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ABSTRACT: Controllable droplet manipulation has diverse applications;
however, limited methods exist for externally manipulating droplets in
confined spaces. Herein, we propose a portable triboelectric electrostatic
tweezer (TET) by integrating electrostatic forces with a superhydrophobic
surface that can even manipulate droplets in an enclosed space. Electrostatic
induction causes the droplet to be subjected to an electrostatic force in an
electrostatic field so that the droplet can be moved freely with the TET on a
superhydrophobic platform. Characterized by its high precision, flexibility,
and robust binding strength, TET can manipulate droplets under various
conditions and achieve a wide range of representative fluid applications such
as droplet microreactors, precise self-cleaning, cargo transportation, the
targeted delivery of chemicals, liquid sorting, soft droplet robotics, and cell labeling. Specifically, TET demonstrated the ability to
manipulate internal droplets from the outside of a closed system, such as performing cell labeling experiments within a sealed Petri
dish without opening the culture system.
KEYWORDS: droplet manipulation, superhydrophobic surface, triboelectric electrostatic tweezer, electrostatic force, femtosecond laser

Controllable droplet manipulation plays an indispensable
role in various applications, such as microfluidics,1,2

printing technology,3,4 biological detection and analysis,5,6

combinatorial chemistry,7,8 water harvesting,9,10 and heat
management.11,12 Due to the risk of contamination associated
with contact operation, contactless droplet manipulation has
attracted increasing attention in recent years. There are usually
two strategies for achieving noncontact transport of drop-
lets.13−15 One is to design geometric, chemical, wetting, or even
charge gradient structures on the surface of solid materials.16−20

The droplets on the gradient structures have asymmetric three-
phase contact lines or contact angles, which enable the droplets
to move along the gradient direction spontaneously under the
asymmetric forces (e.g., Laplace force).13,14 However, droplet
manipulation based on gradient structures is limited by short
transport distances, single and fixed transport directions, and
irreversible movement, arising from the foundation of these
methods (i.e., the limited gradient range and the fixed gradient
direction).19,21 Another idea is to change the morphology or
other physical and chemical properties of the substrate
supporting the droplet through external stimuli (such as
magnetism,22 light,23,24 and electricity25) or to directly apply
force to the droplets,26−28 making the droplet follow the
stimulus source to move forward. Although stimulus strategies
allow droplets to move farther and in a more flexible direction
than gradient structures, they often rely on essential surface

pretreatment or droplet pretreatment.23,24,29−31 Nonetheless,
despite extensive progress, these contactless manipulations are
usually carried out on open material surfaces, and few methods
are capable of manipulating droplets in a confined space from
the outside without surface or droplet pretreatment. External
manipulation of droplets in closed spaces is very useful for many
practical applications when the system is not allowed to open or
conventional tools cannot be inserted into the system; it is still a
challenge to achieve such a novel function.
In contrast to the magnetism and light stimuli, which drive

droplets indirectly by changing the physical and chemical
properties of the operating platform,22−24 an electrostatic field
can directly apply electrostatic force to droplets.26,27 In addition,
the electric field can easily penetrate the insulating material, so
electrostatic forces show great potential for droplet manipu-
lation in confined environments. However, electrostatic
operating systems based on a high-voltage input are unsafe,
not easy to carry, and not convenient enough. There is an urgent
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need to develop a safer and more convenient electrostatic
operation method for manipulating droplets under different
conditions.
Here, a portable triboelectric electrostatic tweezer (TET) was

developed to manipulate droplets not only in open space but
also in enclosed space. Electrostatic induction of droplets occurs
under the electric field generated by the charged rod; thus, the
electrostatic force allows the droplet to move freely on the
superhydrophobic platform with the TET. TET droplet
manipulation has the characteristics of high precision, high
flexibility, and strong binding strength to droplets. These
features enable the TET to manipulate droplets under a variety
of conditions and to achieve a range of droplet-related
applications. In particular, TET can manipulate droplets in a
closed plastic tube and enable cell labeling experiments in an
enclosed Petri dish without opening the culture system.
Figure 1a shows the designed TET system for droplet

manipulation. A glass rod that is positively charged by rubbing
silk is vertically fixed to a 3D mobile mechanism. The charged
rod is above the droplet on the operating platform and is at a

