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Water, with its natural abundance and various forms, has been a promising sustainable energy source. To
harness water energy more efficiently, interfacial electro-hydrodynamics (EHD) micro/nano-fluidic energy
conversion and harvesting technologies have rapidly advanced over the past few decades. Compared to
conventional water energy harvesting methods like hydroelectric dams and tidal power plants, EHD-based
approaches exhibit unique advantages in capturing random, low-frequency, and intermittent fluid motions,
enabling the effective harvesting of untapped energy sources such as raindrops, tides, and even ambient
humidity. This review systematically summarizes the major interfacial EHD inspired micro/nano-fluidic energy
harvesting and conversion strategies, providing an in-depth analysis of their working principles, design
principles for enhancing electric output, and their potential applications that mainly include power sources
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and self-powered devices. Furthermore, we highlight the key challenges facing this field and discuss future
research directions and breakthroughs required to facilitate the feasibility and scalability of EHD-based energy
harvesting and conversion systems. With continued advancements, these technologies offer significant
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promise for transitioning from laboratory research to practical applications, providing sustainable and
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1. Introduction

As global energy demands continue to rise, the reliance on fossil
fuel-based electricity generation poses significant environmental
and sustainability challenges. Fossil fuel combustion not only
depletes finite resources but also emits greenhouse gases, which
contribute to global warming, climate change, and ecological
degradation."® In response, there has been an urgent shift
toward renewable energy solutions to reduce carbon footprints
and ensure a sustainable energy future. Among various energy
harvesting methods, liquid-based energy harvesting, particularly
from water, stands out due to the abundance and renewability
of water, as well as the diverse ways energy can be extracted
from it.* However, despite covering over 70% of the Earth's
surface,” water remains an underutilized energy source, as vast
amounts of energy stored in various forms in the global water
cycle have yet to be effectively harvested."

Water has long been a source of both mechanical and
electrical energy. Traditional hydropower technologies, such as
hydroelectric dams and tidal power plants, have demonstrated
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the feasibility of large-scale water energy harvesting by converting
the kinetic energy of flowing water into electricity. While effective,
these systems often require extensive infrastructure, are costly,
and are limited to specific geographical locations.® More
importantly, a large amount of water energy remains untapped in
the forms of raindrops, tides, and even moisture.”*® These
underutilized sources, found in widely distributed and dynamic
environments, hold immense potential for energy harvesting.
However, their low frequency, sparse distribution, and diverse
forms make achieving efficient energy harvesting through
conventional methods challenging.®'*™

In addition to large-scale renewable energy solutions, the
increasing demand for portable and self-powered electronic
devices has driven the development of miniaturized, efficient,
and low-cost energy harvesting systems.”*™” With the rapid
proliferation of wearable sensors,'®'® biomedical devices,'**
and Internet-of-Things (I0T) applications,”>* traditional power
generation methods are no longer sufficient to meet energy
needs. Liquid-based energy harvesting, with its adaptability and
vast potential, presents an opportunity to create compact, noise-
free, and environmentally friendly power solutions.®

To harness these untapped renewable liquid energy sources,
the past few decades have witnessed the rapid emergence and
advancement of interfacial electro-hydrodynamics (EHD)
inspired micro/nano-fluidic energy harvesting and conversion
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technologies.>**® EHD, which studies the interactions between
fluid motion and electric fields, presents a versatile and
innovative approach to extracting energy from various liquid-
based sources. Unlike conventional methods that primarily rely
on large-scale hydropower infrastructure, EHD-based
technologies leverage fluids as the medium for energy transfer
and conversion. This enables them to efficiently harvest energy
from a wide range of liquid sources, including not only low-
frequency, random, and intermittent mechanical motions but
also other liquid-based energy forms. These include but are not
limited to thermally induced flows, evaporation-driven motion,
ionic gradients, and electrochemical potential differences—all
of which contribute to the vast and largely untapped reservoir of
liquid energy.

