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ABSTRACT: It is known that the suspended liquid droplets in
clouds can generate electrostatic charges, which finally results in
the lightning. However, the detailed mechanism related to the
contact-electrification process on the liquid-gas (L-G) interfaces
is still poorly understood. Here, by introducing an acoustic
levitation method for levitating a liquid droplet, we have studied
the electrification mechanism at the L-G interface. The tribo-
motion between water droplets and air induced by the
ultrasound wave leads to the generation of positive charges on
the surface of the droplets, and the charge amount of water
droplets (20 μL) gradually reaches saturation within 30 s. The
mixed solid particles in droplets can increase the amount of
transferred charge, whereas the increase of ion concentration in
the droplet can suppress the charge generation. This charge transfer phenomenon at L-G interfaces and the related analysis
can be a guidance for the study in many fields, including anti-static, harvesting rainy energy, micro/nano fluidics, triboelectric
power generator, surface engineering, and so on. Moreover, the surface charge generation due to L-G electrification is an
inevitable effect during ultrasonic levitation, and thus, this study can also work for the applications of the ultrasonic technique.
KEYWORDS: contact electrification, charge transfer, liquid-gas interfaces, solid-gas interfaces, nanogenerator

The phenomenon of surface electrification upon contact
has been documented for over 2600 years, and many
applications have been developed based on this

phenomenon.1−4 Since 2012, the triboelectric nanogenerator
(TENG) proposed byWang, which uses the coupling of contact
electrification and electrostatic induction to generate electrical
energy, has been a further understanding of the mechanism of
frictional power and gradually developing as one technology in
the field of energy harvesting.5−9 The operation of a TENG
mainly relies on the interfacial electrostatic field, which outputs
power due to the displacement current induced by mechanical
motion.10−13 So far, TENGs can harvest energy from tribo-
contacts at the solid-solid interface,14−17 solid-liquid inter-
face,18−22 liquid-liquid interface,23,24 and even solid-gas inter-
face,25 while the applications of TENGs have also been
successfully developed in many areas, including micro/nano
power source,26−28 self-powered sensors,29−32 blue energy
harvester,33−36 and high-voltage sources.37−39 However, little
progress has been proposed related to energy generation at the
liquid-gas (L-G) interface. It is commonly known that lightning
on rainy days and lightning of dressing coats are the results of
triboelectricity, which can be an undeveloped energy source.
However, the lack of knowledge on mechanisms for electrostatic

charge accumulation and dissipation on an L-G interface also
prevents the collection and use of energy from the atmospheric
electricity. During the contact motion between liquid and gas, it
is not easy to realize sufficient tribo-motion due to the low
density of the gas and low moving velocity of the liquid. Hence,
the liquid-gas interface remains undeveloped for researchers in
the field of TENG.
On the other hand, the acoustic levitation technique is a kind

of noncontact manipulation method using acoustic radiation
force exerted by sound waves to levitate almost any kind of
material in a smaller space, including solids, liquids, and even
small living animals.40−48 Acoustic levitation is not only an
interesting physical phenomenon but also a promising tool for
multiple disciplines such as biology, chemistry, or phar-
macy.49−52 The special features of acoustic levitation also have

Received: August 18, 2021
Accepted: October 18, 2021

A
rtic

le

www.acsnano.org

© XXXX American Chemical Society
A

https://doi.org/10.1021/acsnano.1c07158
ACS Nano XXXX, XXX, XXX−XXX

D
ow

nl
oa

de
d 

vi
a 

B
E

IJ
IN

G
 I

N
ST

 N
A

N
O

E
N

E
R

G
Y

 N
A

N
O

SY
ST

E
M

S 
on

 O
ct

ob
er

 2
9,

 2
02

1 
at

 0
7:

12
:2

9 
(U

T
C

).
Se

e 
ht

tp
s:

//p
ub

s.
ac

s.
or

g/
sh

ar
in

gg
ui

de
lin

es
 f

or
 o

pt
io

ns
 o

n 
ho

w
 to

 le
gi

tim
at

el
y 

sh
ar

e 
pu

bl
is

he
d 

ar
tic

le
s.

