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A B S T R A C T

Remote, contact-free manipulation of solid matter remains a central challenge for materials transport, soft 
actuation and reconfigurable systems. Existing non-contact approaches based on optical, magnetic, ultrasonic or 
photothermal mechanisms are often constrained by environmental sensitivity, rigid device architectures or 
limited material compatibility. Here we introduce an electrostatic tweezer (ET) that enables remote, omnidi
rectional, through-air electrostatic actuation of charged membranes at air-liquid interfaces. As a model system, a 
charged covalent organic framework (COF) membrane constructed from tri (4-aminophenyl) amine (TAPA) and 
2,4,6-triformylresorcinol (TFP) exhibits rapid and programmable motion under electrostatic field, operating 
without external bias, electrodes or electrode patterning. The membrane floats on a thin water layer that pro
vides buoyancy and reduces interfacial friction, enabling sensitive response to weak electrostatic forces. In 
contrast to conventional electrostatic actuation, which is largely restricted to droplet-based systems, this 
approach enables programmable trajectory control for remote actuation of charged membranes, with a 5 mm 
× 5 mm TAPA-TFP membrane reaching a peak velocity of about 10 mm s− 1 under electrostatic charging condi
tions. The ET maintains stable performance across wide ranges of temperature, humidity, surface chemistry and 
electrolyte composition, in agreement with COMSOL simulations, enabling two- and three-dimensional omni
directional manipulation, uphill motion on inclined surfaces, selective control, metamorphic origami remote 
transformations and load-coupled actuation. This work establishes a fundamentally new paradigm for the 
remote, contact-free manipulation of charged membranes, demonstrating that electrostatic fields can be har
nessed to achieve programmable motion, metamorphic origami remote control and load-bearing transport of 
charged membranes, capabilities that remain inaccessible to existing non-contact manipulation technologies.

1. Introduction

Contact-free remote manipulation is a foundational capability for 
industrial automation [1,2], precision manufacturing [3,4], 

biomedicine [5,6], and biopharmaceutical processing [7,8], enabling 
high-accuracy operations in hazardous, enclosed, or 
contamination-sensitive environments while avoiding mechanical 
damage and cross-contamination [9,10]. Existing non-contact 
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manipulation technologies, including ultrasonic [11], optical [12], 
magnetic [13,14], and photothermal [15,16] approaches, have enabled 
impressive advances in droplet and microscale object control. However, 
each modality is intrinsically constrained, ultrasonic actuation is highly 
sensitive to media and boundary conditions [17,18], optical tweezers 
are restricted to microscopic particles [19], magnetic control requires 
magnetically responsive targets [13,14], and photothermal [15,16]
methods depend strongly on material properties and environmental 
stability. Electric-based manipulation offers distinct advantages in cost, 
response speed, directional programmability, and environmental 
adaptability [20–22], yet the dominant electrowetting-on-dielectric 
(EWOD) paradigm relies on complex electrode arrays and external 
power sources, limiting flexibility, scalability, safety, and portability 
[23–26]. Moreover, EWOD is inherently confined to fluidic systems and 
remains fundamentally incompatible with macroscopic solids in open 
aqueous environments [22,27,28].

Electrostatic control techniques offer a promising alternative to 
overcome the aforementioned limitations [29–33]. Different from 
EWOD, it operates by regulating the surface charges between materials 
and the resulting electric field distribution. This mechanism enables the 
contact-free mechanical actuation of objects across a wide range of 
scales and requires no complex electrode arrays or external power 
sources. Instead, it relies solely on electrostatic field to generate stable 
and appreciable electrostatic forces in open environments, enabling 
attraction, repulsion, gripping and directional transport of micro/
nanoparticles, droplets and biological objects in air, on interfaces or in 
confined spaces. Recent advancements include charge-induced direc
tional propulsion of droplets on superhydrophobic surfaces, 
self-powered electrostatic tweezers that use triboelectric charges to 
accomplish multistep microfluidic operations such as splitting, fusion, 
mixing, and transport, as well as open microfluidic systems that achieve 
droplet sequencing, temporal regulation, and logic operations through 
induced charges [21,32–34]. Despite remarkable progress, nearly all 
existing electrostatic manipulation strategies remain restricted to 
droplet manipulation.

By contrast, remote manipulation of solid materials represents a far 
more powerful and technologically consequential frontier. Unlike 
droplets, solid materials combine geometric stability with programma
ble mechanical, electrical, optical, and chemical functionality, enabling 
complex tasks such as grasping, assembly, cargo transport, and struc
tural reconfiguration [35–38]. Their robustness allows stable operation 
under extreme conditions without evaporation, shape collapse, or 
chemical degradation, while enabling submicron precision and 
long-term positional stability [39–42]. Moreover, solid materials can 
integrate catalysts, electronic components, or bioactive agents, sup
porting applications ranging from micro-nano device assembly and 
microrobotic drug delivery to environmental sensing and space 
deployment [43–47]. Achieving non-contact, remotely programmable 
manipulation of macroscopic solids therefore represents a critical unmet 
challenge with broad implications for intelligent manufacturing, soft 
robotics, micro/nano engineering, and biomedical systems [48,49].