The most promising micro/nano-fluidic energy harvesting
technologies based on interfacial EHD include reverse
electrowetting-on-dielectric (REWOD) energy harvesters,*>*’
triboelectric nanogenerators (TENGs),>** and electrokinetic
energy conversion (EKEC) devices,’**" as illustrated in Fig. 1.
These technologies leverage interfacial charge interactions
and fluid dynamics to enable efficient energy conversion,
offering high adaptability and broad applicability for various
liquid energy harvesting scenarios.

REWOD has emerged as a promising technique for fluidic
energy harvesting. It leverages the fundamental principles of
electrowetting on dielectric (EWOD)**** but operates in reverse:
the mechanical deformation of droplets redistributes electrical
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charge, thereby generating electrical energy.*! Recent research
has focused on increasing the contact area, increasing the
contact area difference (specifically for water-bridge REWOD),
optimizing the dielectric film, and increasing the droplet
oscillation frequency to improve output performance.**>°

TENGs generate electricity by combining
electrification and electrostatic induction, efficiently capturing
mechanical energy from human motion, ocean waves, rolling
droplets, liquid sloshing, and vibrations. When two materials
with different electron affinities come into contact and then
separate, electrons transfer between them, creating an
electrostatic potential difference. Connecting an external circuit
allows electron flow, generating electricity. Recent studies have
focused on increasing surface charge, facilitating interface
charge transfer, and enhancing liquid motion.*”°

EKEC represents a promising mechanism for harvesting
energy from fluid motion. This technique takes advantage of
the electrokinetic effect, which occurs when an electrolyte
interacts with a charged surface to form an electric double
layer (EDL) enriched with counterions near the interface. The
movement of these counterions along with fluid motion
creates an electrical current/potential that can be harnessed
for energy. EKEC devices utilize the EDL at solid-liquid or
liquid-liquid interfaces to separate charges and generate
current under liquid flow. Operating at the nanoscale, EKEC
systems can achieve highly efficient energy conversion even
in confined spaces. Research in this field has focused on
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Fig. 1 Summary of the working principles and applications of REWOD, TENG, and EKEC. Reproduced with permission.2® Copyright 2020, IEEE.
Reproduced with permission.?” Copyright 2016, Wiley. Reproduced with permission.?® Copyright 2017, Elsevier. Reproduced with permission.?®
Copyright 2019, Springer Nature. Reproduced with permission.3* Copyright 2015, Wiley. Reproduced with permission.*® Copyright 2023, Elsevier.
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improving  electrokinetic  efficiency through surface
engineering and exploring the interaction of ions at liquid
interfaces.*™**

In addition, these fluidic energy harvesting technologies have
promising applications across various fields. They can efficiently
convert fluid motion or phase transitions into electrical energy,
making them suitable for power sources, wearable electronics,
and autonomous sensing systems. Beyond energy harvesting,
they also function as self-powered sensors, enabling real-time
detection of physical, chemical, and biological signals.
Specifically, REWOD is particularly effective in harvesting low-
frequency mechanical energy, especially from intermittent and
aperiodic motion, making it highly suitable for energy harvesting
from human motion. This capability allows it to power
wearable®*™® and implantable devices,"”*® as well as mobile
electronic systernsg“'49 such as GPS devices, smartphones, and
medical prosthetics. TENGs are effective in both localized droplet
interactions and large-scale liquid flows, capturing energy from
raindrops,”® ocean waves,”™> and pipeline flows,>*** making
them wuseful in diverse energy harvesting scenarios. EKEC
operates efficiently across various environments, from
microfluidic systems® > to large-scale natural water bodies such
as oceans and rivers.> It can utilize droplets, moisture gradients,
evaporation, and continuous flows to generate power, serving as
a stable and continuous energy source.*’

