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Ultrasonic tweezer for multifunctional droplet
manipulation
Zichao Yuan, Chenguang Lu, Cong Liu, Xiangge Bai, Lei Zhao, Shile Feng, Yahua Liu*

Spatiotemporally controllable droplet manipulation is essential in diverse applications, ranging from thermal
management to microfluidics and water harvesting. Despite considerable advances, droplet manipulation
without surface or droplet pretreatment is still challenging in terms of response and functional adaptability.
Here, a droplet ultrasonic tweezer (DUT) based on phased array is proposed for versatile droplet manipulation.
The DUT can generate a twin trap ultrasonic field at the focal point for trapping andmaneuvering the droplet by
changing the position of the focal point, which enables a highly flexible and precise programmable control. By
leveraging the acoustic radiation force resulting from the twin trap, the droplet can pass through a confined slit
2.5 times smaller than its own size, cross a slopewith an inclination up to 80°, and even reciprocate in the vertical
direction. These findings provide a satisfactory paradigm for robust contactless droplet manipulation in various
practical settings including droplet ballistic ejection, droplet dispensing, and surface cleaning.
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INTRODUCTION
Controllable droplet manipulation is valuable in various practical
applications, such as biological detection (1, 2), chemical reactions
(3, 4), water harvesting (5–7), and heat management (8–10).
Various external stimuli including magnetism (11–15), electricity
(16–19), and light (20–22) are introduced to achieve more flexible
and precise droplet manipulation on superhydrophobic surfaces.
For magnetic actuation, the droplet either chases the trajectory of
the underneath permanent magnet via forming a continuous inden-
tation on magnetic responsive surfaces (11–13) or follows the mag-
netic beads embedded in the droplet (14, 15). Electric-based
manipulation mainly uses the Coulomb force to drive the droplet
rapidly via electrostatic repulsion (16–18) or attraction (19). Simi-
larly, leveraging the dielectrophoretic force within the droplet re-
sulting from the photopyroelectric effect, light-based
manipulation enables a rich fluidic operation and droplet pattern-
ing (20–22). Despite remarkable progress, it is still a challenge to
achieve the contactless droplet manipulation without the need for
essential surface or droplet pretreatment, such as preparing a
surface with specific properties (11, 17, 21) and premodifying the
electrostatic properties of the droplet (16, 19). Moreover, the
driving force to propel the droplets is usually small, which further
restricts their versatile applications.

Alternatively, the acoustic levitation leveraging the acoustic radi-
ation force generated in the acoustic field, enabling the particles or
liquid droplets to be suspended in air, might open up a promising
avenue for droplet manipulation (23–27). In an effort to circumvent
the constraint that the acoustic radiation force is mainly used to
counteract the gravity force of the object in the acoustic levitation
(28, 29), Marzo et al. (30) proposed to realize acoustic trapping,
translating, and rotating particles based on ultrasonic phased
array, i.e., a group of sensors located at distinct spatial locations to
enhance the propagation in a desired direction by controlling the
relative phases of the sensor signals. An unprecedented acoustic
structure, i.e., twin trap, has been generated at the focal point to

tweeze the particles in a flexible manner (31), which may present
an excellent alternative for droplet manipulation benefiting from
its robust contactless trapping and flexible control.

In this research, a droplet ultrasonic tweezer (DUT) based on
phased array is developed to achieve multifunctional droplet ma-
nipulation on superhydrophobic surfaces. The DUT could generate
a twin trap ultrasonic field at the focal point to trap and control the
water droplet by changing the position of the focal point. We dem-
onstrate that the droplet can move precisely along arbitrarily pro-
grammed paths in a fast and efficient manner with a wide volume
range. The DUT enables the droplet to pass through a narrow slit
much smaller than its own size, cross steep slopes, and even recip-
rocate in the vertical direction, which yields a superior platform for
ballistic droplet ejection, droplet dispensing, chemical reacting, and
surface cleaning.