suitable distance from the droplet. To move the droplets easily,
the operating platform must have extremely low adhesion to the
droplets. A superhydrophobic platform was easily obtained by
using a femtosecond laser to ablate the surface of a hydrophobic
polytetrafluoroethylene (PTFE) sheet (Figure 1c). Laser
processing produces hierarchical microstructures on the PTFE
surface (Figure 1d and e). The resultant surfaces are
superhydrophobic with a contact angle of 152.6 ± 1.7° (inset
of Figure 1d) and a sliding angle of 2.3 ± 0.5° (Figure S1) to
water droplets and thus have extremely low adhesion to droplets.
The droplets on the superhydrophobic platform are affected by
the electric field generated by the electrostatic rod and subjected
to electrostatic forces due to electrostatic induction.32,33 As
shown in Figure 1b, the electrostatic force tightly binds the
droplet to the location directly below the rod. As the charged rod
moves horizontally, the droplets will move with it, as if
controlled by an invisible tweezer, i.e., a triboelectric electro-
static tweezer.
Figure 1f and g depict the process by which TET pulls an off-

center droplet back. Under electrostatic attraction, the droplet

Figure 1.Designed system for droplet manipulation by triboelectric electrostatic tweezers. (a) Schematic of the manipulation system. (b) Schematic of
moving a droplet by electrostatic interactions. (c) Femtosecond laser processing system. Inset: line-by-line scanning method. (d, e) Laser-induced
superhydrophobic microstructures on the PTFE surface. Inset: a water droplet on this surface. (f) Process of TET clawing back a droplet that deviates
from its center. (g) Position change of the droplet in (f). (h) A round-trip process in which the droplet was moved forward and returned. (i) The
position changes of the TET and the droplet during droplet manipulation in (h). (j) A droplet being guided through a complex maze.
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quickly moves toward the TET and finally stops below the TET
after a damping process (Movie S1). Even if the droplet is
moving faster than 80 mm/s, it can be attracted back (Figure
S2), indicating the strong binding ability of the TET to droplets.
On the superhydrophobic platform, the motion of the droplets
can be guided by moving the charged rod. Figure 1h and Movie
S2 show a round-trip process in which the droplet is moved
forward and returned by TET at an average velocity of∼32mm/
s. The position changes of the TET and droplet indicate that the
lag of the droplet is very small (Figure 1i). Even when the
velocity increases to ∼101.8 mm/s, the droplet is still
synchronous with the motion of the TET (Movie S2), showing
a very high precision of droplet manipulation. In addition to high
precision, the TET also has a strong flexibility for manipulating
droplets. Figure 1j and Movie S3 show the process of
successfully guiding droplets through a complex maze by TET.
A low air humidity is beneficial for stabilizing the surface

charge on the triboelectric rod.19 Despite the degradation of the
surface charge in a normal environment (humidity ≈ 41.8%,
temperature ≈ 17.2 °C), we found the electrostatic potential
remained at 87.5% after 10 min, which is sufficient to complete
the droplet manipulation task (Figure 2a). The droplet under

the TET is lengthened vertically into an ellipsoid shape because
of electrostatic attraction (Figure 1b and c). The degree of
droplet deformation can be described by the deformation rate,
h/w, where h is the vertical height and w is the horizontal
diameter of the droplet. With decreasing height (H) of the TET,
the deformation rate increases, which indicates that the droplet
is subjected to a stronger electrostatic attraction (Movie S4).
When H is less than a safe value, either a corona discharge
process occurs (the droplet is instantly stretched, thus coming
into contact with the rod, and the droplet is charged)33−35 or the
droplet leaves the superhydrophobic substrate. The results
indicate that the electrostatic force received by the droplet is also
related to the distance from the TET, in addition to the surface
electrostatic potential of the TET.
The electrostatic potential (U) andH of the TET have crucial

influences on the droplet manipulation. As shown in Figure 2d
and e, droplet manipulation occurs under three different
conditions. When U is too low and H is too large (region I),
the electrostatic force (Fe) on the droplets is very small. Its
horizontal component (Fe,x) is not enough to overcome the
adhesive force (Fad,x) of the platform to the droplet, so the
droplet cannot be moved. As the U of the TET increases or H

