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Triboelectric Programmed Droplet Manipulation for

Plug-and-Play Assembly

Roujuan Li, Xiang Li, Zhiwei Zhang, Morten Willatzen, Zhong Lin Wang,* and Di Wei*

Programmed droplet transport which is typically directed by surface energy
gradients or external fields, is crucial in domains ranging from chemical
reaction modulation to self-powered intelligent sensing. However, droplet
motion control remains constrained by path reconfiguration, requirements on
chemical surface modification, and platform complexity. Here, a more
universal plug-and-play droplet manipulation paradigm based on liquid-solid
contact electrification and triboelectricwetting on common dielectric surfaces
is reported. By regulating the electrical double layer via asymmetric ion
dynamics, the triboelectric charge polarity of droplets can be adjusted,
enabling in situ manipulation without path reconfiguration dictated by the
conventional droplet motion output. Droplets achieved an ultrahigh velocity
of 450 mm s~ on general surfaces, significantly exceeding the speeds
observed in droplets subjected to constant electrostatic fields with chemical
modifications. This flexible and modular functionally decoupled manipulation
strategy offers an environmentally friendly, cost-effective, and versatile
paradigm, facilitating applications in chemical analysis and smart sensing.

1. Introduction

Programmable manipulated droplets can serve as an out-
standing carrier for energy and information flow, which is
significant in harvesting water,! heat transfer,®’] energy
scavenging,[#1% chemical analysis,['"!?] printing process, 3%
and clinical diagnostics,'®”] etc. The widespread applicability of
these techniques depends on the precision of droplet control on
surfaces. To achieve efficient droplet control, methods such as
introducing energy gradients on the substrate or applying asym-
metric forces via external electrical,'®2% thermal,[*!! optical,!??]
and magnetic/?3? fields are employed. Despite the diversity of
methods, the underlying mechanism lies in the regulation of

liquid-solid (L-S) interfacial energy. Among
these external fields, the electric field has
emerged as a powerful driving force for
droplet transport, due to its simplicity
and scalability.!?] Particularly, the elec-
trowetting on dielectric (EWOD)26-28] with
rapid response and high erasability has
attracted considerable attention. Although
means of external stimulus input have
been developed, such as the manipulation
of droplets employing electrostatic induc-
tion induced by triboelectric fields, which
eliminates additional energy constraints
from external electric fields.[**-32] However,
there are still several limitations, includ-
ing the complexity of the manipulation
platform and frequent path reconfigura-
tion and frequent path reconfiguration.**]

Conventional electrical-based droplet
manipulation strategies utilize circuits or
electrodes that couple both the energy sup-
ply and actuation roles, leading to reduced
flexibility and increased complexity of the manipulation plat-
form. Furthermore, these methods heavily rely on repetitive path
reconfiguration to achieve control of droplet motion behavior,
which makes it challenging to flexibly modify droplet motion be-
havior without readjusting surface structures and electrostatic
fields. Additionally, past efforts have often required advanced
chemical modification of the surface if a high level of droplet
control is to be achieved. However, chemical modifications using
reagents such as perfluorosilane inevitably faced environmental
impacts and difficulties in recycling. Overcoming the constraints
of the necessity of path reconfiguration and achieving efficient
droplet motion control on general surfaces and simple platforms
poses a significant challenge.
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Here, a ubiquitous plug-and-play droplet manipulation
paradigm based on triboelectrification and triboelectric-wetting
on dielectric was proposed to dynamic control droplet motion on
general surfaces. It combined solid-solid contact electrification
(SS-CE) and liquid-solid contact electrification (LS-CE)253437]
to consider the impact of droplet charging properties on elec-
trowetting and droplet manipulation from the perspective of
electrical double layer (EDL) for the first time. First, the impact
of the asymmetry between anions and cations in ionic liquids
on CE with dielectric materials was examined. It was discovered
that asymmetric ions caused different EDL structures at the
L-S interface, directly influencing the polarity of the droplet’s
triboelectric charge and thereby dynamically controlling its
motion behavior. Compared to the conventional EWOD method,
the droplet manipulation strategy based on EDL regulation
demonstrated superior collective performance, eliminating the
need for programmed path reconfiguration, reducing surface
and energy constraints, and enhancing antigravity capability and
flexibility. This strategy enabled remote and in situ motion con-
trol from the droplet’s perspective, removing the necessity for
frequent pre-defined paths according to motion output require-
ments. Additionally, an ultrahigh average velocity of 450 mm s™!
was achieved on common dielectric surfaces without chemical
modifications, guided by the self-powered triboelectric field.
Here, only small areas of physical modifications were utilized
that were more environmentally friendly. Notably, the mod-
ular manipulation strategy exhibited functional decoupling
properties, simplifying platform complexity. The plug-and-play
design facilitated seamless integration and customization of
diverse functional modules, obviating complicated installation
and commissioning. This versatile strategy is applicable in ion
concentration detection, chemical reaction modulation, and
ionic logic circuit control. The dynamic regulation of the EDL,
integrated with the plug-and-play design for droplet control,
constitutes a novel paradigm for programmed manipulation,
offering substantial potential for chemical analysis and self-
powered intelligent sensing.