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Fan+Wang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Peng+Yang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Xinglin+Tao"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yuxiang+Shi"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Shuyao+Li"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Zhaoqi+Liu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Xiangyu+Chen"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Zhong+Lin+Wang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Zhong+Lin+Wang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acsnano.1c07158&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.1c07158?ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.1c07158?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.1c07158?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.1c07158?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.1c07158?fig=agr1&ref=pdf
www.acsnano.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acsnano.1c07158?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://www.acsnano.org?ref=pdf
https://www.acsnano.org?ref=pdf


great potential for performing some tasks in industry such as the
contactless manipulation of fragile objects or processing small
volumes of liquids, while it can also be employed for trapping,
sorting, and manipulating microparticles and cells inside a liquid
medium.53−55 In this case, the acoustic levitation technique can
possibly maintain highly controllable tribo-motion between
droplet and air.
In this work, we clarified the charge transfer process between

liquid droplets and air. The stable L-G interface can be achieved
by introducing a low power and portable acoustic levitation
device for suspending liquid drops in different gas. The levitated
liquid droplets rotate at a very high speed in the acoustic wave,
leading to a stable and fast tribo-motion between liquid droplet
and gas. The charge amount on the levitated droplets increases
with the increase of levitating time, while the charge amount
finally reaches saturation state with the extension of the
suspension time. Different suspensions and ionic liquids are
used for contacting with air, while ions accumulating on the L-G
interface can create a screen effect to suppress the charge
generation on the L-G interface. Furthermore, charge generation
on L-G interfaces is significantly enhanced in the air near an
electrified object, indicating that charges on the solid surface can
escape into air and the air molecule carrying charges can
influence the electrification process on L-G interfaces. The
experimental system and the related physical analysis can be of
help to the study of rainy energy harvesting, micro/nano fluidics,
triboelectric power generator, surface engineering, and so on.
Moreover, this study shows that the contact-electrification at L-
G interfaces induced by the ultrasonic vibration/rotation is a
notable effect, which should be further considered for various
ultrasonic manipulation systems.

RESULTS/DISCUSSION
As shown in Figure 1A, the raindrop usually carries some
electrostatic charges due to the tribo-motion with air. However,
the underlying mechanism related to the charge generation
process on this L-G interface is still not fully clarified. With the
increase of the falling height of the droplets, the relative motion
between droplet and air is enhanced, and accordingly, the static
charges gradually accumulate on the surface of the water
droplets. However, in order to achieve enough relative motion
between water droplets and gas, a falling height of at least a
hundred meters is required, which is difficult to be achieved
based on common experimental equipment. In this study, the
acoustic field is used for suspending liquid drops, which is
generated by two ultrasonic phased arrays (see Figure 1B and
Supplementary Figure 1). The focal point of the sound is formed
by precisely tuning the sound wave frequency to 40 kHz, while a
Faraday cup is placed underneath the levitated droplet (see
Figure 1C). A precision stepping motor is used to push the
needle tube, in order to put the droplet with precisely controlled
volume at the focal point of the acoustic field (the volume of
each drop is 20 μL). The droplet rotates at a very high speed in
the acoustic field, while a high-speed camera is used to measure
the radius, elevation, and state of droplets from the side view. An
ultrasensitive electrometer equipped with a Faraday cupmade of
an aluminum sheet to shield external interference is used to
quantify the electrification of the water droplet. Electrical
charges on levitated droplets are measured by integrating the
induced short-circuit current from the Faraday cup when the
droplet is dripping into the Faraday cup. The dynamic behaviors
of the levitated droplet found at the stable suspension stage are
studied by using a high-speed camera, as shown in Figure 1D. It

has been found that the levitated droplet can stably rotate at a
speed of 7200 rpm, resulting in a sufficient tribo-motion with air
(see Figure 1D (i−iv) and Movie S1). The detailed rotation
mode of the droplet can be seen in Figure 1B,D, which allows the
internal part of the droplet to move to the outside and the
complete contact between liquids and air can be achieved (see
Figure 1D (v−viii) and Movie S2).
In this study, the high-speed rotation of the suspended liquid