Figure 2. Factors affecting droplet manipulation. (a) Degradation of the electrostatic potential of the charged rod under a humidity of ∼41.8% and a
temperature of ∼17.2 °C. (b) Change in the deformation rate of the droplet as the height of the TET gradually decreases. Inset: definition of the
deformation rate. (c) Snapshots of droplet shape with gradually decreasing TET height. (d) Schematic showing three different conditions for
electrostatic droplet manipulation. (e) Phase diagram showing the influence of the electrostatic potential and the height of the TET on droplet
manipulation. (f) Phase diagram showing the effect of droplet volume on electrostatic droplet manipulation. (g) Schematic and definition of the
binding radius. (h, i) Influence of (h) the electrostatic potential (H = 10 mm) and (i) the height (U = +4 kV) of the TET on the binding radius.
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decreases, the electric field strength at the droplet position
increases, and the droplet is attracted by a larger Fe. When Fe,x
can overcome Fad,x, the droplet will move forward, following the
TET (region II). However, when the U is too high or the H of
the TET is too low, the droplet will be subjected to excessive
electrostatic attraction (region III). Once the vertical electro-
static force (Fe,z) is strong enough to overcome the gravity (mg)
of the droplet, the droplet will detach from the super-
hydrophobic platform and be picked up by the TET, making
it impossible to manipulate the droplet. The droplet can be
manipulated flexibly only if the TET has a suitable U and is at a
suitableH (i.e., a suitable distance from the droplet) (Figure 2e).
Figure 2f shows the effect of the droplet volume on electrostatic
droplet manipulation. Droplets of different sizes can be moved,
and the droplet volume has less influence on the manipulation
process than the electrostatic potential and height of the TET.
During droplet manipulation, only droplets within a certain

distance of the TET can be pulled back to the position below the
TET, and droplets beyond this distance cannot be controlled.
This critical range can be characterized by the binding radius
(BR) (Figure 2g). As shown in Figure 2h and i, the BR increases
with increasing potential of the TET and decreases with
increasing height of the TET because a larger electrostatic
potential or a smaller height can increase the binding strength of
the TET to the droplets.

Figure 3 reveals the mechanism of the TET droplet
manipulation. As shown in Figure 3a and h, an electrostatic
field is created around the TET. Spatially, the electric potential
and the electric field strength gradually decrease as the distance
from the charged rod increases. Under the electrostatic field,
electrostatic induction redistributes charges inside the droplet
and generates induced charges.32,33,36 Taking the TET with a
positive potential as an example, the positive charge inside the
droplet accumulates on the droplet surface away from the TET
due to the repulsive force. In contrast, the negative charge
accumulates on the droplet surface near the TET due to
attraction. The uneven distribution of charge causes the droplet
to be subjected to electrostatic force (Figure 3d and k). The
Coulomb force is the sum of the Maxwell stresses acting on the
surface of the droplet:19,37−39

F E En E n S( )
2

de
2=

Ä
Ç
ÅÅÅÅÅÅÅÅ

É
Ö
ÑÑÑÑÑÑÑÑ (1)

where ε and E are the permittivity of the liquid and the electric
field strength at the droplet surface, respectively, and n and S are
the surface unit normal and surface area of the droplet,
respectively. This electrostatic force can be quantified in tensor
form:26,40,41

Figure 3. Understanding the mechanism of TET droplet manipulation via simulation and force analysis. (a, h) Distribution of the electrostatic
potential and electric field intensity (the arrows reflecting its direction and strength) around a +5 kV charged rod. (b, c, i, j) Distribution of theMaxwell
stress tensor applied to a droplet (Tx, horizontal component; Tz, vertical component). (d, k) Force analysis of the droplets under electrostatic
interactions. (e−g, l−n) Simulation results of the electrostatic forces acting on a droplet: (e) at different U values (H = 7 mm, D = 7 mm), (f) at
differentH values (U = +5 kV, D = 7 mm), (g) at different D values (U = +5 kV, H = 7 mm), (l) at different U values (H = 7 mm, D = 7 mm, DD = 6
mm), (m) at differentH values (U = +5 kV,D = 7mm, DD = 6mm), and (n) at different DD values (U = +5 kV,H = 7mm,D = 7mm). (a)−(g) show
the conditions when the droplet is directly below the TET (DD = 0 mm), and (h)−(n) show the conditions when the droplet deviates horizontally
from the TET by a certain distance (DD ≠ 0 mm).
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where Te, ε0, E, and δij are the Maxwell stress tensor, the
permittivity of air, the magnitude of E, and the Kronecker delta
function, respectively. The distribution of Te on the droplet can
be calculated via COMSOL-Multiphysics simulation, reflecting
the forces acting on different units on the droplet surface, as
shown in Figure 3b, c, i, and j.
Since the accumulated negative charge is closer to the TET

and the electric field strength at the location of negative charge is
greater than that at the positive charge, the attraction of negative
charge is greater than the repulsion of positive charge. Overall,
the attraction dominates, so that the electrostatic force is
directed toward the TET, which provides the driving force for
the movement of droplets. When the droplet is directly under
the TET, the Fe,z is positively correlated with the U (Figure 3e),