RESULTS
Droplet ultrasonic tweezer
Figure 1A shows the schematic of the DUT, comprising an ultrason-
ic phased array, and a water droplet on a superhydrophobic surface.
The phased array is positioned in a double-layered symmetrical cir-
cular pattern with a diameter of 51 mm, e.g., six times that of the
ultrasonic wavelength to concentrate the ultrasound energy.
Twenty-eight ultrasound transducers in the phased array facing
toward the center of the array could emit a sinusoidal ultrasonic
signal at 40 kHz, with the ultrasonic intensity being controlled by
tuning the relative emission amplitude A (0 to 1) in the control
system, which was proposed in a previous work (32). Hence, a
twin trap ultrasonic field could be created at the focal point,
whose position could be managed by the control software.
Figure 1 (B and C) visualizes from the numerical simulation the
shape of twin trap with two symmetrical tweezer tip–shaped
regions and the relative acoustic pressure amplitude distribution
of the twin trap, respectively. As indicated by the color gradient
from dark to bright in Fig. 1C, the amplitude near the focal point
is close to zero in the y and z directions, while it increases and then
decreases as far away from the focal point in the x direction with the
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maximum value located in the brightest zone. The consistency of
the actual field with the simulation verified the reliability of the sim-
ulations, as shown in fig. S1.

To clarify the feasibility of the DUT for droplet manipulation, we
investigate the effect of the twin trap on the droplet motion. As
shown in Fig. 1D and movie S1, four droplets of ~4 μl are placed
on the superhydrophobic surface around the focal point when the
DUT is switched off. They converge and merge rapidly and lastly
cease at the focal point when the DUT is activated, demonstrating
that droplets could be preferably trapped at the focal point in the
twin trap. This discovery substantially elevates the droplet control-
lability of the DUT, i.e., to accurately maneuver a drop by altering
the position of the focal point in the x and y directions step by step.
As shown in Fig. 1E, a trapped 4-μl droplet follows the focal point
and moves from left to right in the x direction for two steps with
each step at 1 mm, exactly the same as the moving distance of the
focal point in the control software. Note that the position of the
focal point in Fig. 1E only represents the position in the horizontal
direction, and the actual focal point is on the surface to obtain the
maximum ultrasonic intensity. The shape of the droplet is affected
by the relative emission amplitude A. Figure 1F shows the side and
top views of a 4-μl droplet (left column) placed on a superhydro-
phobic surface, and it is compressed in the x direction and elongated
in the y direction at A = 1 (right column).

Multifunctional droplet manipulation
To further demonstrate the dexterous manipulation capabilities of
DUT, we move the droplets in diverse terrain situations, such as
being guided following an arbitrary programmed trajectory,
passing through narrow slits, crossing steep slopes, and migrating
against gravity. As shown in Fig. 2A, a 4-μl droplet is trapped and
moves precisely along the path “DUT” and along the trajectory of a
triangle, square, and circle accurately (fig. S2A andmovie S2). These
results indicate that the DUT is able to move droplets in any pro-
grammed path. Moreover, because of the instant change of the twin
trap resulting from the immediate shift of the focal point, the
droplet could be maneuvered in real time and move fast in a
damping oscillation manner with an average velocity of ~160
mm/s (fig. S2B). A 1-μl droplet can even achieve a maximum veloc-
ity of ~254 mm/s (fig. S2C). It is obvious that the droplet manipu-
lation mainly relies on the relative emission amplitude and the
droplet volume, and fig. S2D shows a phase diagram describing
the maneuverability of droplets with different sizes under various
relative emission amplitude A. Notably, a droplet with a suitable
size can be well controlled under a proper A (blue region), while
mismatched size and A result in an unstable state of the droplet
due to its deformable nature of the liquid, either splitting into
smaller ones under a largeA (fig. S2E andmovie S3) or moving ran-
domly (fig. S2F and movie S3). Furthermore, fig. S2G shows the
moving process of a 2-μl droplet, with the dashed lines marking