Here, we report a previously unexplored electrostatic tweezer (ET) 
that harnesses electrostatic fields to enable remote, omnidirectional 
through-air electrostatic actuation of charged membranes at air-liquid 
interfaces without external power sources or complex electrode archi
tectures. In conventional tweezers, objects are manipulated through 
applied force fields, whereas ETs achieve manipulation by harnessing 
electrostatic fields. In this context, the electrostatic field used in ET is 
functionally equivalent to the force field in traditional tweezers, 
meaning that any material capable of generating an electrostatic field 
can act as the actuation source. Charged TAPA-TFP polymer mem
branes, constructed from tri (4-aminophenyl) amine (TAPA) and 2,4,6- 
triformylresorcinol (TFP), respond to electric fields generated by 
external materials (nylon film/polytetrafluoroethylene film (PTFE)) 
enabling rapid and programmable motion and along arbitrary trajec
tories. In contrast to prior electrostatic strategies confined to droplets, 

the ET extends actuation to charged membranes, enabling directional 
transport in enclosed environments and active payload delivery. The ET 
operates across a wide range of conditions, including membrane sizes 
from 5 mm × 5 mm to 10 mm × 10 mm, broad temperature (from room 
temperature to 200 ℃) and humidity (RH 20–95%) ranges, diverse 
surface chemical states, and various electrolyte compositions and con
centrations. It supports two-dimensional (2D) and three-dimensional 
(3D) pathway movement, uphill motion on inclined surfaces, selective 
manipulation based on surface chemistry, agile direction steering, and 
fully programmable transport pathways. The platform is equally effec
tive in open aqueous environments and enclosed systems, enabling 
metamorphic origami remote control, and load-coupled transport with 
high reproducibility, rapid response, and long-term stability. Together, 
the ET establishes a new paradigm for non-contact electrostatic 
manipulation of charged membranes, bridging a critical gap between 
electrostatic droplet control and solid-state micromanipulation. This 
strategy unlocks new technological pathways for intelligent material 
transport and multifunctional membrane systems, offering a versatile 
platform for next-generation contact-free manipulation technologies.

2. Results

2.1. Electrostatic tweezer

The TAPA-TFP covalent organic framework (COF) membrane was 
prepared via an interfacial polymerization (IP) reaction between an 
aqueous phase and an organic phase [50] (Fig. 1a). Briefly, the organic 
phase consisted of a dichloromethane solution containing TAPA and 
TFP, while the water phase contained 3.0 M acetic acid solution. The IP 
process between the organic and water phases yielded a continuous, 
uniform, and flexible COF membranes, denoted as TAPA-TFP. The 
scanning electron microscopy (SEM) (Fig. S1) observation revealed that 
the membrane surface was smooth and flat, without noticeable defects, 
pores, or cracks. This continuous structure enables the membrane to 
maintain flatness and stability when floating on the water surface, 
providing an ideal kinetic basis for electrostatic manipulation. The 
elemental analysis (Fig. S2) clearly indicated a homogeneous distribu
tion of C, N, O across the membrane. The X-ray diffraction (XRD) pat
terns (Fig. S3) showed that the TAPA-TFP membrane possesses good 
crystallinity, with distinct diffraction peaks at 6.36◦ and 22.4◦, which 
can be attributed to (001) and (100) plane peaks, respectively, reflecting 
the highly ordered structure of the membrane framework. The high 
crystallinity of the membrane ensures mechanical stability and uniform 
charge distribution during motion. The linkage of TAPA and TFP 
through β-ketoenamine bonds, as well as the extensive hydrogen 
bonding within the framework, were revealed by Fourier transform 
infrared spectroscopy (FTIR) and X-ray photoelectron spectroscopy 
(XPS) analyses [51–53] (Figs. S4− 5). The membrane surface contains 
oxygen and nitrogen active sites within the β-ketoenamine moieties, 
which impart a negative charge to the membrane in aqueous solution 
(zeta potential of − 12.2 mV) (Figs. S6− 7). This charge characteristic is 
crucial for the design of the ET, enabling the membrane to efficiently 
interact with electrostatic forces and achieve remote, contact-free 
actuation.

To enhance the wide applicability and practicality of the membrane 
manipulation system, we propose the ET strategy for membrane 
manipulation, which removes the need for complex electrode arrays and 
an external power source, enables ultra-flexible and programmable 
membrane manipulation through electrostatic fields generated by high- 
voltage-polarized nylon and PTFE control platforms. The design concept 
of the ET platform, as illustrated in Fig. 1b, includes a control platform 
and a membrane motion platform. The nylon and PTFE control plat
forms are pre-charged by high-voltage polarization to generate stable 
surface charges, serving as the core body of the electrostatic tweezers for 
remote regulation of the target COF membrane. The operator can con
trol the electric field generated by the ET and enabling remote, contact- 
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free, multidirectional actuation of the membrane. The membrane mo-
tion platform consists of a substrate, a water layer, and a flexible 
membrane floating on the water layer. The solid substrate provides 
stable support for the system, and the layer of water covering it supplies 
buoyancy and hydrogen bonding to the membrane, reducing frictional 
resistance and stabilizing its position. This allows the membrane to 
respond sensitively and rapidly to the electric field while floating on the 
water surface, enabling flexible, fast, and reversible motion under the 
action of the electric field, thereby enhancing the membrane manipu-
lation sensitivity and stability in multiple directions. As shown in the 
atomic force microscopy (AFM) and the cross-sectional SEM image 
(Figs. S8≻9), the TAPA-TFP membrane has a thickness of only 250 nm 
and exhibits excellent thinness and flexibility, allowing it to float on the 
water surface without breaking or sinking. This lightweight structure 
not only reduces the membrane load but also minimizes contact resis-
tance with the water layer, providing favorable conditions for contact- 
free manipulation. The membrane exhibited a contact angle of 38.36◦

on water (Fig. 1c), demonstrating excellent hydrophilicity, which fa-
cilitates stable spreading on the water surface and enables smooth 
response to the applied electric field during manipulation.

