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Triboelectric wetting for continuous droplet transport
Wanghuai Xu1,2† , Yuankai Jin1†, Wanbo Li1, Yuxin Song1, Shouwei Gao1, Baoping Zhang1,
Lili Wang1, Miaomiao Cui1, Xiantong Yan1, Zuankai Wang1,2*

Manipulating liquid is of great significance in fields from life sciences to industrial applications. Owing to its
advantages in manipulating liquids with high precision and flexibility, electrowetting on dielectric (EWOD)
has been widely used in various applications. Despite this, its efficient operation generally needs electrode
arrays and sophisticated circuit control. Here, we develop a largely unexplored triboelectric wetting (TEW) phe-
nomenon that can directly exploit the triboelectric charges to achieve the programmed and precise water
droplet control. This key feature lies in the rational design of a chemical molecular layer that can generate
and store triboelectric charges through agile triboelectrification. The TEW eliminates the requirement of the
electric circuit design and additional source input and allows for manipulating liquids of various compositions,
volumes, and arrays on various substrates in a controllable manner. This previously unexplored wetting mech-
anism and control strategy will find diverse applications ranging from controllable chemical reactions to surface
defogging.
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INTRODUCTION
Developing new techniques that can transport and program liquid
with high precision and high adaptivity in a wide range of operating
environments is essential to various biomedical (1, 2), optical (3, 4),
thermal (5–7), and electronic applications (8). Among various ap-
proaches, electrowetting on dielectric (EWOD) or digital microflui-
dics (9–15) have revolutionized chemical/biological assays and
continue to gain attention owing to many inherent advantages, in-
cluding high spatial-temporal precision and high level of maneuver-
ability. Recently, new applications, including water harvesting (16,
17), heat transfer (18–20), and energy harvesting (21, 22), have
emerged. Despite its versatility and diversity, the fundamental
mechanism lies in tailoring solid-liquid interfacial energy by pro-
gramming underlying electrodes to induce droplet motion.
Despite extensive progress, the current EWOD technique is sus-

ceptible to several limitations. First, effectively modifying the solid-
liquid interfacial energy for droplet motion necessitates both size
matching and spatial alignment between droplets and underlying
electrodes. Thus, a fixed electrode is only suitable for a limited
range of droplet sizes, which is challenging for applications involv-
ing random droplet distribution. Second, a high level of sophistica-
tion in achieving the synchronization between the electric circuit
control and droplet response is demanded (23). Last, achieving pref-
erential droplet transport also requires the elegant control of inter-
facial materials with special roughness, wettability, shape, and
component, which increases its barrier to integration with the elec-
trical system. Moreover, the seamless integration of the mechanical
and electrical components is also susceptible to short circuits
during external vibration or misoperation (24). All these challenges
become more daunting when considering the penetration of the In-
ternet of Things in our daily life, which involves the use of portable
devices, especially in energy-limited settings where electricity is not
available.

Here, we report a largely unexplored triboelectric wetting (TEW)
effect that offers a high level of flexibility and adaptivity for droplet
manipulation in awide range of working conditions without the use
of additional electric sources and complicated electrode designs.
Different from EWOD, the key innovation of TEW lies in rationally
designing a molecular layer that is capable of generating and storing
triboelectric charges in response to mechanical triboelectrification
(25–28), thereby generating a driving force on the aimed droplet.
Furthermore, this TEW allows for transporting a wide range of
liquids (surface tension from 24.3 to 78.3 mN m−1, multiple size
scale from 10−7 to 10−2 m, pH from 1.0 to 11.0, composite from
inorganic to organic salt solution, and salt concentration from
10−7 to 1.0 M) in various fashions, including three-dimensional
(3D) pathway, antigravity, high throughput (six droplets or
more), high velocity (151.7 mm s−1 or faster), unlimited distance,
agile direction steering, and precise droplet anchoring. The TEW
is also applicable to flexible substrates and closed microchannels
and even adaptive to dynamic environments involving phase tran-
sition where fogging or condensate droplets on surfaces can be shed
away in an on-demand manner without resorting to special wetta-
bility, structural design, and electrical control.