Fig. 1. Ultrasonic field and droplet controllability. (A) Schematic of the droplet ultrasonic tweezer (DUT) including ultrasound transducers, a bracket array, and a water
droplet on the superhydrophobic surface. (B) Simulated shape of twin trap ultrasonic field generated by the DUT. (C) Relative acoustic pressure amplitude distribution of
the twin trap from the numerical simulation. SHS, superhydrophobic surface. (D) Droplet trapping process in the twin trap with A = 0.4. (E) Sequential images showing the
controllability of the DUT by changing the position of the focal point for a 4-μl droplet at A = 0.4. (F) Deformability of a 4-μl droplet in the twin trap with A = 1.
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the variation of the advancing and receding contact points. The al-
ternating motion of the advancing and receding contact point indi-
cates a rolling movement of the droplet over the surface during the
manipulation process (movie S4).

The well-controlled droplet manipulation is also demonstrated
by the capability to traverse a narrow slit with the help of DUT,
which has never been reported before. Figure 2B shows a 20-μl
droplet moving faithfully through a superhydrophobic narrow slit
with a width of 2 mm, and the slit side walls were constructed with
mesh to enable a stable control even when the droplet completely
squeezes into the slit. Specifically, a droplet of diameter d = 3.4 mm
is elongated slightly in the y direction when trapped by the DUT.
Then, it squeezes into and passes through the slit smoothly as the
focal point moves forward (movie S5). Figure S3A further shows the
trafficability of droplets with different sizes, where theminimum slit
width could be 2.5 times smaller than the droplet’s diameter. Except
for straight slits, a droplet can also be maneuvered across complicat-
ed terrain, e.g., a 6-μl droplet travels through a composite topogra-
phy of two slopes and an S-shaped slit (fig. S3B and movie S6),
which holds potential in the design of soft robotics.

In addition to manipulation on the horizontal dimension,
droplet maneuvering including surmounting steep slopes and
even reciprocating against gravity on the vertical dimension can
be achieved by leveraging DUT, which is usually challenging for

other techniques. As shown in Fig. 2C and movie S7, a 3-μl
droplet climbs up a slope with an inclination up to 80° and then
descends as the focal point keeps moving forward. Specifically, as
shown in fig. S4A and movie S8, the droplet first rolls toward the
foot of the slope and then leaves the ground and wheels along the
slope to the top, indicating that the droplet retains an intimate
contact with the surface during the climbing process. Figure S4B
further shows the slope-crossing ability of droplets with different
sizes for different slope inclinations, e.g., droplets less than 8 μl
can go over the slope with an inclination 80°. Moreover, the DUT
endows the droplet to climb the slope whose height is larger than its
own size, e.g., a 4-μl droplet crosses a 40° slope with the maximum
height of 2.5 mm (fig. S4C and movie S9), which offers more pos-
sibilities for droplet maneuverability over complex terrain. In par-
ticular, benefiting from the robust control by the DUT, a droplet can
be rationally manipulated against gravity. As shown in Fig. 2D and
movie S10, a 4-μl droplet can generate a reciprocating motion in the
vertical direction to endow an antigravity droplet transport without
any further assistance, which is the maximum droplet volume that
the existing DUT can precisely manipulate.

To summarize, the DUT not only enables contactless, rapid, and
precise droplet manipulation in programmable paths on a horizon-
tal superhydrophobic surface but can also achieve several dexterous
capabilities including traversing narrow slits, crossing steep slopes,

Fig. 2. Multifunctional manipulation of the droplet ultrasonic tweezer (DUT). (A) Stacked images of a 4-μl droplet drawing the trajectory of the letter D, U, and T at
A = 0.2. (B) Capability of a 20-μl droplet crossing narrow slit with awidth of 2 mm at A = 0.4. (C) Capability of a 3-μl droplet surmounting steep slopewith an inclination up
to 80° at A = 0.4. (D) Capability of a 4-μl droplet moving against gravity in a reciprocating motion on a vertically placed convex surface at A = 0.4. (E) The notable ad-
vantages of the DUT compared with other techniques from eight aspects. The ordinary droplet and ordinary surface refer to the droplet and surface without the need for
pretreatment, respectively. The average velocity of the droplet can reach ~160 mm/s (fig. S2B). Y, yes; N, no; NG, not given.
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and moving against gravity in a reciprocating motion. The DUT
demonstrates the universal adaptability to surfaces and droplets,
eliminating their need for the pretreatment. As depicted in
Fig. 2E, this manipulation technique is superior or even unparal-
leled in eight aspects compared with previously reported represen-
tative studies using other external fields. “Y”, “N,” and “NG” in the
graph indicate yes, no, and not given in the literature, respectively.