To clarify the feasibility of the electrostatic tweezer for membrane 
manipulation, we investigated the effect of different electrostatic forces 
on the membrane motion on the water surface. As shown in Fig. 1d, and 
Movie S1, when nylon film was brought near the membrane, the 
membrane moved rapidly, demonstrating a sensitive response to the 
electrostatic force and eventually coming to rest at the final position on 
the water layer. In contrast, when PTFE was brought close to the 
membrane, the membrane didn't move on the water surface because it 
carried a negative charge and the direction of the electrostatic force was 
not sufficiently aligned with the surface charge of the membrane 
(Fig. S10 and Movie S1). This finding significantly enhanced the 
controllability of the electrostatic force over the membrane, indicating 
that programmable control manipulation of the membrane can be ach-
ieved by tuning the interaction between the electrostatic polarity 
generated by the friction materials and the surface charge of the 
membrane.

Supplementary material related to this article can be found online at 
doi:10.1016/j.nanoen.2026.112134.

2.2. Multifunctional membrane manipulation

To further demonstrate the dexterous manipulation capabilities of 
the ET, we move the membrane in diverse complex scenarios, such as 
being guided following an arbitrary programmed trajectory, achieving 
membrane capture and release, manipulation in different salt solutions 
and concentrations, movement under different surface chemical states, 
testing under varying temperature and humidity conditions, and uphill 
motion on inclined surfaces. As shown in Fig. 2a, Fig. S11 and Movies 
S2≻3, the membrane moves controllably along the path "ET" and 
along the trajectories of triangular, square, and circular shapes, 
demonstrating programmable trajectory controllability and path 
reproducibility. Trajectory deviations were estimated by manual 
tracking of membrane position from video recordings. Relative to target 
trajectories, the membrane exhibits reproducible millimeter-scale path- 
following fidelity. These results indicate that the ET is able to move the 
membrane along any programmed path. In addition, the ET al.so enables 
controlled capture and release of the membrane (Fig. 2b and Movie S4). 
When the nylon film approaches the membrane, the positive charges on 
its surface attract the negatively charged membrane, enabling effective 
capture. Subsequently, the negatively charged PTFE approaches from 
the back side of the nylon film, weakening or even canceling the nylon's 
adsorption effect on the membrane. This allows the membrane to detach 
from the nylon film surface and be released smoothly, achieving a 
capture and release action similar to that of conventional tweezers. In 
addition to manipulation on the horizontal dimension, the ET enables 
membranes to move uphill on inclined surfaces, which is usually highly 
challenging for conventional manipulation methods. As shown in 
Fig. 2c, under the action of electrostatic driving force, the membrane can 
effectively move steadily along a slope with an inclination of 3◦, while 
maintaining a stable posture and a continuous motion trajectory (Movie 
S5). This performance indicated that ET not only possesses control 
planar manipulation capability but can also handle complex terrains and 
multidirectional force fields, enabling flexible application of the mem-
brane in challenging environments.

Supplementary material related to this article can be found online at 
doi:10.1016/j.nanoen.2026.112134.

The well-controlled membrane manipulation is also demonstrated by 
the adaptability in various environment conditions. The ET exhibited 

Fig. 1. ET platform and membrane controllability. (a) Schematic illustration and photograph of the interfacial polymerization (IP) process for fabricating TAPA-TFP 
COF membranes. (b) Schematic of the electrostatic tweezer (ET) including control platform (nylon film) and membrane motion platform (a substrate, a water layer, 
and a flexible membrane floating on the water layer). (c) Desirable hydrophilicity properties of the TAPA-TFP membrane. (d) Sequential images showing the 
controllability of the ET.
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sensitive and controllable motion in NaCl solutions of different con
centrations (0.01 M, 0.1 M and 1 M), demonstrating rapid responsive
ness and stability (Fig. 2d and Movie S6). Despite the charge-screening 
effects and interfacial-tension variations associated with 1 M NaCl, 
reliable membrane manipulation remains achievable. The COF mem
brane retains sufficient electrostatic responsiveness owing to its intrin
sically charged β-ketoenamine framework, while the externally 
generated electrostatic field remains capable of driving membrane mo
tion despite partial ionic screening. Moreover, the ultrathin hydrophilic 
membrane remains stably supported at the liquid interface, and the 
resulting interfacial-tension changes do not preclude electrostatically 

driven in-plane transport. Furthermore, the ET can be manipulated in 
various 0.1 M salt solutions (CaCl2, Na3PO4, Na2SO4, and FeCl3), 
demonstrating high responsiveness and adjustability across different 
ionic environments (Fig. 2d and Movie S7). These results highlighted the 
universal applicability and robustness of the ET across a wide range of 
salt solution environments, providing a reliable foundation for its use in 
complex liquid environments. To further evaluate the environmental 
adaptability of the ET, we also examined the effects of temperature and 
humidity on membrane motion. For thermal tests, the substrate was 
preheated at varied temperatures (30 ◦C, 60 ◦C, 90 ◦C, 120 ◦C, 150 ◦C, 
and 200 ◦C) for 30 min in an oven before adding a thin water layer and 