2. Results and Discussion

2.1. Plug-and-play Triboelectric Droplet Manipulation

To achieve controlled droplet motion on polymer surfaces,
previous studies predominantly concentrated on surface
engineering.®®*] However, the intrinsic properties of the
droplets, along with their triboelectric impact, are frequently
overlooked. In this work, a flexible plug-and-play approach
based on CE and triboelectric-wetting was developed to fa-
cilitate efficient manipulation of droplet motion behavior
(Movie S1, Supporting Information). Triboelectricity can offer a
cost-effective and environmentally friendly method for droplet
manipulation.[?>#4°#2 As shown in Figure S1 and Movie S2
(Supporting Information), a straightforward triboelectric field
could attract droplets to move along a specific path. As shown
in Figure 1a, the plug-and-play design consisted of two main
modules: the pre-charged module and the functional module.
The red dashed area refers to the pre-charged module, the blue
dashed area refers to the functional module examples, and
the black dashed area refers to the final realized applications
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examples. The pre-charged module generated a controlled
triboelectric charge on the droplet via LS-CE. The functional
module established a triboelectric field via SS-CE between two
dielectric materials with markedly different electronegativities.
The modular manipulation strategy effectively decoupled the
pre-charging and driving functions of the droplets. The plug-and-
play approach enabled customization for diverse applications,
including droplet actuation, sorting, and detection, among oth-
ers. These two modules were simply linked by physical contact,
facilitating the tunable triboelectric droplet manipulation. The
detailed model is illustrated in Figure 1b, showcasing the pre-
charged module and the functional module, which comprises
the micrometer-sized pillar region and the triboelectric field
region. First, polytetrafluoroethylene (PTFE) films (15 cm X
10 cm) were adhered to acrylic plates as the solid contact layers
within both modules. Subsequently, to improve the flexibility
of manipulating droplet movement, a micrometer-sized pillar
region was designed on the PTFE surface within the func-
tional module using an engraving machine. Scanning electron
microscope images and 3D profiles of the laser-etched PTFE
portion were captured, revealing pillar dimensions of 100 um
diameter (Figures S2 and S3, Supporting Information). The
application of laser etching resulted in a notable enhancement of
surface roughness and an increase in the hydrophobicity of the
substrate. Following laser etching, the static contact angle (CA)
of water on PTFE increased from 106° to 136° (Figure S4, Sup-
porting Information). Energy dispersive spectroscopy revealed
that laser etching hardly changed the PTFE surface composition
(Figure S5, Supporting Information). However, the etched PTFE
became brittle, so the etching was confined to the vicinity of the
droplet landing point on the functional module (2 cm width).
This approach preserved functionality while minimizing surface
processing complexity. Finally, the triboelectric field generated
by SS-CE was constructed on the PTFE surface within the tri-
boelectric field region, positioned next to the micrometer-sized
pillar region. The droplet underwent LS-CE with the PTFE
within the pre-charged module, resulting in the triboelectric
charges of a specific polarity. Subsequently, the droplet landed on
the functional module, driven by the triboelectric field generated
by the SS-CE between fur and PTFE. As shown in Figure S6
(Supporting Information), the process of rubbing PTFE and fur
was in horizontal sliding mode. When PTFE and fur came in
touch, the electrons were transferred from fur to PTFE due to
the stronger attraction of PTFE to the electrons. At the end of the
10 cycles, the PTFE and fur separate with the charges remaining
on their respective surfaces, leaving a negative triboelectric field
on the PTFE. It generated a surface potentiall*! that could be
measured by an electrostatic voltmeter. At this time, the potential
of the PTFE surface basically reached saturation at ~3000 V.
Rubbing with fur was faster and more flexible than traditional
EWOD in that it eliminated the cumbersome arrangement
of power circuits and electrode structures, making it a more
environmentally friendly and cost-effective means. The surface
triboelectric field could be considered substantially uniform due
to the extensive rubbing of a large fur piece across multiple cy-
cles. To elucidate the surface potential of the functional module
exhibiting a negative triboelectric field, potential measurements
were conducted at five designated locations using an electrostatic
voltmeter, with the results detailed in Figure S7 (Supporting
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Figure 1. Plug-and-play triboelectric droplet manipulation. a) Schematic diagrams showed that Plug-and-play was usually assembled from two basic
modules (pre-charged, functional module). b) Schematic detail of the modular droplet manipulation device. c) The average velocity of movement of
LiCl and [EMIM]CI droplets of different concentrations on the surface of a negative triboelectric field. The error bars were standard error values of three
tests. d) Deionized water, 107> M LiCl, 0.1 M LiCl, and 0.1 M [EMIM]CI droplets could be classified according to their direction of motion and distance.
e) Comparison of our work with previously reported electrically based droplet manipulation from six perspectives (velocity, omnidirectional capability,
absence of chemical superhydrophobic modification, autonomy from external power sources, antigravity transport, and tunable charge of droplet). “Y”

and “N” denoted Yes and No, respectively.