Manipulation mechanism of the DUT
To reveal the underlying mechanism of droplet manipulation of
DUT, we analyze the forces acting on the droplet in the twin trap
ultrasonic field. Two kinds of forces exert on the drop that could
be responsible for its propulsive movement on a horizontal super-
hydrophobic surface, including the acoustic radiation force FA and
the lateral adhesion force Fad. Then, the net force F driving the
droplet could be expressed as F = FA – Fad, which provides a funda-
mental understanding of droplet motion in the twin trap. Note that
the force acting against the droplet movement Fad is a constant,
which could be expressed as Fad = kwγLV(cosθR – cosθA), with k,
w, γLV, θR, and θA being the shape correction coefficient, the
width of the water droplet, the liquid-vapor surface tension, reced-
ing contact angle, and advancing contact angle, respectively. Hence,
central to this discussion is the acoustic radiation force FA acting on
the droplet as it moves on the surface. Note that FA is the integral of
the acoustic radiation pressure PA over the entire surface of the
droplet (33) as

FA ¼ �
ð

S0
PAndS ð1Þ

where n is the normal unit vector pointing outward from the surface
S0 and PA is calculated according to King’s theory (34) as

PA ¼
1

2ρ0c20
hp2i �

1
2
ρ0hv

2i ð2Þ

where p is the acoustic pressure amplitude, ρ0 is the density of air, c0
is the sound speed in air, and v is the medium particle velocity of air.
The angular brackets in Eq. 2 denote the time average over one cycle
of acoustic oscillation. The first term represents the high acoustic
pressure region exerting a positive pressure over the droplet
surface, while the second term implies the Bernoulli effect repre-
senting the oscillation of the air particles exerting a negative pres-
sure on the droplet (35). However, it is extremely difficult to
determine FA exerted on the droplet because of the sensitivity of
the twin trap ultrasonic field.

To address this challenge, the distribution of acoustic pressure
amplitude p and velocity amplitude v was determined by perform-
ing an acoustic simulation using the commercial finite element soft-
ware COMSOL Multiphysics 5.6. The configuration of the
simulation domain is consistent with the geometry of the DUT,
and the droplet was set in an ellipsoidal shape to resemble its
actual shape geometry in Fig. 1F. More details about the numerical
model are given in note S1. Figure 3 (A to C) shows the cross section
of a 2-μl droplet cutting through its center on three typical positions
in the twin trap. The color shadings represent the acoustic pressure
amplitude p, velocity amplitude v, and the acoustic radiation pres-
sure PA, respectively. The red arrows represent the relative magni-
tude and direction of the acoustic radiation force FA. Position 1 is
exactly at the center of the twin trap, i.e., the focal point, where a

droplet is subjected to a holosymmetric FA resulting from the com-
bination of axisymmetric acoustic pressure amplitude p and velocity
amplitude v (Fig. 3A), enabling a stable droplet trapping. Note that
this special distribution of the acoustic radiation force over the
droplet surface endows a deformed droplet shape by the compres-
sion in the x direction and the stretching in the y direction, i.e., an
ellipsoid as shown in Fig. 1F (36, 37). Position 2 is on the x axis at
x = −1.5 mm from the focal point, where a nonaxisymmetry acous-
tic pressure amplitude mainly contributed to the imbalanced acous-
tic radiation force in the x direction (Fig. 3B), enabling the droplet
to move toward the focal point. Similarly, position 3 is on the y axis
at y = −1 mm from the focal point, where a nonaxisymmetry veloc-
ity amplitude lead to the imbalanced acoustic radiation force in the y
direction (Fig. 3C), forcing the droplet to head toward the focal
point as well. Such a result well explained why the droplet can be
trapped at the focal point by the twin trap. However, specific mag-
nitude of FA obtained from this simulation is inaccurate, owing to
the gas-liquid interface being set to a fully reflective boundary
condition.