droplets in the acoustic field can provide sufficient tribo-motion
between water molecules and gas molecules, leading to the high
probability of contact electrification. We have done our best to
clean the air and remove the floating charges, as explained in the
Experimental Section. The charge amount on the droplet is
increased with the increase of suspension time, while the droplet
is fixed at the same position and there is no significant air flow in
the chamber. Hence, we believed that the charge separation
between liquid and gas is the main origin of this electrification
process. To better understand the mechanism of tribo-
electrification at L-G interfaces, the similar theory of
intermolecular electron clouds is employed, as shown in
Supplementary Figure 1. The liquid droplets suspended by
ultrasonic contain more charges than the droplets with direct
falling, while the charge of the droplets tends to be saturated
with the extension of the suspension time (see in Figure 1E).
Small-scale objects, including liquid drops, gas bubbles, solid

Figure 1. Phenomena of liquid-gas contact electrification and
schematics of the experimental setups. (A) Contact electrification
between falling raindrops and air in nature. (B) Contact
electrification between water droplets and gas in an ultrasonic
suspension device. (C) Direct measurement of electrical charges
carried by water droplets using a Faraday cup (comprising an
aluminum sheet) connected to an electrometer. (D) (i−iv) A foam
ball rotating at high speed (a black spot on the surface of the foam
ball as a reference point); (v−viii) internal flow observation of PS
microspheres in the levitated water drop. (E) Transferred charge
from air to levitated water droplet increases with suspension time
and finally tends to saturation.
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particles, etc., in a gas fluid can experience a stable time-averaged
force when irradiated by a sound field, which is referred to as
acoustic radiation force. Gor’kov developed a general theory
based on the acoustic force potential Uac suitable to
compressible particles, which can be written as56,57
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For the acoustic levitation in air, the potential Uac can be
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where ρ0 is the density of air and c0 is the sound velocity in air.
The acoustic levitator consists of two ultrasonic transmitter
arrays, as illustrated in Figure 2A−C and Supplementary Figure
2. The samples, either solid or liquid, can be levitated at the
pressure nodes of the sound field, each of which is separated by a
distance of λ/2. For the levitation of a liquid droplet, the goal is
not simply to balance gravity. A force balance at the droplet

surface must be obtained. The acoustic radiation pressure on the
droplet is not uniform, usually positive (compression) at the
polar area, while negative (suction) at the equator, as illustrated
in Supplementary Figure 3. The droplet will, in turn, adjust its
surface curvature to adapt the radiation pressure. Meanwhile,
the Bernoulli effect arising from the acoustic streaming may alter
the force balance on the levitated sample and bring additional
instability. To enhance the levitation ability and stability, both
ultrasonic transmitter arrays are often made concave. In order to
make the droplet suspend stably, two different kinds of nonarray
ultrasonic levitation devices are also designed as shown in
Supplementary Figures 4 and 5. Finally, the double array
ultrasonic levitation device with higher stability and suspension
capacity is selected as the experimental system. To show the
position of the standing point and its stability of levitation, we
put foam balls on the central axis, where the foam ball can be
suspended (see in Figure 2D).
As shown in Supplementary Figure 6, the ultrasonic

suspension system consists of two ultrasonic transmitter arrays,
a driver (L298N), controller (Arduino Nano), and computer.
The Arduino Nano programmed by the computer generates the
square wave signals to control the L298N Dual H-Bridge motor
driver for amplifying the signals to power the ultrasonic
transmitter arrays. One channel is kept at a constant phase,
while the other channel’s phase can be shifted to move the
trapped particles upward or downward. The cycle time of the
driving voltage signal is 25 μs, so the final ultrasonic frequency is
about 40 MHz, as shown in Figure 2E. To understand the