Information). It suggests that, owing to the near-saturation of
the surface charge, the potential distribution remained approxi-
mately uniform (~—3000 V), thereby minimizing any influence
on droplet driving performance.

To validate the impact of the triboelectric charge of droplets on
its motion behavior, LiCl and 1-Ethyl-3-methylimidazolium Chlo-
ride ((EMIM]CI) droplets of different concentrations (each with a
volume of 10 pL) were slid from the pre-charged module to the
functional module with a negative triboelectric field. Before each
experiment, an ion blower was used for 60 s to eliminate resid-
ual surface charges. The fur and PTFE were rubbed the same
number of times in all experiments to ensure the same triboelec-
tric field. The final distance travelled and the average velocity of
the droplets on the functional module are shown in Figure S8
(Supporting Information) and Figure 1c. Different droplets were
observed to exhibit distinct motion behaviors. Among them, the
10~ M LiCl droplet traveled the longest distance and had the
highest average velocity. The efficient transport of the droplet
on an inclined surface was further demonstrated, wherein the
droplet defied gravitational forces and ascended a 30° incline pro-
pelled by electrostatic attraction (Figure S9 and Movie S3, Sup-
porting Information). To represent the 2D control of the droplet
by this strategy, an arc-shaped triboelectric field was constructed
on the functional module. After a 10 uL. 10~ M LiCl droplet was
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released from the pre-charged module, it was observed that the
droplet moved in an arc-shaped path on the functional module
(Figure S10, Supporting Information). It further demonstrated
the excellent performance of the strategy and provided new ideas
for future applications in digital microfluidics. Additionally, a
reversal of direction was observed in the movement of 0.1 and
1 M [EMIM]CI droplets. This reversal might be attributed to the
disparity in triboelectric charge polarity arising from the dis-
tinct EDL structures at the interface between the droplet and the
pre-charged module. Droplet sorting was significantly enhanced
when triboelectric field regions of opposite polarity were con-
structed on both sides of the micrometer-sized pillar region on
the functional module. Specifically, a positive triboelectric field
was generated by a nylon film rubbed with silk, while a negative
triboelectric field was induced by PTFE rubbed with fur. To en-
hance the consistency of the positive and negative triboelectric
field regions within the functional module, a total of 10 rubbing
cycles with fur and PTFE were performed for the negative tri-
boelectric field region, yielding a measured PTFE surface poten-
tial of #3000 V. For the positive triboelectric field region, 20 rub-
bing cycles with nylon and silk were conducted, resulting in a ny-
lon surface potential of #3000 V as measured by an electrostatic
voltmeter. Deionized water, 10> M LiCl, 0.1 M LiCl, and 0.1 M
[EMIM]Cl droplets could be classified according to their direction
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and distance of motion, as shown in Figure 1d. It is noteworthy
that while the positive and negative triboelectric field regions may
exhibit irregularities with identical rubbing cycles, the overall di-
rection of the triboelectric field remains consistent. It has mini-
mal impact on the sorting results, further demonstrating the ver-
satility of the method. As depicted in Figure 1e, the performance
of this study was compared with previously reported electrically
based droplet manipulation in six key perspectives: velocity, om-
nidirectional capability, absence of chemical superhydrophobic
modification, autonomy from external power sources, antigravity
transport, and tunable charge of the droplet. Overall, our droplet
manipulation strategy demonstrated superior collective perfor-
mance compared to other similar methods in terms of antigravity
capability, flexibility, and reduced surface and energy constraints.
Instead of frequent path reconfiguration for diverse motion out-
puts, in situ droplet motion control was truly achieved by lever-
aging the dynamic regulation of the EDL. Notably, it achieved a
maximum average velocity of 450 mm s~!, multiple-fold higher
than the speeds observed in droplets subjected to constant elec-
trostatic fields with chemical modifications.