RESULTS
To achieve the TEW effect, we deposited a N-(2-aminoethyl)-3-
aminopropyltrimethoxysilane (APTS) molecular layer and a hydro-
phobic fluoropolymer (FP) layer onto the two sides of a thin dielec-
tric layer (500-μm-thick glass slide) using a simple drop-casting
method, respectively (Fig. 1A and Materials and Methods). The
APTS layer tends to acquire and store abundant positive charges
through the contact electrification effect as proposed in our previ-
ous work (table S1) (25) and thus serves as a “virtual electrode”
when in analog to the behavior of the metallic electrode in the
EWOD. This electrostatic charge storage ability of virtual electrode,
i.e., APTS layer, is beneficial from the electron-donating nature of
its amino groups (-NH2) (29, 30), whose presence can be evidenced
by the x-ray photoelectron spectroscopy (XPS) spectra and Fourier
transform infrared spectroscopy spectra of the APTS-coated surface
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(fig. S1). In addition, we chose the FP layer, an interfacial material
with hydrophobic and smoothly dense surface with a typical surface
roughness of 1.1 nm (fig. S2), to contact the top liquid droplet. The
lateral adhesion force Fd of the droplet on the FP surface can be cal-
culated on the basis of the measured advancing angle θa and reced-
ing angle θr, expressed as (31, 32)

Fd ¼ kwgðcosur � cosuaÞ

where k, w, and γ are the shape correction coefficient, the contact
width, and the liquid-air surface tension of the droplet, respectively.
The FP surface enables low-resistance motion for liquids with
surface tensions ranging from 21.8 mN m−1 (ethanol) to 72.8 mN
m−1 (water) (fig. S3). Moreover, the adhesion strength of FP on the
glass substrate can reach 445.6 kPa, which can even withstand the
continuous water flush for 10 min without the apparent variation in
its hydrophobicity (fig. S4). Notably, the FP layer is transparent and
flexible with an elastic modulus of 5 GPa, thereby being applicable
to flat, transparent glass slides as well as flexible substrates such as
polymer film (fig. S5).
Figure 1A shows thewhole configuration of our TEW, consisting

of a grounded droplet atop the FP surface and a virtual electrode
that is positively charged. Increasing the surface charge density σ

on the entire virtual electrode (2.5 cm × 6 cm) from 0 to 3 μC
m−2 through the tribocharging with other objects leads to the
contact angle of a water droplet (5 μl) on the center of FP surface
decreasing from 121° to 100° (Fig. 1B), reminiscence of an electro-
wetting effect in EWOD. Programming the droplet transport simply
necessitates the contact and sliding of a conductive object, referred
to as mechano-electrode (MCE) (Fig. 1C), on the virtual electrode.
A first glimpse of some key features of the TEW is experimentally

shown in Fig. 1D. The contact and sliding of MCE triboelectrify the
virtual electrode, providing the driving force to actuate the top
droplet. Therefore, without any electric input and circuit design, a
droplet on the FP surface can be faithfully guided by a copper MCE
moving at a constant velocity (Fig. 1D, fig. S6, andmovie S1). Such a
new droplet actuation approach persists even on a vertically placed
substrate or a 3D curved substrate made of a flexible material [for
instance, polyvinyl chloride (PVC)] (Fig. 1, E and F, and movie S2),
suggesting its stability and generality. In contrast, in the control
sample without a virtual electrode (APTS coating), the droplet
cannot be transported under the same actuation of MCE (fig.
S7A). In addition to the droplet moving, TEW can also achieve
other functions of microfluidic, such as droplet dispensing or split-
ting (fig. S7B andmovie S2). Together, TEW demonstrates superior

Fig. 1. TEWand droplet transport. (A) Typical configurations of EWOD and TEW. In the TEW, the substrate consists of a hydrophobic surface (in green, FP), dielectric layer
(in gray, thickness d ), and virtual electrode (in red, APTS, surface charge density σ). (B) Variation of water contact angle as a function of surface charge density σ stored on
the virtual electrode in the TEW (red triangle) and the applied voltage in EWOD (black square). The thickness of glass slides is 500 μm. (C) Schematic comparison of droplet
actuation using EWOD and TEW. Programming the droplet transport in the TEW simply necessitates the sliding of a conductive object on the virtual electrode under the
droplet. (D) Sequential images showing the continuous transport of a droplet (15 μl) at a constant velocity of 16.7 mm s−1 using anMCEmade of a copper rod with a base
diameter of 3 mm. (E) Sequential images showing the continuous transport of a droplet (4 μl) on a vertical substrate using the MCE. (F) Image showing the continuous
transport of a droplet (4 μl) on a flexible 3D substrate using the MCE.
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droplet control while eliminating the use of external electric inputs
and electrode patterns.
To probe the basic mechanisms underlying TEW, we further