Figure 2. Working principles of acoustic levitation. (A) Structure of the acoustic levitation. (B) Sound pressure and (C) radiation force in
acoustic levitation standing wave field. (D) Three foam spheres are suspended in midair. (E) Excitation drive voltage applied to the ultrasonic
system for controlling the position of the droplet in the chamber, either at the top or at the bottom. (F) Pressure amplitude distribution. (G)
Sound pressure levels in the levitator. (H) Positions of the particles at t = 0.1 s. The colors refer to the instantaneous particle velocities. (I)
Particle position and trajectories plotted using the radiation potential as coloring. (J) Plot of the levitated droplet’s sphericity and stability as a
function of applied voltage.
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physical mechanism of acoustic levitation, we use the COMSOL
software to numerically calculate the pressure amplitude and the
sound pressure field between two ultrasonic transmitter arrays.
The pressure field is shown in Figure 2F, with plane wave
radiation conditions at the open boundaries. The corresponding
sound pressure level in the system is shown in Figure 2G. This
distribution strongly depends on the ultrasonic transmitter array
geometry which plays an essential role in enhancing levitation
ability and stability. Meanwhile, the position of the particles at t
= 0.1 s is shown in Figure 2H and Movie S3. Finally, the particle
position and its trajectories are shown in Figure 2I using the
magnitude of the radiation potential as a color legend. Since the
radiation force is defined as the gradient of the radiation
potential, it is clear that the particles tend toward the lowest
potential value.
In addition to numerous structure parameters of the system,

the voltage of the transducer also has a significant effect on the
shape and stability of droplets within acoustic levitation systems
(see in Supplementary Figure 7). The data in Figure 2J show the
relationship between droplet sphericity (as determined using eq
5 in Experimental Section) and spatial stability (as determined
using eq 6 in Experimental Section), as a function of the applied
voltage for the levitating system. It is found that there is a decline
in the droplet sphericity as a function of applied voltage which
remained above 60% until 12.5 V. The stability, however,
reaches the maximum value at 12.5 V. This suggests that 12.5 V
represented the best option to maintain both drop stability and
sphericity for these samples, and this voltage is used for all the
related experiments.
To understand electrification at L-G interfaces, the ultrasonic

suspension device and the Faraday cup are combined to avoid
external interference of static electricity (see in Figure 3A and

Supplementary Figure 7). After the levitation, the droplet with
different surface charges falls into the Faraday cup. The size of
each water droplet is precisely controlled by the stepping motor,
and the long metal needle is grounded to avoid the ambient
influences. Usually, the increase in ion concentration in a liquid
is a negative effect for electrification, which can be attributed to
the screen effect due to the existence of H+ and OH− in water.
Hence, the deionized water (DI water) is used as the liquid
contact pairs to amplify the electrification results. As shown in
Figure 3B, the peak value of the output current increases after
the water droplet levitated in different times. Here, the output
signal is measured from the Faraday cup, where the dripping of
the droplet into the cup can induce the output signal from the
cup to the ground. When the suspension time of water droplets
is more than 30 s, the peak value of the current reaches a
maximum value, suggesting that the electrification process
between water droplets and air reaches saturation state. In order
to prove the effects of ultrasound on contact electrification at the
L-G interface, we conduct a comparative experiment without
ultrasound. As shown in Figure 3C, each droplet without
ultrasonic suspension can induce a voltage output (from Faraday
cup) for about 0.014 V, and the same signal after ultrasonic
suspension (3 s) is 0.11 V. The charge amount of water droplets
with a suspension time of 3 s is shown in Figure 3D, and the
charge carried by each droplet is about 0.05 nC. At the same
time, in order to measure the real-time charge on suspended
water droplets, the probe is used to insert into the water droplets,
and then, the electrical signal of the probe is measured with the
6514 electrometer. As shown in Figure 3E, the charge increase
rate of the levitated water droplet is about 25 pC/s, and the
transferred charge curve shows an increasing trend without
saturation, since the electric charge accumulated by contact