2.2. Mechanism of Droplet Triboelectric Charge Controlled by
EDL Regulation

EDL serves as the fundamental mechanism for triboelectric
charge generation in droplets via LS-CE.***] Furthermore, to
regulate the triboelectric charge generated by the droplets in the
pre-charged module, the impact of ion type on the EDL at the L-S
interface was examined. Specifically, solutions of LiCl (character-
ized by minimal size disparity between its cation and anion) and
room temperature ionic liquid [EMIM]CI (featuring an asymmet-
ric cation-anion pair) were selected to explore the effect of asym-
metry in anions and cations on the CE of dielectric materials.
The experimental setup is illustrated in Figure 2a. A 15 cm X
10 cm PTFE film was mounted on an acrylic substrate at a 45°
angle of inclination. The syringe pump, grounded via a syringe,
consistently dispensed a droplet of ~10 uL onto the PTFE sur-
face. The triboelectric charge carried by the droplet was measured
as it slid through the PTFE into the Faraday cylinder. The re-
lease height of the droplet, sliding distance, and droplet volume
were kept constant in all experiments. As shown in Figure 2b
and Figure 2c, LiCl droplets of varying concentrations consis-
tently produced positive triboelectric charges upon sliding off
the PTFE surface. In contrast, the charge polarity of [EMIM]CI
droplets transitioned from positive to negative as the concentra-
tion increased. The mechanism underlying droplets carrying di-
verse triboelectric charges might be attributed to structural dis-
parities in the EDL at the L-S interface. In stage I (S I), charac-
terized by ultra-low ion concentrations (Figure 2d i), the charge
generated by the deionized water droplet was only ~0.32 nC.
This limited charge generation is likely due to insufficient ion
concentration, which cannot fully support ion transfer at the L-
S interface.l*®! The slight increase in ion concentration in stage
IT (S II) resulted in a greater amount of transferred charge be-
ing measured. The measured transfer charge reached the maxi-
mum (0.53 nC) when the concentration of the LiCl droplet was
increased to 10~ m, offering a superior option for subsequent
experiments. This could be attributed to the enhanced conduc-
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tivity of the liquid, which facilitates the ion transfer process,
thereby forming a more compact inner Helmholtz plane (IHP)
(Figure 2dii). With further increase in ion concentration to stage
IIT (S III), the triboelectric charge of the droplet gradually de-
creased and eventually converged to zero. This might be caused
Dby the shielding effect of the EDL, which interferes with the elec-
tron transfer process (Figure 2diii). It should be noted that the
highest concentration for S III of the [EMIM]CI droplets was just
1072 M. Stage IV (S IV) emerged as the concentration increased
to 0.1 M or higher, under which condition, the triboelectric po-
larity of the [EMIM]CI droplet was reversed to become negative,
with a triboelectric charge of ~0.11 nC for a 0.1 M [EMMIM]CI
droplet. This polarity reversal of the droplets at high concentra-
tions might result from a different EDL structure induced by a
large quantity of asymmetric ions. This phenomenon might be
related to the hydrophobicity of [EMIM]**] (Note S1, Support-
ing Information), whereby the presence of asymmetric ions af-
fects the stable arrangement of the EDL due to complex and un-
balanced repulsive forces. As shown in Figure S11 (Supporting
Information), the same inversion phenomenon also occurred in
other ionic solutions with an asymmetric cation-anion pair, such
as lithium bis(trifluoromethanesulfonyl)imide (Li[TFSI)). There-
fore, it does not imply that a particular ion was contained to com-
plete the control but rather focused more on the difference in
charge transfer due to variations in the structure of the EDL.
The results demonstrated that symmetric ions might not cause
charge reversal, whereas high concentrations of asymmetric ions
were more inclined to do so. This was an effective way to control
the amount and polarity of the charge carried on the droplets by
regulating the EDL. Besides changing the ionic concentration of
the droplets, different solid friction materials could play the same
regulatory role due to differences in material electronegativity. As
shown in Figure S12 (Supporting Information), 10 pL of 10> M
LiCl droplets were released from the same height onto PTFE and
nylon surfaces, respectively. After sliding down at the same dis-
tance, the droplets after contact with PTFE were measured to be
positively charged (x0.53 nC), while those with nylon film were
negatively charged (~0.08 nC). It further demonstrated the flexi-
bility and adaptability of this modulation strategy, thus laying the
foundation for programmable droplet manipulation.

2.3. Performance Characterization of Droplet Manipulation

When droplets fell on the pillar region, the Coulomb force exerted
on the droplet by the negative triboelectric field on the functional
module could be quantified by the following equation:

5
FC=}§TU.nds,with T, =& <EIE]— 7152>,i,j=x,y 1)

where T,, n, ¢, §;, and E are the Maxwell stress tensor, the sur-
face unit normal, the permittivity of air, the Kronecker delta func-
tion, and the magnitude of the triboelectric field intensity, re-
spectively. The distribution of T, on the droplet was calculated
through a finite element analysis using COMSOL Multiphysics
(version 6.2). The lateral component of T, T, ,, was concentrated
on the front surface and the rear surface of droplets. The compo-
nent was larger on the front surface of a positively charged droplet
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Figure 2. Droplet triboelectric charge controlled by EDL regulation. a) Experimental setup diagram for measuring the triboelectric charge of the droplets.
b) Triboelectric charges measured in LiCl solutions of different concentrations. c) Triboelectric charges measured in [EMIM]CI solution of different
concentrations. d) Mechanism of formation of the EDL at the CE interface between droplets and PTFE film. (i) EDL structure for stage I. (ii) EDL

structure for stage Il. (iii) EDL structure for stage Ill.