examine the transient transport behavior of droplet, the generation
of triboelectric charges on the underlying virtual electrode, and the
potential difference between the virtual electrode and MCE in re-
sponse to a moving MCE. Initially, the droplet of 6.5 μl remains
pinned despite the actuation of a moving copper MCE of 3 mm
in diameter at a constant velocity of 16.7 mm s−1 (fig. S8). With
time progress, the droplet gradually transforms into a longer and
narrower drop shape, with the advancing contact angle θEA decreas-
ing from 121° to 104.8° and the receding contact angle θER reducing
from 121° to 107.8° (Fig. 2A). After reaching such a critical contact
angle at t = 0.12 s, the droplet transits to the kinetic stage and main-
tains a synchronous motion with the MCE with a relatively stable
contact angle of around 108°. Throughout the two stages, we mea-
sured the continuous generation of positive triboelectric charges
QV(t) on the virtual electrode at a rate of 0.12 nC mm−1 (Fig. 2B
and Materials and Methods) and an electrostatic potential differ-
ence VV-M between the virtual electrode and MCE is built

accordingly. As shown in Fig. 2C, the peak VV-M reaches 773.7 V
for an MCE displacement L of 2 mm.
The newly built electrostatic voltage as a result of continuous tri-

boelectrification between the virtual electrode and MCE is analo-
gous to the voltage across the EWOD electrodes, which gives rise
to an imposed electrostatic field or electric surface stress vector Te
acting on the droplet (fig. S9), which can be calculated by the dot
product of the Maxwell stress tension Te,ij and the surface unit
normal vector n

Te ¼ ½Te;ij�†n with Te;ij ¼ 10ðEiEj �
dij

2
E2Þ; i; j ¼ x; y; z

where ε0, δij, and E are the permittivity of air, Kronecker delta func-
tion, and the magnitude of the electric field intensity, respectively.
We calculated the distribution of Te on the droplet through a finite
element analysis using COMSOL Multiphysics (version 5.4). With
the actuation of the MCE, the interfacial downward Te at the water/
FP contact line increases (fig. S10), leading to the wetting effect of
the droplet as shown in Fig. 2A. Meanwhile, the lateral component
of the Te, Te,x, on the convex top surface centralizes on the front

Fig. 2. Actuation mechanism. (A) Time scale evolution of the water contact angle (θEA and θER) and the lateral base diameter (2RC) in response to the actuation of the
MCE. (B) Charge generation (QV) on the virtual electrode owing to the triboelectrification with theMCE as a function of sliding displacement L of theMCE. Data are means
± SEM with three independent measurements. (C) Numerically calculated potential distribution (V ) contour along with the centerline of the sliding path on the virtual
electrode (y = 0, z = −0.5 mm) with various L of MCE (presented as the lines with various colors). The electrostatic potential of the MCE is set at 0 V. Inset shows the
potential distribution (y = 0) when L = 2 mm. (D) Driving force that was numerically calculated as a function of L through the surface integral of Te,x over the droplet
(6.5 μl). When L = 2 mm, the driving force increases to be larger than the lateral adhesion force acting on the droplet, where the red and gray symbols represent the
situations before and after the droplet actuation. (E) Charge generation in the droplet (6.5 μl) as a function of droplet displacement during actuation. The measured
droplet charge increases and saturates at around 0.60 nC. Data are means ± SEM with three independent measurements. (F) Sequential images showing the three-step
successive remote droplet transport. This precise, remote control and long-distance transportation can be achieved by changing the position of the MCE.
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surface and rear surface of the droplet, with a larger value on the
front surface (fig. S11). The integration of the numerically calculat-
ed Te,x over the droplet surface yields the driving force Fe acting on
the droplet, Fe = ∮ Te, xdS. As shown in Fig. 2D, when the MCE
moves to L = 2 mm, Fe increases to 12.6 μN, large enough to over-
come the adhesion force Fd exerting on the droplet (fig. S3), which
is consistent with the droplet dynamic in our experiments. Notably,
the motion of droplet enables to further obtain additional positive
triboelectric charges through the contact electrification with the FP
surface (Fig. 2E) (33), increasing the electrostatic interaction, as re-
flected by the high-velocity (~151.7 mm s−1) and remote droplet
transport (Fig. 2F, fig. S12, and movie S3). The working mecha-
nisms underlying the TEW are different from those methods
based on surface charge printing (34) or electrostatic induction
(35). In the former, a prestored charge gradient on superhydropho-
bic surfaces is needed to provide the driving force for droplet
motion, whereas in the latter both high electrical conductivity of
substrate and high-voltage power source are required to induce
coulomb attraction for droplet motion.
The manifestation of TEW-induced droplet transport demands