To further figure out the strength of the acoustic radiation force
FA, the acceleration of the droplet is determined experimentally by
recording its dynamic behavior. Figure 3 (D and E) shows the cal-
culated acceleration (a) and displacement (s) of a 2-μl droplet when
the focal point is changed for 1 mm along the x and y axes, respec-
tively, illustrating that the wavy force profile experienced by the
moving droplet enables its damping oscillation. Note that the
maximum acceleration (amax) along x axis is much higher than
that along y axis, making the droplet a smaller amplitude of oscilla-
tion and stabilize more quickly in the former case. On the basis of
Newton’s second law, the maximum acoustic radiation force FM
during droplet motion is calculated to be ~80 μN, which is large
enough to overcome the lateral adhesive forces from the surface
(~1 μN) and its gravity (~20 μN). Therefore, compared with other
techniques, our strategy endows an enhanced performance
(Fig. 3F), and thus enables a versatile droplet manipulation outlined
above.

Multifunctional applications of the DUT
The robust and versatile droplet manipulation of DUT can be har-
nessed in some unique scenarios including ballistic ejection and
droplet dispensing. Figure 4A presents selected snapshots of the
loading and ejecting process of a 6-μl droplet in a triangular slit
using DUT. As the droplet squeezes into the slit, it undergoes an
increasing deformation characterized by further elongation within
the diverging side walls. Once the DUT is switched off, the elongat-
ed droplet is ejected instantly with a velocity of up to 100 mm/s,
reminiscent of the release of a slingshot (movie S11). Such a high-
speed droplet ejection provides an effective means for directional
fixed-velocity droplet launching and rheological measurement
(38), which has never been reported before. Figure 4B further illus-
trates the capability of the DUT to perform droplet dispensing.
When a 5-μl droplet is navigated over an array of circular hydrophil-
ic patches with a diameter of 1 mm, each hydrophilic patch retains a
small portion of liquid within the boundary of the hydrophilic
patch, leaving behind an array of daughter droplets corresponding-
ly, while the majority of the droplet travels ahead along the trajec-
tory of the focal point (movie S12), which is valuable for contactless
microdroplet distribution in biochemical detection (39). In addi-
tion, droplets can be maneuvered to carry out chemical reactions,
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such as color reaction. As shown in Fig. 4C, a 4-μl acetic acid
aqueous droplet is guided by the DUT to merge with a 4-μl
litmus droplet, resulting in a color change from purple to orange
after reaction. The merged droplet can break free from the anchor-
ing hydrophilic point and be guided to the specified destination
(movie S13). The sequential images in Fig. 4D further demonstrate
the cleaning function of the DUT, e.g., a 10-μl droplet could clean
the stains precisely in real time (movie S14).

DISCUSSION
In summary, a DUT based on phased array has been demonstrated
for multifunctional droplet manipulation on superhydrophobic
surfaces. A twin trap ultrasonic field was generated by the DUT,
which can trap the droplet at the position of the focal point. The
droplet can move along arbitrary paths and stop precisely within
a wide volume range, i.e., 0.5 to 65 μl, and a high maximum
speed, e.g., 250 mm/s, by moving the focal point step by step pro-
grammatically. Benefiting from the broad and robust effect of the
twin trap, the DUT grants the droplet the unprecedented ability
to pass through slits narrower than its own diameter up to 2.5
times without any further assistance and enables the droplet to
cross steep slopes with a maximum inclination of 80° or higher
than its own diameter. Furthermore, the droplet can move against
gravity in a reciprocating motion under the powerful control of the
DUT. Numerical simulation reveals that the droplet is subjected to

an asymmetric acoustic radiation force, making it move toward the
focal point and stabilize quickly. Our work further demonstrates
that the DUT can be cleverly harnessed for droplet ejection,
droplet dispensing, chemical reactor, and surface cleaning, which
would open promising avenues for multifunctional droplet manip-
ulation without surface and droplet pretreatment.