(Figure S13a, Supporting Information) whereas that of the back
surface of a negatively charged droplet was higher (Figure S13b,
Supporting Information), which was consistent with the direc-
tion of the droplet’s motion. The driving force F, acting on the
droplet could be obtained by integration of the numerically cal-
culated T,, over the droplet surface. Due to electrostatic attrac-
tion, the positively charged droplet overcame the lateral adhesion
force F;, resulting in an acceleration toward the side of the neg-
ative triboelectric field (Figure S14a and Note S2, Supporting In-
formation). Conversely, negatively charged droplets moved away
from the negative triboelectric field due to electrostatic repulsion
(Figure S14b, Supporting Information). For positively charged
droplets, the negative triboelectric field reduced the interfacial
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energy between the droplet and the solid surface, thus promot-
ing the wetting of the droplet to the solid surface. As the posi-
tive charge of the droplet was neutralised and EWOD occurred,
the droplet moved for a distance and finally stopped in the neg-
ative triboelectric field region. The potential distribution gener-
ated during the whole movement is shown in Figure 3a. The spe-
cific length parameters of PTFE were set the same as shown in
Figure 1b. The charge density of PTFE is 5 X 107 C m~2. The
droplet size was 10 uL, and the charge was set according to the ex-
perimentally obtained droplet-carrying charge, respectively. Tak-
ing a water droplet as an example, the CA on PTFE decreased
to 95° when the motion ceased (Figure S15, Supporting Infor-
mation), confirming the occurrence of triboelectric-wetting on

© 2024 Wiley-VCH GmbH
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Figure 3. Performance characterization of droplet manipulation. a) Simulation of the surface potential distribution of PTFE during droplet motion. b)
Effect of droplet release height on the pre-charged module on its motion distance on the functional module. c) Effect of droplet sliding length on the
pre-charged module on its motion distance on the functional module. d) Effect of the length between the droplet’s landing point in the micrometer-sized
pillar region and the triboelectric field region on its motion distance. e) Effect of the height from the functional module surface to the horizontal plane
of the pre-charged module edge on droplet motion distance. f) Property changes of droplet motion after driving 20 droplets consecutively. g) A 107> M
[EMIM]CI droplet was slid from the pre-charged module to the functional module with no triboelectric field. h) A 107> M [EMIM]CI droplet was slid from
the pre-charged module to the functional module with a negative triboelectric field. i) A 0.1 M [EMIM]CI droplet was slid from the pre-charged module
to the functional module with a negative triboelectric field. The error bars in a, b, d, and e were standard error values of three tests.

dielectric. The final distance of the droplet movement could be
calculated based on the conservation of energy to simplify the
analysis of droplet dynamics. (details of the calculation process
can be found in Note S2, Supporting Information). The droplet
could be considered as a point charge and the rubbed PTFE could
be considered as a uniformly charged body. Theoretical calcula-
tions indicated that the movement distance of a droplet was corre-
lated with its charged quantity and polarity, which was consistent
with the conclusions in our experiments. The theoretical calcula-
tion and practical results of the final motion distance of droplets
with different concentrations of LiCl and [EMIM]Cl are shown in
Figure S16 (Supporting Information). The theoretical and exper-
imental results were found to be in good agreement, validating
the control of droplet motion distance by the CE process.
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To further explore the impact of factors such as droplet re-
lease height and sliding length on the pre-charged module for
controlled motion, 10~ M LiCl droplets capable of carrying the
maximum transferred charge were selected for the experiments.
First, droplets were released onto the pre-charged module from
various heights. As shown in Figure 3b, the final motion dis-
tance of the droplet on the functional module initially increased
with height, reaching optimal performance at 60 mm. Beyond
this height, the motion distance no longer increased significantly.
Droplet breakup was observed when the release height exceeded
120 mm, which was detrimental to droplet transport and manip-
ulation. This trend was influenced by the triboelectric charge gen-
erated in the pre-charged module (Figure S17a, Supporting Infor-
mation). The same trend was observed in the average velocity of
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the droplets(Figure S17b, Supporting Information). This was the
effect of the difference in initial potential energy causing a change
in the initial velocity of the droplet as it left the pre-charged mod-
ule in conjunction with the triboelectric charge. 60 mm was cho-
sen as the optimal release height of the droplet on the pre-charged
module to obtain the maximum average velocity. Next, the sliding
distance of the droplet on the pre-charged module was gradually
increased while maintaining a constant release height. A similar
upward trend was observed when the sliding length of the droplet
on the pre-charged module was less than 30 mm, attributed to
the increasing adequacy of triboelectrification (Figure 3c). After
a sliding length of more than 30 mm, the distance over which
the droplets were driven on the functional module gradually de-
creased. This reduction was due to a decrease in droplet charge
resulting from loss of adhesion (Figure S17c, Supporting In-
formation). Therefore, 30 mm was picked as the optimal slid-
ing length of the droplet on the pre-charged module. The tilt
angle of the substrate simultaneously affects both the velocity
and direction of the droplet when it falls from the pre-charged
module. A tilt angle of 45° was identified as the optimum angle
(Figure S17d, Supporting Information). Moreover, investigations
were undertaken to explore the influence of diverse droplet vol-
umes on the propulsion of droplet movement. Droplet volume
also exerted discernible effects on both propulsion velocity and
displacement, and 10 pL droplets were selected (Figure S18, Sup-
porting Information). As shown in Figure S19 (Supporting Infor-
mation), droplets with volumes ranging from hundreds of nano-
liters to several hundred microliters could be manipulated. It
showed excellent performance over a wide volume range, and the
same level in the past often required thousands of volts of high
pressure to achieve. It is undeniable that CE-induced wetting!*
occurred throughout the droplet manipulation process. However,
this minor effect could be neglected in the presence of a strongly
triboelectric field.