In recent years, significant research efforts have been
dedicated to developing EHD-based micro/nano-fluidic energy
harvesting technologies. As these technologies continue to
evolve, it is essential to provide a comprehensive review of the
literature, focusing on strategies to enhance electrical energy
output, assess practical applications, and address key
challenges and prospects. This review summarizes recent
advancements in EHD-based micro/nano-fluidic energy
harvesting. It begins by outlining the fundamental transduction
mechanisms and then presents key developments in structural
designs and material innovations that enhance fluid-device
interactions, with the aim of improving overall energy
conversion efficiency. These emerging technologies show great
potential for powering microelectronic devices,***>** lab-on-a-
chip systems,®*®® next-generation self-powered sensors,*”®® and
smart wearable devices.'*'*® Finally, future research directions
are discussed, highlighting potential breakthroughs that could
enhance the feasibility, scalability, and real-world applicability
of EHD-based micro/nano-fluidic energy harvesting systems.

2. Reverse electrowetting on
dielectric (REWOD)

2.1. The electric double layer theory at electrolyte-solid
interfaces

When an electrolyte solution comes into contact with a
surface with charges, an electrical double layer (EDL) will
form at electrolyte-surface interfaces. In 1879, Helmholtz”®
proposed the first EDL model, in which a monolayer of
counterions forms a compact ion layer at the solid-liquid
interface due to Coulomb forces, referred to as the Helmholtz

This journal is © The Royal Society of Chemistry 2025
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plane. Gouy and Chapman’“’?> improved this model by
considering thermal dynamics of ions, introducing a diffuse
double layer where counterions extend outward from the
solid surface following a Boltzmann distribution. In 1924,
Stern”® further refined the model by proposing that the
electrified solid-liquid interface comprises a compact layer
(Stern layer) and a diffuse layer beyond the Helmholtz plane.
As illustrated in Fig. 2, in the Stern layer, the counterions are
strongly bound to the charged surface. In the diffusion layer,
the counterions are more loosely associated and distributed
near the surface. In the EDL, the electrical potential
exponentially decreases as the distance from the surface
increases.”*”’® The EDL behaves similarly to an electric
capacitor in terms of its geometry and structure.””®' The
characteristic thickness of the EDL, which significantly
influences the potential distribution, is defined as the Debye

length, as given by:**
N 808HkBT
B il 1
/D V 2nyz%e? (1)

where Ay, is the Debye length, n, is the concentration of species
with charges z at temperature 7, ¢, is the vacuum permittivity,
ey is the dielectric constant of liquid electrolyte, kg is the
Boltzmann constant, and e is the electronic charge. The
development of EDL theories has significantly enhanced the
understanding of interfacial charge interactions and
transportation,  providing a crucial foundation for
advancements in REWOD, TENG and EKEC.
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Fig. 2 Schematic of EDL structure formed on a negatively charged
solid surface. The red line represents the potential distribution along
the distance from the surface. A monolayer of ions is adsorbed onto
the electrified surface, forming the Stern layer, while the remaining
ions are distributed in the diffuse layer.
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2.2. Basic working principle

Electrowetting refers to the phenomenon where the surface
tension of a liquid on a solid surface changes under an applied
electric field. This effect dates back to the late 19th century,
when Lippmann® first observed the electrocapillarity
phenomenon. It was found that the capillary depression of a
metal, particularly mercury, in contact with an electrolyte
solution could be altered by applying a voltage between the
metal and the electrolyte (the original work was published in
French and later translated into English by Mugele et al., as shown
in the appendix of ref. 84). The underlying mechanism of this
effect involves the spontaneous formation of an EDL at the
metal-electrolyte interface when a voltage is applied. Charges
accumulate on the metal surface, while a cloud of oppositely
charged counterions gathers on the liquid side, reducing
interfacial tension. This relationship is quantitatively described
by eqn (2) and (3), later known as the Lippmann equations.®’