Fig. 2. Multifunctional manipulation of the electrostatic tweezer (ET). (a) Manipulating 5 mm × 5 mm membrane by the ET to move along the preset ‘‘ET’’ path. (b) 
Capability of the ET in performing capture and release functions analogous to conventional optical tweezers. (c) Membrane sliding upward along the water surface at 
a tilt angle of 3◦. (d) Generality of membrane transportation for various liquids. The ET shows wide versatility for transporting membrane, including those with types 
and concentrations of salt solutions, DI water. The error bars in d, e, f, g, and h represent the standard error from three measurements. (e) Capability of the ET in 
transporting membranes under different air humidity and temperature conditions. (f) Membrane manipulation of corrosive acid and alkali. Nylon film and PTFE film 
represent two different hand-control platforms. The membrane was immersed in HCl (pH=2) and NaOH (pH=12) solutions. (g) Comparison of distance and velocity 
between membranes with sizes of 5 mm × 5 mm and 10 mm × 10 mm.
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subsequent manipulation. Experimental results showed the membrane 
maintained stable and responsive motion under such preheated- 
substrate conditions, demonstrating excellent thermal adaptability of 
the system (Fig. 2e and Movie S8). However, humidity has a significant 
impact on membrane manipulation performance. Under low humidity 
conditions (20%, 40%, 60%, 70% RH), the membrane can move 
smoothly and respond to the applied electrostatic field, whereas under 
high humidity conditions (80%, 95% RH), membrane motion is 
noticeably hindered and manipulation efficiency is significantly reduced 
(Fig. 2e-f and Movie S9). This may be attributed to the reduced charging 
efficiency at high humidity, which limits precise controllability of the 
membrane.

Supplementary material related to this article can be found online at 
doi:10.1016/j.nanoen.2026.112134.

In addition, we investigated the motion behavior of the membrane 
under different surface chemical states. As shown in Supplementary 
Fig. S12 and Movie S10, the membrane placed on HCl or NaOH 
aqueous layers exhibits actuation under the positively charged nylon 
film, whereas the negatively charged PTFE induces no response. Spe
cifically, the membrane immersed in an acidic environment (pH = 2, 
HCl solution) became positively charged (zeta potential 15.75 mV), and 
the carbonyl and amino groups on its surface form strong hydrogen- 
bond network with water molecules [51,52] (Fig. S12). Consequently, 
it was highly responsive to negatively charged PTFE but showed mini
mal response to positively charged nylon film, allowing PTFE-driven 
membrane manipulation (Fig. 2f and Movie S11). Conversely, the 
membrane immersed in an alkaline environment (pH = 12, NaOH so
lution) became negatively charged (zeta potential − 28.87 mV) (Fig. S7), 
showing sensitivity to positively charged nylon film while remaining 
unresponsive to negatively charged PTFE, allowing nylon film-driven 
membrane manipulation (Fig. 2f and Movie S11). These results 
demonstrate that the ET enables controllable manipulation dictated by 
the surface chemical state of the membrane. In addition, we investigated 
the effect of membrane size on its motion behavior. As shown in Fig. 2g 
and Movie S12, manipulation experiments were conducted on mem
branes of different sizes under the same electrostatic conditions. The 
results showed that smaller membranes (5 mm × 5 mm) respond more 
quickly, whereas larger membranes (10 mm × 10 mm) move slightly 
slower due to the effects of water surface friction and resistance. These 
results indicated that membrane size has a significant effect on the 
response speed of electrostatic manipulation.

Supplementary material related to this article can be found online at 
doi:10.1016/j.nanoen.2026.112134.

To summarize, the ET not only enables contactless, rapid membrane 
manipulation in programmable paths on a horizontal water surface but 
can also achieve several dexterous capabilities including membrane 
grasping and release, and uphill motion on inclined surfaces. The ET 
demonstrates the universal adaptability to temperatures, humidity, pH, 
and electrolyte solution, sustaining reliable manipulation of the mem
brane in varied chemical and physical environments. As summarized in 
Table S1, the performance of the present approach is benchmarked 
against representative droplet-based manipulation strategies across 
seven key metrics: unlimited distance, unlimited direction, precise 
stopping, contactless actuation, manipulated target, load-coupled actu
ation, and metamorphic origami programmability [11,20,21,54], “Y”, 
“N,” and “NG” in the graph indicate yes, no, and not given in the liter
ature, respectively. Across these dimensions, the membrane manipula
tion strategy reported here exhibits a distinctly superior overall 
performance, particularly in enabling long-range transport, accurate 
positional control, robust contactless operation and versatile meta
morphic origami transformations. Remote, reversible and contact-free 
membrane actuation is realized through electrostatic control, while 
adaptive motion regulation is further achieved via load-coupled actua
tion. Notably, this platform extends effective contactless manipulation 
to charged membranes. Collectively, these attributes substantially 
outperform existing droplet-based manipulation techniques and 

establish a new technological paradigm for charged membranes actua
tion, microdevice transport and reconfigurable functional systems.

2.3. Manipulation mechanism of the ET

To elucidate the mechanism underlying membrane manipulation by 
ET, the force balance acting on the membrane at the water interface was 
systematically analysed. Charges accumulated on the nylon film 
generate a surrounding electrostatic field, as illustrated in Fig. 3a, within 
which both the electric potential and the field intensity decay progres
sively with increasing distance from the charged nylon film (Fig. S13). 
The electrostatic force can be regarded as the resultant of the Maxwell 
stresses acting on the membrane surface.