Plug-and-play assembly emphasized the importance of con-
nectivity between modules. The 10~> M LiCl droplets were uti-
lized to investigate the effect of the connection parameters of
the two modules on the droplet motion performance. As shown
in Figure 3d, x presents the length between the droplet’s land-
ing point in the micrometer-sized pillar region and the triboelec-
tric field region. As the droplet moved across the micrometer-
sized pillar region, it continued to accumulate charge, enhanc-
ing the electrostatic attraction. However, when the droplet was
positioned too far from the triboelectric field region, electrostatic
attraction could not occur. Consequently, the longest propulsion
distance could be obtained when x = 10 mm. Similarly, as shown
in Figure 3e, y denoted the height from the functional module
surface to the horizontal plane of the pre-charged module edge.
When y was too low, the droplet fell onto the functional module
with a small initial velocity and could not be driven a long dis-
tance. When y exceeded 50 mm, the droplets tended to break up.
It turned out that when y = 10 mm, the droplets exhibited the
longest propulsion distance. To verify the impact of humidity on
the surface triboelectric field, experiments were carried out with
1075 M LiCl droplets. As shown in Figure S20 (Supporting In-
formation), the triboelectric field depended on the air humidity.
The surface potential of PTFE decreased at high humidity, and
the velocity and distance of movement of the droplets were also
reduced. This might be attributed to the fact that high-humidity
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air in contact with PTFE forms EDL, which might play a shield-
ing role against the surface triboelectric field. Therefore, low air
humidity was beneficial in maintaining the desired droplet ma-
nipulation. After selecting the optimal parameters, deionized wa-
ter, 107> M LiCl, and 0.1 M [EMIM]CI droplets were consecutively
driven to demonstrate the stability and repeatability of the plug-
and-play triboelectric droplet manipulation at least 20 times. It
could be observed that there was no significant deterioration in
droplet motion performance (Figure 3f). It further exhibits the
simplicity and cost-effectiveness of the strategy. Additionally, re-
producible surface triboelectricity on functional modules enabled
erasability for droplet manipulation (Figure S21, Supporting In-
formation).

To display the manipulation of droplet motion behavior by EDL
regulation, high-speed videos from side-view were captured to
observe the process of electrostatic attraction and repulsion. In
the first case, there was no triboelectric field being constructed on
the functional module. A 10~ M [EMIM]CI droplet experienced
minimal movement due to the influence of inertia after sliding
from the pre-charged module (Figure 3g; Movie S4, Supporting
Information). In the second scenario, a 10~> M [EMIM]CIl droplet
was slid from the pre-charged module to the functional mod-
ule with a negative triboelectric field. Figure 3h demonstrated
that this droplet was propelled to move a significantly longer dis-
tance than the previous one. In the third case, a 0.1 M [EMIM]CI
droplet underwent the same process as in the second case. In
contrast, the droplet moved away from the negatively charged
surface under the influence of electrostatic repulsion (Figure 3i).
All of the aforementioned phenomena validate the manipulation
of droplet motion behavior by regulating the EDL. Besides the
ion concentration and type, the external triboelectric field also
exhibited the capability to remotely and dynamically regulate the
EDL, thereby manipulating droplet motion (Movie S5, Support-
ing Information). The 10~ M LiCl droplets were used to study
the influence of the external triboelectric field on the triboelec-
tric charge and the motion distance of the droplets. A nylon film
rubbed with silk was pasted on the back side of the pre-charged
module to generate an external positive triboelectric field. The
gradual enhancement of the triboelectric field was achieved with
increased rubbing cycles, resulting in a corresponding rise in the
triboelectric charge of the droplets and a longer motion distance
(Figure S22a, Supporting Information). Conversely, a PTFE film
with a negative triboelectric field after rubbing with the fur was
adhered to the back side of the pre-charged module, resulting
in a decrease in the positive charge of the droplets. The tribo-
electric charge of the droplets reversed polarity under the strong
triboelectric field. It was observed that the motion distance and
direction of the droplets exhibited the same tendency as that of
the charge (Figure S22b, Supporting Information). This effect of
dynamic modulation of EDL is likely due to the positive triboelec-
tric field facilitating electron transfer from water molecules to the
PTFE surface via electrostatic induction and also attracting more
anions to adsorb on the film surface, whereas the negative tribo-
electric field attracting cations in the droplets to the vicinity of the
film surface.[*! With triboelectric field modulation, a maximum
transport velocity of 450 mm s~ was achieved when transport-
ing a 10 uL droplet of 10~ M LiCl, significantly surpassing the
speed of droplets under constant electrostatic fields. As shown in
Figure S23 (Supporting Information), changes in the shape of the
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trailing edge of the droplets at high velocities are due to gigantic
contact line friction based on standard fluid dynamics.[*5!] Be-
sides the variation of droplet concentration and external remote
triboelectric field, adjusting the surface electric field strength
through the number of rubbing cycles of fur with PTFE or silk
with nylon allows for control over the droplet’s movement dis-
tance. Specifically, the cycle numbers for both positive and neg-
ative triboelectric fields were systematically increased from 1 to
10 while utilizing 107> M LiCl droplets. The results indicated a
proportional increase in the motion distance of the droplets with
the increasing rubbing cycle numbers (Figure S24, Supporting
Information).