Oysy,
= -/SL 2
Oe FY% (2)
o0,
=— 3
Wy (3)

where o, is the charge density on the solid-liquid interface, yg;,
is the interfacial tension at the solid-liquid interface, V is the
applied voltage between the metal and the electrolyte solution,
and ¢y is the capacitance per unit area of the system. Here, ¢y
is defined as the capacitance per unit area of the EDL. The
explicit dependence of interfacial tension on the applied voltage
can be derived by assuming constant capacitance. In that case,
the surface charge density becomes o, = cV. Substituting this
into eqn (2) and integrating with respect to voltage yields eqn
(4), where V' denotes the integration variable. This equation
demonstrates that the interfacial tension decreases
quadratically with the applied voltage. The reduction in
interfacial energy caused by the electric field is stored as
electrostatic energy in the system, forming the theoretical basis
for electrowetting behavior.

Vv

VSL(V) = VSL(O) _L oe(V)dV' = VSL(O) - %CHVZ (4)

However, when the applied voltage exceeds a few hundred
millivolts, it can lead to electrolyte decomposition.®® To
address this issue, Berge®® introduced a thin insulating layer
to prevent direct contact between the liquid and metallic
electrode. With this approach, the applied voltage can be
increased to several hundred volts, making this method more
reliable. This technique is known as EWOD. As shown in
Fig. 3a, the system can be modeled as two capacitors in
8788 the EDL capacitor at the insulator-droplet
interface (cy) and the electrical capacitor across the dielectric
film (cq). These capacitances per unit area are given by eqn
(5) and (6), respectively.

series:

€08
cn :j—DH (5)
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Fig. 3 Basic working principles and equivalent circuit diagram. a)
Working principle of the EWOD process. (i) No external voltage applied
between the metal and the electrolyte solution; (ii) external voltage
applied between the metal and the electrolyte solution. b) Working
principle of the REWOD process. c) Working principle of the water
bridge REWOD process. d) Equivalent circuit diagram of the water
bridge REWOD process.

ca =" ©)
where g, is the vacuum permittivity, ¢y is the dielectric
constant of the liquid electrolyte, ¢4 is the dielectric constant
of the dielectric film, and d is the thickness of the dielectric
film.

Since the thickness of the dielectric film d generally ranges
from hundreds of nanometers to several microns,*®**! the
Debye length Ay, typically ranges from sub-nanometer to tens of
nanometers, depending on the metal surface and the electrolyte
concentration.”>** The dielectric constants of common coating
layers typically range from a few to over one hundred.***** The
dielectric constant of liquid electrolytes is typically on the order
of tens.”* As a result, d/eq is usually much larger than Ap/ey. The
total capacitance per unit area of the system, ¢, can be
calculated as ¢ = ¢4 + ¢y *. As a result, ¢ can be approximated
as cq. Consequently, Berge*>®® derived the EWOD equation (eqn
(8)) by combining the Lippmann equations (eqn (2) and (3))
with Young's equation (eqn (7)), which later became known as
the Young-Lippmann equation.*>> Mugele et al.>* defined the
last term of eqn (8) as the dimensionless electrowetting
number, which represents the ratio of the electrostatic energy
stored in the electrical capacitor across the dielectric film to the

This journal is © The Royal Society of Chemistry 2025
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liquid-vapor interfacial energy.”* The electrostatic energy is
given by eqn (9). As shown in eqn (8) and (9), the contact angle
of the liquid droplet on the solid surface decreases with
increasing voltage V, indicating that the droplet tends to spread
on the dielectric surface (Fig. 3a(ii)). This behavior demonstrates
that an external electric field enhances the wettability of the
dielectric surface by introducing extra electrostatic energy at the
interface.

cosf = M (7)
J4ve

cosO(V) = cosf(V =0) + v (8)
Ay

_CAV? gyeqAV?

U
2 2d

)
where 6 is the contact angle of the liquid droplet on the solid
surface, U is the electrostatic energy stored in the capacitor
across the dielectric film, A is the solid-liquid contact area, and
ysc and y;c are the interfacial tensions at the solid-gas and
liquid-gas interfaces, respectively.