the elegant regulation of the surface charge density σ on the virtual
electrode and substrate thickness d. Note that σ can be easily mod-
ulated by tailoring the concentrations of APTS during fabrication
steps (fig. S13). The magnitude of electrostatic force Fe derived
from the simulation on various substrates is sensitive to charge
density σ and substrate thickness d (fig. S14). As shown in
Fig. 3A, either increasing σ or decreasing d facilitates effective
droplet transport, in which the critical σ and d for successfully ac-
tuating the droplet are in good agreement with our simulation
results. Moreover, even after 500 MCE sliding cycles, the charge
generation on the virtual electrode still sustains, which is beneficial
for long-term droplet manipulation (Fig. 3B). Note that the charge
generation is affected by the surrounding temperature and humidity
(fig. S15).
The TEW effect also manifests when the virtual electrode and

MCE are made of other materials that can generate sufficient elec-
trostatic charges but with opposite polarity. As shown in Fig. 3C, we
selected a 50-μm-thick commercial Nylon film to attach on one side
of a glass substrate to serve as a virtual electrode and a commercial
fluorinated ethylene propylene (FEP) rod to serve as an MCE. The
triboelectrification between the nylon and FEP can generate a
surface charge density of 34 μC m−2 comparable to that between
APTS and copper (40 μC m−2), which is sufficient for continuous
droplet transport (fig. S16). The TEW effect enables manipulation
of multidroplet arrays, droplets with volumes ranging from tens of
nanoliters to several microliters (fig. S17 and movie S4), and liquids
of different surface tensions, viscosities, conductivities, composi-
tions, and dielectric constants (Fig. 3D and fig. S18). The TEW
demonstrates overwhelmingly collective performances over coun-
terparts relying on EWOD or triboelectric charges (34–38) in the
aspects of manipulating condition, control precision, and versatility
for the substrate materials (Fig. 3E).

DISCUSSION
Eliminating the need of complicated electrodes and power sources
in TEW imparts broad application scenarios, especially in source-
limited settings (movie S5). The droplets with reduced volume can
serve as tiny reactors for low-dose chemical reactions such as the

chromogenic reaction between a phenolphthalein reagent droplet,
an aqueous alkaline droplet (pH = 12) and an aqueous acid
droplet (pH = 2) (Fig. 4A). In addition, droplets can also be trans-
ported to carry cargo, such as bovine serum albumin (BSA) solution
(Fig. 4B), which otherwise can be readily adsorbed on hydrophobic
surfaces (39). The flexibility associated with the manipulation ap-
proach also enables the droplet sorting without a preset pathway
(Fig. 4C). Figure 4D shows that an ethanol plug can be guided to
dissolve and remove a ferric chloride (FeCl3) particle in a closed
capillary by using a conductive sleeve-like aluminum MCE wrap-
ping around the capillary. Such a process in a confined environment
is fully visualized due to the high-transmission coatings, which is of
importance for tracking real-time reactions.
Another intriguing feature of TEW is its ability to collectively

shed randomly distributed multi-sized droplet clusters from surfac-
es even in complex operating environments involving phase transi-
tion. Droplet formation and accretion on underlying solid surface
(40, 41) as a result of adsorption and condensation are widely man-
ifested in many industrial processes, which reduce optical transmit-
tance (42), delay heat transfer, and accelerate icing (43). As shown in
Fig. 4E, we demonstrate that numerous fog droplets on the surface
could be transported by a moving MCE, then coalesce with other
droplets in their pathway, and finally be swept away from the
surface by the electrostatic force and gravity force. After a four-
time reciprocating motion of MCE, the droplet area fraction on
the surface is reduced by 96%, preserving a signature of an active
antifogging strategy capable of dynamically shedding away droplets
in an on-demand manner, while the control samples without the
construction of virtual electrode show no apparent reduction in
the fog-covering area (Fig. 4F and fig. S19). Together, efficient fog
removing can be obtained in an on-demandmanner without resort-
ing to special wettability, structural design, and electric
circuit control.
In summary, we report a largely unexplored TEWeffect that can

directly exploit the triboelectric charges to achieve programmable
and precise water droplet control. The TEW effect enables trans-
porting and manipulating the liquid of various compositions,
volumes, and arrays in a high-speed and controllable manner. To-
gether with its generality over a wide range of shapes and materials
of the substrate, the TEW effect will find diverse applications
ranging from controllable chemical reactions to fluid engineering
where droplet manipulation is required, especially in electric
source-limited settings.