MATERIALS AND METHODS
Experimental setup
The control system of the DUT consists of a laptop, a driver board,
and 28 ultrasound transducers (MSO-P2Z1040AH07T, Manorshi,
China), as shown in fig. S5A. Twenty-eight transducers are
chosen for lower energy consumption and reliable droplet
control. The transducers on the upper layer are inclined downward
by 30° to maximize the ultrasonic intensity. The control software is
used to calculate the acoustic pressure amplitude distribution on a
specific focal point and send the phase delays to the driver board,
which generates square wave signals with different phases (18 Vpp
and 40 kHz with a resolution of π/5°) and sends them to the trans-
ducers. The bracket array with the material of acrylic photosensitive
resin (Rayshape Intelligence Technology Co. Ltd) was fabricated by
a three-dimensional (3D) printer (Shape1 HD, Rayshape, China).

Fig. 3. Manipulation mechanism of the droplet ultrasonic tweezer (DUT). (A to C) Three typical positions of the droplet in the twin trap ultrasonic field. The three rows
represent the distribution of acoustic pressure amplitude p, the distribution of velocity amplitude v, and the distribution of the acoustic radiation pressure PA, respectively.
The acoustic radiation force FA is indicated in the third row with red arrows. (D) Calculated acceleration (a) and displacement (s) of a 2-μl droplet when the focal point is
changed for 1 mm along the x axis. (E) Calculated acceleration (a) and displacement (s) of a 2-μl droplet when the focal point is changed for 1 mm along the y axis. (F)
Acceleration suffered by the droplet in DUT compared with other techniques.
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Fabrication of superhydrophobic surfaces
The superhydrophobic surfaces were prepared from 1060 alumi-
num plates. Specifically, the plate with a thickness of 2 mm was pol-
ished by nos. 500 and 1200 abrasive papers in sequence, followed by
ultrasonically cleaning in ethanol and deionized water for 10 min,
respectively. After immersing in boiling water for ~40 min, the
surface was uniformly coated with cross-linked nanosheets, fol-
lowed by silanization by immersion in 1 mM n-hexane solution
of trichloro-(1H, 1H, 2H, 2H )-perfluorooctylsilane for ~1 hour
and heat treatment at 150°C in air for 1 hour to render the whole
surface superhydrophobic with an apparent contact angle over 159°,
as shown in fig. S5B. The topographical surfaces used in the exper-
iment were prepared by a 3D printer described above. A commer-
cially available coating (XN-204B, Xinnano, China) was sprayed
uniformly onto the surface to render it superhydrophobic.

Characterization
The surface structure was characterized by a scanning electron mi-
croscope (SU5000, Japan). The static contact angle on the surface
was measured from sessile water drops with an OCA25 system (Da-
taPhysics Instruments GmbH, Germany) for a droplet of ~4 μl. At
least five individual measurements were conducted on the surface.
During the experiment, deionized water droplets were first placed
on the superhydrophobic surface by a micropipette, and the
dynamic behavior was filmed from the top or side view using a
single-lens reflex camera (EOS 5D MarkIV, Cannon, Japan). The
data in Fig. 3 (D to F) and fig. S2 (B and C) were obtained by ana-
lyzing videos recorded by a high-speed camera (FASTCAM SA5,

Photron Limited) at a frame rate of 500 fps, and the droplet
motion in movies S4 and S8 were recorded by the high-speed
camera at a frame rate of 10,000 fps.

Supplementary Materials
This PDF file includes:
Note S1
Figs. S1 to S6
Legends for movies S1 to S14

Other Supplementary Material for this
manuscript includes the following:
Movies S1 to S14
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