In 2013, Krupenkin and Taylor** first proposed that reversing
the EWOD process could convert the mechanical energy of
liquid motion into electrical energy, a phenomenon known as
REWOD. The schematic of REWOD is shown in Fig. 3b.**
Studies have shown that using ions as charge carriers is
generally less efficient for energy generation, primarily due to
strong charge trapping at the solid-liquid interface.’® In
contrast, the electrons are less susceptible to interfacial
trapping, resulting in a higher density of available free carriers
and significantly enhanced charge transport efficiency. As a
result, liquid metals are considered ideal fluid in the REWOD
systems. In addition, liquid metals exhibit high electrical
conductivity, high surface tension, and low vapor pressure. High
conductivity enables efficient electron transport and reduces
resistive losses; high surface tension contributes to greater
energy storage per unit interfacial area; and low vapor pressure
enhances the stability of long-term operation. As a result, in this
system, a liquid metal droplet is sandwiched between two
conductive electrodes, one of which is coated with a dielectric
film. Electrons, supplied by an external direct current (DC) bias
voltage source, act as charge carriers. When an external force is
periodically applied to the electrode, the droplet moves or
deforms, causing a periodic change in the solid-liquid
interfacial area. This variation alters the capacitance of the
capacitor across the dielectric film," thereby converting the
periodic mechanical energy into electrical energy.** It is noted
that the bias voltage itself does not contribute to net energy
production during the energy generation process; a higher bias
voltage can enhance output power by increasing the number of
electrons. However, increasing the bias voltage also raises the
risk of dielectric film breakdown. More importantly, this
contradicts the fundamental goal of energy harvesting, as it
requires additional external energy input.*>*® In this review

This journal is © The Royal Society of Chemistry 2025
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paper, such REWOD systems that require a bias voltage are
referred to as the classical REWOD method.

To address these drawbacks, Moon et al.*® proposed a new
method for alternating current (AC) electrical power generation
using plain water, without the need for an external bias voltage
source. Fig. 3c and d illustrate the working principle and the
corresponding equivalent electrical circuits, respectively. In this
system, a plain water droplet is confined between two electrodes
to form a water bridge. The top electrode is coated with a
hydrophobic dielectric film (PTFE), while the bottom electrode
is hydrophilic (see section 2.3.2 for details). The contact area
between the water and the bottom electrode remains nearly
constant during each oscillation period because of its small
contact angle and pinning effects. In contrast, the contact area
between the top electrode and water droplet varies significantly
during each oscillation cycle. Accordingly, the capacitances at
the top and bottom interfaces are described by eqn (10) and
(11), respectively.

The ions in the plain water act as charge carriers, and the
system can be modeled as two capacitors and two resistors
connected in series, as shown in Fig. 3d. In Fig. 3d(i), this
corresponds to a steady-state condition in which the water
bridge is fully formed and the distance between the plates
remains constant over time. Here, no current flows and the
voltage-capacitance relationships are given by: Vi = Q1/Cr
and Vg = Qp/Cg. However, as the two plates move toward each
other, the solid-fluid contact area at the top plate increases,
whereas that at the bottom plate remains nearly unchanged.
As a result, Cp increases while Cy remains constant. In this
non-equilibrium state (as shown in Fig. 3d(ii)), electrical
charging occurs at the top plate, while discharging occurs at
the bottom plate. Therefore, the voltage expressions are
updated as: Vy(t) = (Qs — q(¢))/Cs, Vz(t) = (O + q(¥))/Cx(t). If
the distance between the two electrodes oscillates at
frequency f, the two electrodes continuously charge and
discharge in different phases, generating an AC equal to
dg(¢)/dt. In this case, the voltage drop AV between the two
capacitors is given by eqn (12).