MATERIALS AND METHODS
Materials
Amorphous fluoroplastics precursor (6%; Chemours, Teflon AF
1601), amorphous FP CYTOP (AGC Chemicals, CTL-809M), fluo-
rinated solvent solution (AGC Chemicals, SOLV180), APTS (95%;
Dieckmann), deionized water [resistivity of 18.3 megohm·cm, pro-
duced by a deionized water system (DINEC, Hong Kong)], hydro-
gen peroxide solution (30%; Sigma-Aldrich), sulfuric acid solution
(≥99%; Sigma-Aldrich), BSA (≥99%; Sigma-Aldrich), tris hydro-
chloride buffer (>99%; Sigma-Aldrich), sodium hydroxide (≥98%;
Sigma-Aldrich), hydrochloric acid (37% in water), ferric chloride
(≥99%; Sigma-Aldrich), ethanol (≥99%; Sigma-Aldrich), glycerin
(≥99%; Sigma-Aldrich), glycol (≥99%; Sigma-Aldrich), sodium
chloride (≥99%; Sigma-Aldrich), and sodium alga acid (low-
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viscosity model; Sigma-Aldrich) were used without further purifi-
cation. Ultra-Ever Dry was purchased fromUltra Tech International
Inc. Copper was purchased from the common hardware stores in
Hong Kong.

Substrate preparation
To achieve TEW, we constructed the virtual electrode and the hy-
drophobic FP layer onto the two sides of a thin glass slide using a
simple drop-casting method, respectively. The glass slide was first
cleaned in piranha solution (hydrogen peroxide solution:sulfuric
acid = 3:1) for 30 min. To construct the virtual electrode, one side
of the glass slide was fully covered with an ethanol solution of APTS
(0.023M) for 20 min, then wiped with air-laid papers, and heated to
remove all ethanol. To construct the FP surface, the other side of the
glass slide was drop-casted with the FP solution consisting of Teflon
AF and CYTOP (volume ratio, VTeflon AF:VCYTOP:VSOLV180 = 1:1:4)
and heated at 180°C for 20 min to remove all solvent. Upon curing
at 180°C, the FP solution was transformed into a smooth and dense
FP film (fig. S2). Note that the APTS-modified surface can be easily
charged by contacting or rubbing against other objects, such as air-

laid papers, and the charge density can be easily modulated by
rubbing it against the different materials. The flexible substrate
with the PVC film serving as the substrate was fabricated using
the same method as that based on the glass slide. To achieve
TEW in a closed microchannel, a 3-mm-thick glass capillary was
first covered by the FP solution in the inner surface, followed by
being heated to form a solid film of FP layer. Then, the virtual elec-
trode on the outer surface of the capillary was constructed using the
same method as that in the case of the flat glass slide.

Droplet manipulation
In a typical process, liquid droplets were first placed lightly onto the
upward surface (FP surface) of the substrate that was suspended in
mid-air. An MCE made of a copper rod (3 mm in base diameter)
was then lightly contacted with the virtual electrode (APTS surface).
Then, the MCE was controlled by either a hand or a linear stage
consisting of a custom-made step motor to actuate the droplet.
The detailed droplet behavior in response to the actuation of the
MCE was monitored by a high-speed camera (Photron
FASTCAM SA4) at a typical recording speed of 6000 frames per

Fig. 3. Generality of TEW-mediated droplet transport. (A) Effects of surface charge density σ on virtual electrode and thickness d of the glass substrate on droplet
actuation. Blue or “on” region (symbols and background) denotes that the droplets were actuated. Red or “off” region (symbols and background) denotes that the
droplets remained pinned. Each dot represents a test. Dashed line (in red) denotes the numerically simulated critical σ and d for the successful actuation of the
droplet. The droplet size is 6.5 μl. (B) Durability test of the virtual electrode. After over 500 times droplet transport cycle, the triboelectric charge density generated
on the virtual electrode drops slightly from 40 to 36.9 μC m−2 while keeping around zero on the control surface without the construction of virtual electrode. Data
are means ± SEM with three independent measurements. (C) Comparison of charge generation from the triboelectrification between nylon and fluorinated ethylene
propylene (FEP) and between APTS and copper. Inset shows the schematic of droplet actuation using TEWeffect based on the triboelectrification between the nylon and
FEP. (D) Maximum transport velocity of various liquids (glycerin, glycol, and sodium alginate) with various concentrations. (E) Comparison between the TEW and pre-
viously reported charge-based droplet transports, including EWOD, surface charge density gradient (34) (SCD), electrostatic attraction (EA) (35), and photopyroelectric
(PE) from five items. “√” and “×” denote yes and no, respectively.
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second. The relative humidity was kept constant at approximately
60%, and the room temperature was 26°C.