Figure 3. Contact electrification between levitated DI water droplets and air. (A) Schematic showing experimental setup. Experimental setup is
placed in a Faraday cage. (B) Induced current signals from Faraday cup after tribo-motion between DI water droplets and air in different
suspension time. (C) Voltage output of levitated droplets (fromFaraday cup) with a suspension time of 3 s (see the red curve). The blue curve is
the voltage output of water droplets without acoustic levitation. (D) Transferred charge of levitated droplets (from Faraday cup) with a
suspension time of 3 s. (E) The transferred charge when probing needle is inserted into suspended DI water droplets.
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electrification at the L-G interface is transferred to the
instrument.
To further explore the contact electrification between water

droplets and different gases, we design a closed acoustic
levitation chamber filled with O2, N2, and Ar, respectively, to
make the suspended water droplets fully contact with gas (see in
Figure 4A). The sound absorption sponge is put on the inner

wall to prevent the reflection of ultrasonic waves on the inner
wall from causing water droplets instability and bursting. As

shown in Figure 4B−D, with the extension of suspension time,
the output transferred charge from the Faraday cup also
increases, which shows that transfer charge exists with different
gas. As can be seen from Figure 4B−D, the charge transferred by
tribo-motion between suspended water droplets with Ar
(suspension time: 30 s) is less than that with O2 and N2. The
detailed reason related to this point may still need further study.
To further explore the effect of charge transfer at the L-G
interface, different mixed liquids and ionic liquids are used for
the following experiments (see in Figure 5A−D). PTFE
suspension and BaTiO3 suspension are chosen to be levitated
in the midair. The transferred charges of PTFE and BaTiO3
suspension droplets are opposite to that of the DI water droplet
(see in Figure 5A,B), while the transferred charges of Nylon
suspension droplets and NaCl solution are both positive (see in
Figure 5C,D). As shown in Figure 5D, the transferred charge of
NaCl solution droplets remains nearly unchanged in different
water droplet suspension time since the presence of freely
moving ions in the NaCl ion solution forms an electrostatic
shielding effect. From Figure 5A−C, the results show that the
absolute value of transferred charge of the suspensions of PTFE,
BaTiO3 is obviously greater than that of DI water, which
suggests that there is contact electrification between suspended
particles and air at solid-gas interfaces, as shown in
Supplementary Figure 9.
Meanwhile, we also explore the effect of external electrostatic

field on the contact electrification on L-G interfaces. The
Polyimide film and Nylon film are rubbed against each other in
advance, and then they were made as rings, where the surface
charge densities of these two films are 90 and 76 μC/m2,
respectively. These rings with a strong electrostatic field are
placed on the central axis of the ultrasonic suspension, and the
suspended DI water droplet is suspended in the center of the
ring, as shown in Figure 5E. When the DI water droplet is
levitated in the center of the Polyimide ring, the transferred
charge from the Faraday cup after its falling is opposite with that

Figure 4. Contact electrification between levitated water droplets
and different kinds of gases. (A) Photograph of sealed acoustic
levitation equipment with two ultrasonic emitter arrays. A hole is in
themiddle of the bottom array in order to let the water drop into the
Faraday cup. The transferred charge (from Faraday cup) of the DI
water droplet with different levitation time (B) in a N2 atmosphere,
(C) in an O2 atmosphere, and (D) in an Ar atmosphere.

Figure 5. Contact electrification between levitated different liquid droplets and air, and the effect of the electrostatic field polarization ring on
levitated DI water droplets. (A) Measured amount of transferred charge (from Faraday cup) of PTFE suspension droplets in air in different
levitation time. The transferred charge (from Faraday cup) of (B) BaTiO3 suspension droplets, (C) Nylon suspension droplets, and (D) NaCl
solution droplets. (E) Diagram of the experimental setup. The DI water droplet is levitated in the center of a charged film ring. (F) The
transferred charge (from Faraday cup) of water droplets levitated in the center of Polyimide film ring. (G) The transferred charge of water
droplets levitated in the center of Nylon film ring.
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of naturally falling water droplets (without external field; see
Supplementary Figure 10), and the absolute value of the
transferred charge is much larger (see in Figure 5F). The
negative charges are induced on the surface of the Polyimide ring
due to the contact electrification, while the charge relaxation for
the surface to the air allows the surrounding air carrying negative
charges. The levitated DI water droplets are rotating at a high
speed tribo-motion with the surrounding air, and the negative
charges are transferred to the droplet, as shown in Supple-
mentary Figure 11. The direction of its transferred charge is the
same as that of naturally falling water droplets as the DI water
droplet suspended in the center of the Nylon ring (positively
charged) (see in Figure 5G). Hence, these results confirm that
the electrification on the L-G interface is easily influenced by the
surroundings, and a well-controlled experimental environment
is inevitable for clarifying the underlying mechanism of L-G
electrification.