The electrostatic force is the sum of the Maxwell stresses acting on 
the surface of the TAPA-TFP membrane [55,56]: 

Fe =

∮ [
εE(En) −

ε
2
E2n

]
dS 

where ε and E are the permittivity of the membrane and the electric field 
intensity at the TAPA-TFP membrane surface, respectively, and n and S 
are the surface unit normal and surface area of the TAPA-TFP mem
brane, respectively. The Coulomb force can be quantified in tensor form 
[20,24,57]: 

Fe =

∮

Te,ij • ndS, with Te, ij = ε0

(
EiEj −

δij

2
E2
)
, i, j = x, y, z 

where Te, n, ε0, δij, and E are the Maxwell stress tensor, surface unit 
normal vector, the permittivity of air, the Kronecker delta function, and 
the magnitude of the electric field intensity, respectively. The distribu
tion of Te on the TAPA-TFP membrane can be calculated via COMSOL- 
Multiphysics finite-element analysis simulation, as shown in 
Supplementary Fig. S13. Because the nylon film carries positive charges 
while the TAPA-TFP membrane is negatively charged, and the electric 
field intensity associated with the positive charges is stronger than that 
of the negative charges, the resulting electrostatic force is directed to
ward the nylon film, thereby providing the driving force for membrane 
motion.

The dynamic behavior of a TAPA-TFP membrane moving on a water 
layer is governed by the net force acting on the membrane. Fig. 3b 
presents the force analysis of the TAPA-TFP membrane under ET 
manipulation, where the membrane is subjected to the combined effects 
of electrostatic force (Fe), gravity (G), vertical adhesion force (Fad,z, due 
to hydrogen bond force), lateral adhesion force (Fad,x), and buoyancy 
(Fb). We consider only the lateral manipulation of the membrane. In the 
vertical direction, the gravity (G), vertical adhesion force (Fad,z), buoy
ancy (Fb), and the vertical component of the electrostatic force (Fe) are 
balanced, resulting in a net force of zero. The propulsion of the mem
brane on the water surface is driven by the combined action of the lateral 
component of the electrostatic force (Fe) and the lateral adhesion force 
(Fad,x). The net driving force F acting on the membrane can be expressed 
by the following formula [32]: 

F = Fecosα − Fad,x 

where α is the angle between the electrostatic force and the horizontal 
direction. This relation provides a fundamental understanding of 
membrane motion in an electrostatic field. when the ET is close enough 
to the membrane, Fe cosα can be greater than Fad,x. When F > 0, the 
membrane begins to move, which is driven forward by electrostatic 
forces. By moving the nylon film and maintaining the proper distance 
between the nylon film and the membrane, the membrane can be guided 
to move uniformly on the water surface.

For simplicity, the nylon film and the TAPA-TFP COF membrane can 
be considered as point charges, and net driving force FPOINT can be 
expressed as follows [54]: 
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FPOINT = Fe,POINTcosα − Fad,x =
q1q2cosα
4πε0εrr2 −

1
2

CρSv2 

where ε0 is the vacuum permittivity, εr is the effective relative permit
tivity of water, q1 is the charge on the nylon film, q2 is the charge on the 
TAPA-TFP membrane, r is the distance between the TAPA-TFP mem
brane and the nylon film, ρ represents the density of water, C is the water 
drag coefficient, S refers to the surface area of the membrane in contact 
with water, and v indicates the velocity of membrane. To improve both 
the generality and physical rigor of the model, the TAPA-TFP membrane 
and the nylon film are treated as objects with well-defined geometries. 
Under this formulation, the net driving force F acting on the membrane 
can be expressed as follows: 

F = Fecosα − Fad,x =

∫

V1

∫

V2

qr1 qr2 r̂12

4πε0εr|r1− r2|
2 dV1dV2cosα −

1
2
Ceff ρSv2 

F =
cosα

4πε0εr

∫

V1

∫

V2

qr1 qr2 r̂12

|r1− r2|
2 dV1dV2 −

1
2
Ceff ρSv2 

where qr1 and qr2 represent the charge quantities at an infinitesimal 
element of the nylon film and the TAPA-TFP membrane, respectively, 
r̂12denotes the unit vector between the two infinitesimal elements, and 
|r1 − r2| stands for the magnitude of r12. The integration domains V1 and 
V2 correspond to the volumes of the nylon film and the TAPA-TFP 
membrane, respectively. The water resistance coefficient is replaced 
by Ceff, which is influenced by parameters such as object geometry, 
surface roughness, and motion state. From this relation, it follows that 
the net driving force, and hence the actuation performance, decreases 
with increasing separation between the nylon film and the TAPA-TFP 
membrane, higher ambient humidity (which accelerates charge dissi
pation), and larger membrane dimensions. Moreover, at a fixed film- 
membrane distance, the membrane velocity and the net driving force 
are mutually constrained, giving rise to an upper limit on the attainable 
actuation speed. The qualitative dependencies predicted by this model 
are in strong agreement with the trends observed in both experiments 
and simulations.

