS sphere.

Despite the above-mentioned versatility, using the three-axis AT
to transport and mix droplets has another unique advantage—the
acoustic field significantly expedites the mixing process [45]. As
demonstrated in Fig. 4c, when the litmus droplet was merged with
the HCI droplet under the acoustic field, the color of the merged
droplet quickly changed to orange and became uniformly dis-
tributed within 1s. In contrast, in the absence of the acoustic field,
the color of the merged droplet remained inhomogeneous even af-

ter 336s (Fig. 4d, the color became homogeneous quickly upon
applying the acoustic field after 3365s). Fig. 4e depicts the evolu-
tion of color inhomogeneity for the merged droplet, highlighting
that the application of acoustic field resulted in much faster ho-
mogenization compared to the condition without the acoustic field.
These findings underscore the crucial role of acoustic streaming in-
side the droplets in enhancing mixing, particularly beneficial for
micro-reaction and bioassay where thorough and rapid mixing is
crucial [46,47].

In fact, acoustic streaming is also observed in one-axis/two-axis
acoustic fields and can be enhanced by increasing the applied volt-
age to the ATs (Fig. S13 in Supporting information). While acoustic
streaming provides an efficient means for droplet mixing, it also
accelerates droplet evaporation due to increased convective heat
and mass transfer [48,49]. As demonstrated in Fig. S14 (Support-
ing information), the lifetime of a 1.3-uL droplet located near the
center of the two-axis AT decreases from 36 min to 32min af-
ter the acoustic field is activated (applied voltage =30V, temper-
ature =26 °C, relative humidity = 60%). Therefore, in real-world ap-
plications, special care should be taken to suppress droplet evap-
oration when using ATs for droplet manipulation, such as by in-
creasing the surrounding humidity.

In summary, we have shown the feasibility of contactless ma-
nipulation of droplets on SHPSs using simple ATs. By employing an
elastic fiber force sensor, we quantify the acoustic radiation forces
acting on the droplets. It is found that the lateral motion of the
droplet on the SHPS occurs when the acoustic radiation force sur-
passes the friction force. Compared to the single-axis AT, the two-
axis AT is more effective and reliable for transporting droplets on
the SHPSs. Droplets can be transported along any programed paths,
following the motion of the two-axis AT. To address the challenge
of individual manipulation of droplets amidst multiple ones us-
ing ATs, we propose incorporating distinct labyrinthine structures
on the SHPS to locally confine droplets. This approach allows se-
lective manipulation of individual droplets by transporting them
out of the labyrinthine structures as needed. It is also found that
the hydrophilic defect on the SHPS can be used for pinning the
transported droplets, facilitating sequential mixing. Furthermore,
we demonstrate the capability of using a three-axis AT to capture,
transport, release and mix microliter droplets in 3D space. Inter-
nal mixing within the droplets in the acoustic field is enhanced
by the acoustic streaming effect. With these capabilities for pre-
cise droplet manipulation and enhanced mixing, ATs hold signif-
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icant promise for applications in bio-assay, chemical analysis and
micro-reaction.
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