negatively correlated with the H (Figure 3f), and positively
correlated with the diameter (D) of the TET when D ≤ 8 mm
(Figure 3g). However, Fe,x is always 0, so the droplet does not
move laterally and stays under the TET (Figure 3d). When the
droplet deviates horizontally from the TET by a certain distance,
both the Fe,x and the Fe,z have a positive relation with U (Figure
3) and are negatively correlated withH of the TET (Figure 3m).
The Fe,z decreases as the deviation distance (DD) from the TET
gradually increases, while the Fe,x first increases and then
decreases (Figure 3n). Figure 3k shows the force analysis of the
droplet when it deviates from the TET. The droplet is subjected
to the electrostatic Coulomb force (Fe), gravity (G), and
adhesive force (Fad). When only the horizontal motion of the
droplets is considered, the driving force is

F F Fcose ad= (3)

Figure 4.Multifunctional droplet manipulation based on the TET. (a) Driving a droplet to move upward along an inclined surface. (b)Manipulating a
large droplet with a volume of 1 mL. (c) Parallel manipulation of multiple droplets by a single TET. (d) Manipulation of various corrosive acid, alkali,
and salt solutions. (e) Droplet manipulation on the surface after heating treatment. (f) Manipulation of droplets on an electrically conductive
superhydrophobic stainless steel surface. (g) Manipulation of an ethanol droplet with a surface tension of 22.3 mN/m on the lubricated slippery PTFE
surface. (h) Manipulating a droplet in an enclosed PS plastic tube from the outside. (i) Comparison between the TET and other reported techniques
for droplet manipulation from eight aspects.19,26,44−46 “Y”, “N”, and “M” denote yes, no, and medium, respectively. The instructions in the bottom box
correspond to (i). Scale bar = 5 mm.
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where β is the angle from the horizontal plane to the electrostatic
force. Because the superhydrophobic platform has extremely
low adhesion to droplets, the Fe is easily greater than the
adhesion resistance as long as the height of the TET is low and
the applied electrostatic potential is large enough. At this time (F
> 0), the droplets are attracted by electrostatic forces and rapidly
move directly below the TET.Moving the TET horizontally will
cause the droplet to deviate from the TET, and the droplet will
always move toward the spot directly below the TET, so the
droplet follows the TET (Figure 1b).
TETs have characteristics of high control precision, strong

binding strength, and high flexibility in manipulating droplets.
The strong binding strength enables the TET to drive droplets
upward along the inclined surface against gravity (Figure 4a and
Movie S5) and manipulate large flat-shaped droplets up to 1 mL
(Figure 4b and Movie S5). In addition, multiple droplets can be
moved simultaneously and in parallel by a single charged rod
(Figure 4c andMovie S5). The accumulation of the same charge
at the top of each droplet causes the droplets to repel each other,

so the droplets do notmerge and canmove together with a single
TET (Figure S3). Of course, we can also use multiple TETs to
operate multiple droplets at the same time, with each TET
operating one droplet independently, as long as the distance
between the TETs is not too small to avoid mutual interference
(Figure S4).
PTFE substrates have an excellent chemical inertness. The

stability of the superhydrophobic platform allows the TET to
transport various corrosive and ionic liquids, such as acid HCl
droplets (pH = 2), alkali NaOH droplets (pH = 12), and 10%
NaCl salt droplets (Figure 4d and Movie S6). Even if the
structured PTFE surface is heated at 200 °C for 12 h, it still
maintains excellent superhydrophobicity and supports normal
droplet manipulation (Figure 4e and Movie S6).
TETs are also suitable for electrically conductive platforms.

For example, droplets on superhydrophobic stainless steel
(Figure S6) can be easily moved forward by TET (Figure 4f and
Movie S7). Nepenthes-inspired lubricant-infused slippery
surfaces also exhibit remarkable liquid repellence and extremely