To reveal the driving mechanism of membrane motion, we analyze 
the electrostatic field distribution using finite element simulations in 
COMSOL Multiphysics. The configuration of the simulation domain is 
consistent with the geometry of the ET, and the TAPA-TFP membrane 
was set in a rectangular to resemble its actual shape geometry in Fig. 1b. 
Fig. 3c-d show the potential distribution and electric field intensity 
distribution of the small membrane (5 mm × 5 mm, TAPA-TFP) at three 
representative positions within the electrostatic field. The colored cloud 
maps represent the potential and electric field intensity distribution on 
the nylon film surface, while the colored streamlines represent the 
electric field lines in space, with arrows indicating the direction of the 
electric field. Position 1 corresponds to the initial state of membrane 
motion (T = 0 s), at which the membrane has not yet displaced, and the 
travel distance is 0. The electrostatic potential distribution shows that 
the region occupied by the nylon film appears in deep red, corre
sponding to a high-potential area. The colored streamlines converge 
from the nylon film toward the membrane, with the electric field lines 
oriented upward to the right, indicating a substantial electric potential 
difference between the two materials. This potential difference gener
ates an electrostatic force that initially acts on the membrane in the 

upward-right direction, consistent with its subsequent motion to the 
right. The electric field intensity decreases with increasing distance from 
the nylon film toward the membrane, indicating a corresponding 
attenuation of the driving force as the separation increases. When the 
TAPA-TFP membrane begins to move to the right under the driving force 
of electrostatic attraction and reaches Position 2 (T = 0.5 s), its cumu
lative travel distance is s1. During this following-motion stage, the low- 
potential membrane exhibits a certain response lag as it follows the 
movement of the high-potential nylon film due to the effects of hydrogen 
bonding, surface tension, and frictional forces. The resulting change in 
separation distance causes a variation in the red-to-yellow transition 
zone between the nylon film and the membrane. This indicates that the 
electric potential, electrostatic force, and electric field strength distri
bution acting on the membrane are slightly modified. At T = 1 s, the 
membrane further moves to Position 3, with the travel distance 
increasing to s2. During the movement, the electric potential and field 
intensity remain basically constant between the nylon film and the 
membrane, enabling the membrane to experience a strong, stable 
directional electrostatic driving force under a constant spacing condi
tion, thereby sustaining continuous forward motion (Movies S13− 14). 
Similarly, we also simulated the potential and electric field intensity 
distributions at three corresponding positions for a large membrane 
(10 mm × 10 mm) under the same electrostatic field conditions 
(Fig. S14). The results show that, although the overall potential distri
bution and field directionality around the large membrane are broadly 
similar to those of the small membrane, the increased membrane size 
substantially amplifies the resistive forces associated with membrane- 
water interfacial tension. Consequently, under the same electrostatic 
driving force, the balance between driving and resistive forces is shifted, 
leading to a markedly smaller cumulative displacement of the large 
membrane at corresponding time points and a significantly attenuated 
overall dynamic response (Movies S15− 16).

Supplementary material related to this article can be found online at 
doi:10.1016/j.nanoen.2026.112134.

To more intuitively and systematically evaluate the influence of 
membrane size on electrostatic driving behavior, numerical simulations 
were performed to model the dynamics of TAPA-TFP membranes under 
an applied electrostatic field, with the temporal evolution of membrane 
displacement and velocity quantitatively analyzed. Fig. 3e shows the 
relationship between displacement (s) and time (t) for two TAPA-TFP 
membranes of different sizes (5 mm × 5 mm small membrane and 
10 mm × 10 mm large membrane) and the target nylon film under the 
same electrostatic driving force. The results indicate that, from the 
standpoint of actuation feasibility, TAPA-TFP membranes of both sizes 
can be displaced under electrostatic forcing, demonstrating the general 
applicability of this manipulation strategy across different length scales. 
However, their dynamic responses differ markedly. The larger mem
brane exhibits a delayed onset of motion and a reduced displacement 
growth rate relative to the smaller membrane, reflecting a substantial 
increase in membrane-water interfacial resistance with increasing size, 
which diminishes electrostatic driving efficiency. By contrast, the 
smaller membrane experiences lower interfacial resistance, responds 
more rapidly to the electrostatic force, and displays smoother, more 
continuous motion, ultimately achieving a higher overall migration 
velocity. The velocity-time (v–t) profiles (Fig. 3f) quantitatively 
compare the dynamic responses of membranes with different sizes under 
electrostatic actuation. The smaller membrane (5 mm × 5 mm) exhibits 
markedly faster transient kinetics, reaching a peak velocity of 