Surface characterization
The transmission of light with wavelengths ranging from 400 to
1100 nm was measured with an ultraviolet-visible spectrometer
(PerkinElmer Lambda 35). The surface element component of the
virtual electrode was analyzed by XPS (ESCALAB 250Xi multifunc-
tional spectrometer, Thermo Fisher Scientific). The static and
dynamic contact angles of water on all samples were measured by
a Krüss DSA100 contact angle goniometer at room temperature of
26°C with a ~60% relative humidity.

Charge measurement
To measure the charge generation on the virtual electrode, we in-
serted the charged substrate into a Faraday cup connected to a
nanocoulomb meter (the other terminal was grounded) and then
read the display. To measure the charge generation on the virtual
electrode during the droplet manipulation, the conductive MCE
was connected to the measured terminal of the nanocoulomb
meter (the reference terminal was grounded) using the method
shown in fig. S20A. After being charged by the MCE, the charge
generated on the virtual electrode equals the charge flowing

through the nanocoulomb meter when the separation distance
between the virtual electrode and MCE is enough (about 10 cm).
To measure the charge generation in the droplet, we connected
the droplet with the measure terminal of the nanocoulomb meter,
whereas the reference terminal was connected to the MCE shown in
fig. S20B.

Numerical study of the droplet transient in response to the
MCE actuation
We conducted the numerical study, including the simulation of the
potential distribution, electric field distribution, corresponding
electric stress tensor distribution, and the net driving force calcula-
tion, by using a finite element method (COMSOLMultiphysics). In
the absence of body force and electric body charge, the governing
equations are expressed as follows

E ¼ � r†V

r†D ¼ 0

where E is the strength of the electric field,V is the electric potential,
and D is the electric displacement, respectively. Charge density
boundary conditions were given by the measured values, whereas

Fig. 4. Applications of TEW. (A) Sequential images shows droplets serve as reactors and can be transported for chemical reaction, including color reaction (1 to 2) and
neutralization reaction (3 to 2), where droplets labeled 1, 2, and 3 denote sodium hydroxide, phenolphthalein reagent, and hydrochloric acid, respectively. (B) Sequential
images showing the continuous transport of a liquid cargo, i.e., a BSA solution droplet (10 μg ml−1; in blue) of 20 μl, which is carried by a cetane droplet (in pink). (C)
Schematic drawings (i and ii) showing the droplet sorting using TEW (left). We continuously generated droplets onto the substrate placed at an angle of 30° from the
horizon plane to form an array of droplets, some of which are dyed for being sorted. Under the mechanical actuation of the MCE, the dyed droplet sliding along the
surface changes its original path and removes from the other droplets in the droplet array, i.e., be sorted (right). (D) Sequential images showing the dissolving and
removing of a ferric chloride particle using the closed-microchannel TEW. (E) Schematic drawings (i and ii) showing TEW for surface defogging (left). Sequential
images showing fog removing using a slender MCE (right). (F) Comparison of the fog area loss between the TEW and on the control surface without the construction
of virtual electrode. Scale bar, 1 cm. Data are means ± SEM with three independent measurements.
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the potential of the MCE was set as zero. The droplet deformation
was small and therefore negligible in our simulations.
Given the fixed droplet position, we calculated the driving force

on the droplet by varying the position of the MCE to simulate the
MCE motion. For a droplet of 6.5 μl, the calculated driving force
first increases and then decreases, showing a maximum value of
24.9 μN when the MCE is tangent to the droplet. The competition
between the maximum driving force determines if the droplet can
be effectively actuated.

Supplementary Materials
This PDF file includes:
Supplementary Discussions
Figs. S1 to S24
Table S1

Other Supplementary Material for this
manuscript includes the following:
Movies S1 to S5
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