Figure 5. Various applications based on TET droplet manipulation. (a, b) Droplet-based microreaction: (a) inorganic chemical reaction on a
superhydrophobic platform and (b) organic chemical reaction on a slippery platform. (c) Controllable and accurate self-cleaning process. (d)
Transport and targeted delivery of chemicals (methyl blue powder). (e) Liquid sorting by using TET to remove abnormal droplets from the normal
droplet sequence. (f) Soft droplet robot for transporting chemical reagents into a complex closed system. (g) Manipulating a droplet in a closed Petri
dish from the outside. (h) Cell labeling in a closed Petri dish: the droplet containing HeLa cells was remotely transported to fuse with an SYTO-16
droplet and further to contact a Dil droplet, which labeled the cell nucleus and membrane, respectively.
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low adhesion to droplets.42,43 When a slippery surface is used as
a platform, even low-surface-tension ethanol droplets can be
moved by a TET (Figure 4g and Movie S7). In particular, an
electrostatic field can penetrate insulating materials, allowing
TETs to manipulate droplets in a confined space from the
outside, such as in a polystyrene (PS) plastic tube (Figure 4h and
Movie S8). In some special applications where enclosed spaces
cannot be opened (or are not allowed to open) or where the
operating tools cannot reach the inside of the closed system, this
type of outside-controlling-inner technology is urgently needed.
As depicted in Figure 4i, our TET demonstrates overwhelmingly
collective performance over other representative droplet
manipulation methods in terms of droplet motion behavior,
manipulation conditions, and fewer restrictions on the droplet
itself (see Supplementary Note S4).19,24,26,44−46

The high-precision operation allows the TET to move
droplets precisely to the target position. Tiny chemical reactions
based on droplets, also known as droplet microreactions, can be
achieved by the TET droplet manipulation. As shown in Figure
5a and Movie S9, when a FeCl3 droplet was moved to contact
another AgNO3 droplet, a white precipitate formed (Cl− + Ag+
→ AgCl↓). In addition to inorganic reactions, even organic
microreactions can be achieved on a slippery surface (Figure 5b
and Movie S9). The high flexibility of the TET allows the
droplet to move along any designed trajectory. In self-cleaning
applications, the droplets can be moved to accurately locate
contaminants and remove them from the superhydrophobic
surface (Figure 5c and Movie S10).47,48 The droplets can be
used as wheels to carry the goods. Figure S6 and Movie S11
show a droplet carrying a small plastic ball. By controlling the
movement of the droplet, the plastic ball is moved. This
transport process also enables the targeted delivery of chemicals
(Figure 5d and Movie S12). A droplet was first moved to a
chemical storage place, allowing the chemical (e.g., powder) to
dissolve into the droplet. The droplet was then moved to the
target location by the TET. Finally, the carried chemical
substances were released at the destination after the droplet was
completely evaporated, realizing a fixed-point delivery of
chemicals. As shown in Figure 5e and Movie S13, the TET
can be used for liquid sorting by removing abnormal droplets
(red) from the normal droplet sequence (blue). The
deformability and flexibility of the droplet allow it to be used
as a soft robot. TETs can guide droplet robots through difficult
tasks in small or complex spaces, such as delivering chemicals
into the interior of a complex closed system with multiple turns
(Figure 5f andMovie S14). It is difficult for traditional operating
tools to reach inside the confined structure, but the TET can
move the droplet robot inside the system from outside the
system.
Some special applications require remote manipulation of

liquids in a closed system. TETs have the ability to perform
contactless droplet operation from the outside of a closed
system. Figure 5g and Movie S15 show the process of moving a
water droplet in a closed PS Petri dish from the outside.
Furthermore, TET droplet manipulation can finish a basic cell
labeling experiment in this enclosed Petri dish, as shown in
Figure 5h. A droplet containing HeLa cells was transported by
TET to fuse with a PBS aqueous droplet containing a 2 μL/mL
SYTO-16 stain from the outside of the closed dish. The cell
nucleus was stained. The merged droplet was further moved to
contact a droplet containing 5 μM Dil to label the cell
membrane. Without opening the culture system, the cell nucleus
and cell membrane were fluorescently labeled green and red,

respectively. During the entire labeling process, the closed
nature of the system effectively prevents the cells from being
polluted by the external environment and ensures the stability of
the gas environment for cell culture.
In conclusion, we developed a portable TET that can

manipulate droplets freely on a superhydrophobic platform by
induced electrostatic forces. TET droplet manipulation is
characterized by high precision, high flexibility, and strong
binding strength to droplets. More notably, the TET can also be
directly held to manipulate the droplet, demonstrating superior
portability. The TET can drive the droplets’ flexibly in any
direction, without the limitation of the traveling distance. The
operating speed can even reach 101.8 mm/s. These advanced
capabilities enable the TET to achieve a wide variety of fluid
applications, such as droplet-based microreactions, controllable
and precise self-cleaning, solid cargo transportation, targeted
chemical delivery, liquid sorting, soft droplet robotics, and cell
labeling. In particular, TET was demonstrated to be able to
manipulate droplets in a closed system from the outside, such as
performing cell labeling without opening the culture system.
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Movie S11. Transporting a plastic ball by using a droplet
as the wheel (MP4)
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