Fig. 3. Manipulation mechanism of the electrostatic tweezer (ET). (a) Numerical simulation (based on finite element analysis) of the electric potential distribution 
around the ET. The colored streamlines represent the electric field lines in space, with arrows indicating the direction of the electric field acting on the TAPA-TFP 
membrane (5 mm × 5 mm). (b) Force analysis of TAPA-TFP membranes on the water surface under electrostatic interactions. (c), (d) An electrostatic potential (c) 
and electric field intensity (d) distributions of the TAPA-TFP membrane (5 mm × 5 mm) at three typical positions within the electrostatic field. (e) Calculated 
displacement (s) of two TAPA-TFP membranes of different sizes (the small membrane: 5 mm × 5 mm, the large membrane: 10 mm × 10 mm) and the target nylon 
film as a function of time (t). (f) Calculated velocity (v) and displacement (s) of TAPA-TFP membranes (small membrane: 5 mm × 5 mm, large membrane: 10 mm ×
10 mm), showing the differences in dynamic response between the two membranes.
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~13.5 mm s− 1 at ~0.55 s, whereas the larger membrane attains a sub
stantially lower peak velocity of ~6.2 mm s− 1 with a delayed maximum 
at ~1.1 s. This contrast indicates that the smaller membrane experiences 
higher instantaneous acceleration and a more agile dynamic response. 
Consistently, within the same 1 s time window, its velocity remains 
significantly higher than that of the larger membrane. Experimentally, 
the measured peak velocities are ~10 mm s− 1 for the small membrane 
and ~5.6 mm s− 1 for the large membrane, slightly lower than the 
simulated values. This discrepancy arises from unavoidable experi
mental factors, including hydrodynamic dissipation, interfacial distur
bances, and measurement uncertainty. Moreover, the electrostatic 
charge on the nylon film was not optimized to its theoretical maximum, 
as experimental charge densities are lower than the ideal values 
assumed in simulations. Consequently, the experimentally observed 
velocities do not represent the intrinsic upper performance limit of the 
system. Overall, the numerical simulations are in excellent agreement 
with both theoretical predictions and experimental observations. 
Consistent conclusions emerge from analytical derivation, numerical 
simulation, and experiment: increasing membrane size reduces the net 
driving force, thereby degrading actuation performance. Conversely, 
under identical driving conditions, reducing the membrane size mark
edly enhances electrostatic driving efficiency, enabling faster and more 
stable motion. This pronounced size effect establishes a clear physical 
basis for optimizing the dynamic performance of electrostatically driven 
membranes.

To elucidate the influence of environmental humidity on electro
statically driven TAPA-TFP membranes, we performed numerical sim
ulations to analyze their motion under varying humidity conditions. 
Figs. S15a-b show the potential distribution cloud maps under low- 
humidity conditions, while Figs. S15c-d correspond to the electric 
field intensity distributions. Figs. S15e-f present the potential distribu
tion cloud maps under high-humidity conditions (≥85%), and 
Figs. S15g-h correspond to the electric field intensity distributions under 
high humidity. In both low-and high-humidity cases, the initial position 
of the left end of the membrane remains the same, i.e., at t = 0 s, x10 
= x20. Under low-humidity conditions, the potential distribution at 
t = 0 s reveals a pronounced electric potential difference between the 
nylon film and the membrane, accompanied by substantial electric field 
intensity. At t = 1 s, both the potential and field intensity slightly 
decrease, but a significant field gradient remains, allowing the mem
brane to stably follow the charged nylon film, with its left end reaching 
x11. In contrast, under high-humidity conditions, the initial potential 
and field distributions are similar, but by t = 1 s, high-potential regions 
weaken markedly, and the electric field intensity around the membrane 
is substantially reduced, with the gradient nearly disappearing. Conse
quently, the membrane barely displaces with the nylon film, reaching 
only x₂₁. The difference in displacement can be expressed quantitatively 
as Δs = x11 – x21. This behavior arises because high humidity accelerates 
dissipation of electrostatic charges on the nylon film surface, weakening 
the potential and electric field and thus reducing the electrostatic 
driving force. These simulation results align closely with theoretical 
analysis and experimental observations, demonstrating that increased 
humidity accelerates charge dissipation, lowers net driving force, and 
diminishes actuation performance. Therefore, maintaining a low- 
humidity environment is essential for effective electrostatic actuation. 
In summary, theoretical, simulation, and experimental results all show 
consistent qualitative trends regarding the impact of humidity on 
driving performance.

In addition, we further performed simulations to investigate how 
different surface chemical states of TAPA-TFP membranes affect their 
electrostatic response and resultant motion. The results show that when 
the membrane is immersed in HCl solution (pH 2), it becomes positively 
charged. In the nylon system (Fig. S16a, t = 0 s), both the membrane and 
nylon film carry positive charges. By t = 1 s (Fig. S16b), no significant 
potential gradient forms, and the membrane shows zero displacement, 
indicating that a positively charged nylon film cannot drive a positively 

charged membrane. In contrast, in the PTFE system (Figs. S16c-d), the 
membrane is positive while PTFE is negative. By t = 1 s, a clear potential 
gradient develops, driving effective membrane displacement (Δs1), 
demonstrating that negatively charged PTFE can electrostatically drive a 
positively charged membrane. Conversely, when the membrane is 
immersed in NaOH solution (pH 12), it becomes negatively charged. In 
the nylon system (Figs. S16e-f), the membrane and positively charged 
nylon film form a pronounced potential gradient, resulting in effective 
displacement (Δs2). In the PTFE system (Figs. S16g-h), both surfaces are 
negatively charged, no gradient forms, and the membrane shows 
negligible motion. These simulation results closely match experimental 
observations, confirming that the membrane’s surface chemical state 
critically regulates electrostatic driving. Moreover, they demonstrate 
that the ET system provides excellent selective control over membrane 
motion, establishing a foundation for controllable electrostatic manip
ulation across multiple systems.

Building on the aforementioned analysis, we further validated the 
feasibility and programmability of this electrostatic manipulation 
strategy in complex three-dimensional environments. The results show 
that the system can stably drive the membrane along predetermined 
trajectories, including “E” and “T” shaped paths (Movies S17), accu
rately reproducing complex routes with turns and branches, which 
demonstrates excellent directional switching and path-following sta
bility. Moreover, by constructing regular geometric trajectories, the 
membrane can execute closed-loop motion along square or triangular 
paths (Movies S18). These three-dimensional simulations confirm that 
the strategy is effective not only for linear or planar motion but also for 
manipulation along complex spatial paths, highlighting its outstanding 
spatial adaptability and trajectory programmability. Such capabilities 
provide a solid foundation for potential applications in microstructured 
environments, reconfigurable systems, and spatially constrained 
platforms.