Cr(t) = godr(t) (g + i—g) _ = %Ar(t) (10)
Cp(t) = EEEAB = constant (11)

a7 = e+ B) 29— vy - vt
:QB_Q(t)_QT'f‘Q(t)7 gt =0)=0 (12)

Cgy Cr(t)

where Cp is the capacitance at the top plate, Cp is the
capacitance at the bottom plate, Ry is the electrical resistance
across the water bridge, Ry, is the load resistance, ¢(t) is the
increment (or decrement) of charges in the top (bottom) EDL
at time ¢, V is the potential on the EDL, Q is the charges
stored on the top and bottom electrodes, and subscript T and
B represent the top and bottom, respectively.

Lab Chip, 2025, 25, 4161-4220 | 4165


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5lc00321k

Open Access Article. Published on 23 Phupu 2025. Downloaded on 2025-09-15 05:56:51.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Tutorial review

Based on eqn (12), achieving a higher AV requires a
greater difference between Cy and Cg. To accomplish this, a
dielectric film is attached to the top electrode to increase Cr
(as analyzed above). To further increase the difference
between Cr and Cg, the disparity between A and Ag should
also be maximized (to be discussed in section 2.3.2).°” This
method (hereafter referred to as water-bridge REWOD)
eliminates the need for a bias voltage while ensuring that the
output power is not too low.

2.3. Strategies to improve the electric output

Maximum achievable power density is one of the most
important and desirable characteristics of an energy
conversion method, as it allows for the fabrication of smaller
and lighter devices that can be coupled to a wide range of
energy sources. Krupenkin and Taylor** reported that a single
conductive droplet, with a solid-liquid contact area of about
1 mm® can generate an instantaneous power density of
about 10> W m™.

According to eqn (9), the output power of REWOD during
a single oscillation is directly proportional to the capacitance
per unit area, the solid-liquid contact area, and the square of
the bias voltage. The capacitance per unit area can be
increased by enhancing the dielectric constant of the
dielectric film and reducing its thickness. Specifically, in the
water-bridge REWOD system, the output power also increases
with the difference between the top and bottom contact
areas. Moreover, the total output energy is also strongly
influenced by the oscillation frequency of the droplet.

It is important to note that, as previously discussed,
although increasing the bias voltage can enhance the output
power and the bias voltage itself does not contribute to the
net output power, this approach contradicts the fundamental
goal of energy harvesting. Moreover, a higher voltage between
the electrodes increases the risk of dielectric film breakdown.
Therefore, relying on a higher applied voltage is not a
practical strategy for improving output power. On the
contrary, achieving a lower bias voltage or even a bias-free
operation has become a growing trend for enhancing the
practical applicability of REWOD systems.

Based on the above, the energy generated by the entire
REWOD system can be increased through four main
methods: (i) increasing the contact area, (ii) increasing the
contact area difference, (iii) optimizing the dielectric film,
and (iv) increasing the droplet oscillation frequency.

2.3.1. Increasing the contact area. For the classical
REWOD method (as shown in Fig. 3b), an effective way to
achieve higher output power is to increase the solid-liquid
contact area. This can be achieved through the following
main approaches: increasing the volume of the liquid
droplet, using droplet arrays, and modifying the surface
properties of the electrodes, including enhancing surface
roughness, using low-hysteresis materials.

2.3.1.1. Increasing the liquid volume. For water-bridge REWOD,
Moon et al.*® demonstrated that increasing the droplet volume
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can enlarge the contact area and thereby enhance the output
power. However, the droplet volume is constrained by the
capillary length of water. The capillary length is a characteristic
scale that reflects the balance between surface tension and

gravitational forces, and is defined as: [, = lg’ where y is the
Vo

liquid-air surface tension, p is the liquid density, and g is the
gravitational acceleration. At room temperature, the water-air
surface tension is 0.072 N m™". The capillary length /. is therefore
approximately 2.7 mm. In the classical approximation, a stable
droplet can be modeled as a hemispherical cap with a radius of