2.4. Triboelectric Droplet Manipulation and its Applications

The plug-and-play design facilitated diverse applications for
droplet motion, utilizing triboelectrification to regulate charge
or ion signal output in the pre-charged module, and the func-
tional module could be customized for tasks such as chemical
concentration detection, chemical reaction regulation, and logic
circuit construction. Chemical concentration detection is essen-
tial for industrial applications, ecology, and physiological health.
Efficient chemical concentration detection was performed when
the pre-charged module was combined with a functional mod-
ule covering aluminum (Al) film, as shown in Figure 4a. The
concentration of sulphate and chloride is common and impor-
tant for production and life. Consequently, Na,SO, and NaCl
droplets were chosen for the experiments, respectively. As shown
in Figure 4b,c, there was a significant correlation between the
current signals collected by the Al film and the droplet concentra-
tion. Typically, the current decreased with increasing ion concen-
tration when the concentration exceeded 0.01 M. This suggested
that the strategy could function as threshold sensing to detect
the ion concentration range based on the triboelectric signals.
For Na,SO, droplets, the current at a concentration of 0.01 M
was ~10 pA. If the measured current was below this value, the
droplet might be considered to have a high sulfate concentra-
tion higher than 10 pA. Similarly, a 0.01 M NaCl droplet exhib-
ited a current signal of~12 pA, which could serve as a thresh-
old for detecting chloride. This technique rapidly discriminated
between deionized, tap, and drinking water, based on distinct
current signals induced by variations in SO,*~ and Cl~ anion
concentrations (Figure S25, Supporting Information). It estab-
lished a foundation for more sophisticated ion concentration de-
tection, which is favorable for future development and research
at lower differentiation steps in the next stages. In addition, volt-
age signals (Figure S26, Supporting Information) also demon-
strated the capability to detect varying concentrations of Na, SO,
and NaCl. This strategy has major implications for the fields of
chemical analysis and smart sensing. It is also worthwhile to be
convinced that this strategy offers ideas for the future introduc-
tion of new technologies for sensing applications such as wa-
ter quality monitoring. When the functional module consists of
the micrometer-sized pillar region and the negative triboelectric
field region constructed on the PTFE film, the 1077 M, 10~° M,
and 10~ M NaCl droplets obtained different movement distances
after sliding down from the pre-charged module, as shown in
Figure S27 (Supporting Information). This might have potential
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applications for targeted drug delivery by precisely controlling the
delivery distance.

Chemical reaction modulation enhances reaction efficiencies
and reduces both laboratory and industrial costs. The plug-and-
play droplet manipulation paradigm enabled droplet transport
and sorting simultaneously, improving the selectivity of chemical
reactions. As shown in Figure 4d, the functional module was di-
vided into two parts by the micrometer-sized pillar region, where
the left triboelectric field region was positively charged and the
right triboelectric field region was negatively charged. The pre-
charged module regulated the charge polarity of the droplets,
directing them to move in different directions. The images in
Figure 4e demonstrated the capability of droplets to act as reac-
tors and facilitate chemical reactions. Two purple litmus droplets
were placed in the positive triboelectric field region and the neg-
ative triboelectric field region, respectively, which were immedi-
ately adjacent to the pillar region. Subsequently, droplets of 0.1 M
NaOH and HCI were released sequentially on the pre-charged
module. The two droplets were observed to move in opposite
directions and merge with the litmus, initiating a colorimetric
reaction. This phenomenon was attributed to the fact that the
0.1 M NaOH was positively charged after CE with PTFE while
the 0.1 M HCI was negatively charged. (Figure S28, Supporting
Information). As shown in Figure 4f, droplet sorting could regu-
late the occurrence of reactions when the litmus droplet was po-
sitioned only in the positive triboelectric field region. The 107> M
HCI droplet was found to be positively charged after sliding off
the pre-charged module, contrary to the negatively charged 0.1 M
HCI droplet. The negative charge on the 0.1 M HCl droplet after
CE is likely due to H* adsorption on the PTFE surface. A 1073 M
HCI droplet slid off the pre-charged module and moved toward
the negative triboelectric field region without reacting, whereas a
0.1 M HCl droplet was driven into the positive triboelectric field
region and reacted with litmus (Movie S6, Supporting Informa-
tion).