Supplementary material related to this article can be found online at 
doi:10.1016/j.nanoen.2026.112134.

2.4. Multifunctional applications of the ET

Building on the capabilities demonstrated in Fig. 4, the ET enables a 
set of application scenarios that are difficult to access with existing 
manipulation paradigms, encompassing directional motion guidance, 
load-coupled actuation, metamorphic origami remote control and 
operation within enclosed environments. As shown in Fig. 4a, the TAPA- 
TFP membrane can be guided through a maze-like trajectory under the 
electrostatic attraction induced by the charged nylon film actuator, 
illustrating deterministic navigation along complex paths with high 
positional fidelity (Movie S19). This capability highlights the potential 
of the ET for programmable motion guidance and trajectory planning in 
constrained geometries. Beyond locomotion, the ET supports load- 
coupled actuation and controlled cargo transport. As illustrated in 
Fig. 4b, a 5 mm × 5 mm membrane (0.04 mg) loaded with methylene 
red powder (1 mg) can be remotely translated to designated locations 
without mechanical contact, demonstrating its function as a mobile 
carrier for reagent delivery (Movie S20). This mode of operation un
derscores the feasibility of using flexible membranes as multifunctional 
platforms that integrate actuation and payload transport, with impli
cations for microdelivery systems and lab-on-chip technologies [58]. 
The ET further enables dynamic shape reconfiguration of flexible 
membranes. As shown in Fig. 4c, a folded membrane undergoes rapid 
unfolding and controlled deformation under electrostatic guidance, 
achieving remote metamorphic origami remote control (Movie S21). 
This capability reflects the controllability with which the ET can regu
late both translational motion and structural transformation, pointing 
towards applications in bioinspired metamorphic robotics and recon
figurable devices where shape adaptation is integral to function [59]. 
Importantly, the electrostatic control strategy allows fully contact-free 
manipulation within enclosed systems. Fig. 4d demonstrates the 
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remote actuation of the TAPA-TFP membrane inside a sealed Petri dish 
driven entirely by external electrostatic fields (Movie S22). This feature 
is particularly relevant for biosafe, contamination-sensitive or chemi
cally isolated environments, where direct mechanical access is unde
sirable or impractical [60].

Supplementary material related to this article can be found online at 
doi:10.1016/j.nanoen.2026.112134.

More broadly, the electrostatic field-based control paradigm pre
sented here represents one of the few approaches capable of systemat
ically approaching the long-standing objective of remote manipulation 
with high-dimensional trajectory control, uphill motion on inclined 
surfaces and complex shape reconfiguration. Beyond its immediate 
functional advantages, this strategy resonates with emerging directions 
in materials science, flexible electronics and control theory, where field- 
driven responses are increasingly exploited to transcend the limitations 
of contact-based actuation [61]. In this context, remote and contact-free 
control evolves from a means of orchestrating motion into a founda
tional capability for regulating the movement, morphology and func
tionality of matter itself. Control is no longer confined to mechanical 
interfaces or structural constraints, but enters a regime in which energy 
fields, particularly electrostatic fields, directly govern material response 
[62–64]. Solid materials thus transition from passive structural elements 
to dynamic carriers that can be remotely activated, reconfigured and 
programmed. By unifying complex motion, uphill motion on inclined 
surfaces and shape reconfiguration within macroscopic solid systems, 
electrostatic control establishes a general and scalable framework for 
controllable manipulation, with profound implications for intelligent 
materials, operation in closed environments and, the realization of 
programmable matter [65,66].

3. Conclusion

Remote, contact-free manipulation of solid matter has remained a 
long-standing challenge, with existing strategies largely limited to 
droplets, rigid particles, or micromechanical components. Here, we 
introduce an electrostatic driven ET platform that achieves controllable, 
programmable, and omnidirectional control of charged membranes 
without physical contact, embedded electrodes, or external power. By 

harnessing electrostatic fields generated by nylon films, intrinsically 
charged TAPA-TFP membranes can be guided along arbitrary two- and 
three-dimensional trajectories, uphill motion on inclined surfaces, 
reconfigured into complex metamorphic origami states, and used for 
load-coupled transport. Unlike conventional droplet-based electrostatic 
actuation, this approach integrates high-speed motion (with peak ve
locities approaching 10 mm s− 1), shape morphing, and selective 
capture-release within a single framework, operating robustly across 
wide ranges of pH, humidity, temperature, surface chemistry, and 
electrolyte composition. This work establishes a generalizable paradigm 
for through-air electrostatic actuation of charged membranes at air- 
liquid interface.
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Fig. 4. The applications of the electrostatic tweezer (ET). (a) The ET navigation of a membrane through a maze. (b) Load-coupled actuation application of the ET 
using a 5 mm × 5 mm membrane. The inset shows the membrane loaded with methylene red powder. (c) Metamorphic origami control application of the ET using a 
5 mm × 10 mm membrane. Folded COF membrane is placed on dry substrate, gradual unfolding is actively triggered and controlled by remote electrostatic field. (d) 
Manipulating a membrane in a closed Petri dish from the outside.
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