CONCLUSIONS
In summary, we have investigated themechanism of L-G contact
electrification supported by using a low cost, low power, and
portable acoustic levitator to suspend liquid droplets in the
related air. The liquid droplets rotate at a very high speed in the
acoustic field, which provides a stable experimental condition to
support sufficient tribo-contact between droplet and air. Hence,
contact electrification at L-G interfaces can be verified without
much concern about liquid vaporization. In this work, we get the
following interrelated conclusions:

(i) Friction between levitated DI water droplets and air
(temperature: 25 °C, relative humidity: 21%) makes DI
droplets carry a positive charge.

(ii) We observed that the charge amount of water droplets
(20 μL) gradually becomes saturated with the levitation
time of 30 s.

(iii) Different suspended particles (PTFE, BaTiO3, Nylon) in
DI water droplets can increase the amount of charge
transfer, whereas ionic solution (NaCl solution, 0.1 mol/
L) has a suppression effect on charge transfer due to the
screen effect.

(iv) The transfer of charge amount at L-G interfaces can be
significantly enhanced, if the droplet is levitated in the air
near a strongly charged solid surface, indicating that the
charge transfer process from solid to air and then to
droplet is possible.

These findings advance the scientific understanding of contact
electrification at L-G interfaces and guide reasonable design
technologies including anti-static, micro/nano fluidics, tribo-
electric power generator, and materials and surface engineering.
Moreover, since the contact electrification at L-G interfaces
induced by the ultrasonic vibration/rotation is inevitable, the
study in this work can also help to further optimize various
ultrasonic manipulation systems.

METHODS/EXPERIMENTAL SECTION
Sample Preparation. The DI water with a resistivity of 18.2 MΩ·

cm used here was produced by a deionizer (HHitech, China). Before
the experiments, the Faraday cup was cleaned with alcohol andDI water
and heated for 10 min at 350 K to remove the charge on the surfaces.
During the contact electrification between water droplets and air, the
ultra-clean air is used to pass into the closed experimental environment,
and then stand for 30 min. In the contact electrification between water
droplets and other gases (N2, O2, Ar, respectively), the gas is pumped

into the closed experimental environment for 30 min; then ultrasonic
levitation and charge measurement are performed.

Calculation of Sphericity of the Levitated Liquid Droplets.
There is a trade-off between higher voltages which ensure stable
entrapment (up to the point at which the droplets are split into smaller
volumes) at the expense of maintaining sphericity and providing
sufficient acoustic pressure to levitate their mass. We present a
combined plot of sphericity and stability for a silicone oil coated water
droplet to determine the optimum range of voltages suitable for such an
experiment
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where a and b are the semi-major and semi-minor axes, respectively, as
determined from the ellipse fitting function.

Calculation of Stability of the Levitated Liquid Droplets.
Twenty drops of DI water droplets (20 μL) are placed in the same
ultrasonic standing point and suspended for 60 s; then the proportion of
water droplets that can be stably suspended is calculated, which is
assumed to be the magnitude of stability (Ø).

=
N

Ø
20

s
(6)

where Ns is the number of water droplets that can be stably suspended.
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Supplementary Figures 1−11 show the mechanism of
contact electrification, the structure of ultrasonic
levitation system, the experimental setup images, and
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air (AVI)

Movie S2 shows motivation of the internal particles of the
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