Tonic logic circuits utilize ions as carriers to transmit signals,
offering the potential to control charge flux and regulate the direc-
tion and magnitude of ion currents akin to neural systems, am-
plifying signals, and operating at high frequencies.l>>>* One can
envision droplets as carriers for energy and information transfer
in logic circuits, potentially controlling the leg-lifting direction
in robots, etc. To enable this scenario, the size of the functional
module was reduced to 5 cm X 5 cm to demonstrate the ca-
pability of manipulating droplets without being limited by the
size of the module. The micrometer-sized pillar region, positive
triboelectric field region, and negative triboelectric field region
were constructed according to the previous method. As shown in
Figure 4g, two Al films (5 cm X 0.5 cm) were pasted on each
of the two triboelectric field regions immediately adjacent to the
micrometer-sized pillar region for charge collection. In the ab-
sence of droplet movement, the circuit remained in an open state.
The 10> M [EMIM]CI droplets exhibited positive charges after
passing through the pre-charged module. These droplets were
attracted to the negative triboelectric field region, completing
the external circuit and outputting a high-level signal to lift the
robot’s right leg. Subsequently, replacing the droplet with 0.1 M
[EMIM]CI, which carried a negative charge from CE, resulted
in the droplet moving to the positive triboelectric field region,
generating a reverse signal to lift the robot’s left leg (Movie S7,
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Figure 4. Triboelectric droplet manipulation and its applications. a) Schematic diagram of a modular chemical concentration detection device. b) Testing
the range of the Na,SO, content in droplets. c) Testing the range of the NaCl content in droplets. d) Schematic diagram of droplet sorting or chemical
reaction modulation. e) Image showing droplets as reactors that can be transported in different directions for chemical reaction. f) Image showing
droplet manipulation to control whether a chemical reaction occurs or not. g) Droplet manipulation enabled the regulation of ionic logic circuits thereby

controlling the robot’s leg lifting direction.

Supporting Information). This triboelectric droplet manipulation
achieved logic control functions without the need for complex
external power and electronic circuits. Overall, this study illus-
trates that a range of methods, whether remote or surface-based,
dynamic or static, enable efficient droplet manipulation, demon-
strating the adaptability and versatility of the approach.
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3. Conclusion

In summary, a plug-and-play droplet manipulation paradigm
based on triboelectrification and triboelectric-wetting on dielec-
tric was proposed for flexible control of droplet motion on gen-
eral dielectric surfaces. This approach integrated the triboelectric
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charge from CE of S-S and L-S to govern droplet behavior through
dynamical regulation of the EDL via asymmetric ion dynamics
and electrostatic induction. The study revealed that the asymme-
try of anions and cations in ionic liquids impacted the EDL at the
L-S interface, directly influencing the triboelectric charge polar-
ity and thereby controlling droplet motion. Compared to conven-
tional EWOD methods, the droplet manipulation strategy based
on EDL regulation exhibited superior collective performance in
terms of no need for programmed path reconfiguration, reduced
surface and energy constraints, antigravity capability, and flexi-
bility. This strategy not only supported remote and in situ mo-
tion control from the droplet perspective without frequent pre-
defined paths but also achieved a maximum average velocity of
450 mm s7! on the common dielectric surface without chemi-
cal modifications, multiple-fold higher than the speeds observed
in droplets subjected to constant electrostatic fields with modi-
fications. Additionally, the modular manipulation strategy effec-
tively decoupled the functionality, thus simplifying the complex-
ity of the platform. Currently, the method does not incorporate
superhydrophobic surface treatment, and the transport distance
achieved is not the maximum reported. This will be the direction
of our further research in the future. The adaptable plug-and-play
strategy proved effective for ion concentration detection, chemi-
cal reaction modulation, and ionic logic circuit control. The use
of dynamical regulation of EDL for droplet control introduced a
novel paradigm for programmed manipulation, with significant
potential for chemical analysis and self-powered smart sensing.

4. Experimental Section

Fabrication:  Lithium chloride (LiCl) (>99%) was purchased from Al-
addin, while 1-Ethyl-3-methylimidazolium Chloride([EMIM]CI) (98%) was
purchased from Aladdin litmus reagent (1% =+ 0.05%). Polytetrafluo-
roethylene (PTFE) (99%, thickness 80 um), aluminum films (thickness
0.2 mm), acrylic (thickness 5 mm), and laboratory-prepared deionized wa-
ter were purchased from the local market. Syringes were purchased from
local pharmacies. The surface of the PTFE film was microscopically en-
graved by a laser engraving machine (Speedy 300, Trotec, Marchtrenk, Aus-
tria), and the laser had a power of 4 W and an engraving speed of 1Tcms™'.
The length and width of the constructed micrometer-scale structures were
set to 100 um.

Characterization: The charge of the droplets was tested using an elec-
trometer (6514, Keithley, Cleveland, OH, USA) and a Faraday cylinder. Real-
time data collection was achieved using a platform built on a data acqui-
sition card (BNC-2120, National Instruments, Austin, TX, USA) and Lab-
View software. The topographical features of the samples were observed
using a scanning electron microscope and the surface chemical composi-
tion was analyzed by EDS. Water’s static contact angles were determined
using a DSA-100 optical CA meter (Kruss Company, Ltd., Germany) with
a test temperature set at room temperature.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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