o 2nl’ .
l., whose volume is given by Tc As a result, the corresponding

droplet volume can be estimated to be approximately 40 uL. When
the size of the water bridge exceeds this threshold, surface
tension can no longer sustain a spherical cap shape, and gravity
dominates the droplet morphology, causing it to spread into a
pancake-like configuration.” In addition, we note that although
the capillary length primarily limits the maximum stable droplet
volume, the contact angle also contributes as a secondary role in
confined geometries. When the top surface is hydrophilic while
the bottom surface is hydrophobic, a larger maximum stable
volume is potentially obtained. This is because a stronger
adhesive force forms between the top surface and water
molecules, which can partially counteract the gravitational force
acting on the water bridge. The higher free energy barriers of
hydrophobic surfaces can prevent the system from transitioning
to a lower energy state, thereby allowing droplets to remain in a
metastable configuration.'®® This implies that when a droplet is
placed on hydrophobic surfaces, it can persist beyond the
equilibrium stability limit, supporting a larger volume compared
to hydrophilic surfaces. As a result, the combination of stronger
adhesion and higher energy barriers could lead to a higher
gravitational stability threshold. However, when the hydrophilic
surface is located at the bottom and the hydrophobic surface at
the top, the situation reverses: the water bridge is more likely to
destabilize and flatten into a pancake-like shape. Additionally,
water naturally evaporates when exposed to air, causing a gradual
decline in output power over time in open systems. In contrast,
when the system is properly sealed to be airtight, the output
power remains stable over time.*

Although the maximum droplet volume is limited by the
capillary length, which restricts the increase in output power,
this limitation can be addressed by increasing the number of
droplets operating in parallel (as shown in Fig. 4a), which
directly increases the total contact area. In water-bridge
REWOD systems, as explained in section 2.2, the top and
bottom capacitors are continuously charged and discharged
out of phase, generating an AC power. Therefore, when
increasing the number of droplets, it is essential to maintain
multiple uniformly sized water bridges in parallel.
Experimental data indicates that the output power increases
quadratically with the number of droplets. However, this
quadratic relationship begins to break down when the
number exceeds 17, likely due to unsynchronized top contact
areas of the water bridges caused by inevitable variations in

This journal is © The Royal Society of Chemistry 2025
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emission scanning electron microscopy image of a fabricated atomic layer deposition film sample. Reproduced with permission.’°® Copyright
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Copyright 2021, Springer. g) (i) Conceptual design of

the bubbler: (1) REWOD chip, (2) membrane, (3) top plate, (4) an array of bubbles, (5) an array of electrodes; (ii) schematics of a simplified single-
electrode device used in the experiment: (1) REWOD chip, (2) membrane, (3) top plate, (4) bubble, (5) metal electrode, (6) dielectric coating, and (7)

conductive liquid; (iii) equivalent electrical circuit of the single-electrode device. Reproduced with permission.t®

droplet size and shape.*® Approximately 1 mL of water—
arranged as a droplet array (the exact number of droplets was
not specified in the original paper)—can generate about 1.5
uW of power, with a maximum power density of 0.3 pW
em > This method demonstrates great potential for
achieving high output in REWOD systems and has been
widely adopted in recent research.”> As a result, the
development of REWOD devices based on droplet arrays has
become an important direction for further optimization.
2.3.1.2. Modifications in electrodes. In the EWOD process,
contact angle hysteresis leads to contact line pinning, where
the droplet's contact line remains stationary under external
forces (in this case, the applied electric field). This
phenomenon is primarily caused by surface heterogeneities,
roughness, or chemical inhomogeneities, which introduce
energy barriers that the contact line must overcome to
advance or recede. As a result, the droplet does not respond
smoothly to the applied voltage and is difficult to spread,
thereby reducing the actuation efficiency of EWOD-based
systems.*® Similarly, in the REWOD process, contact line
pinning impedes fluid spreading, thus suppressing changes
in the contact area and ultimately limiting energy generation.
Krupenkin and Taylor pointed out that the effects of contact
angle hysteresis in REWOD can be significantly mitigated by
selecting an appropriate polymeric coating in contact with
the conductive liquid. For example, in this work, a thin film

This journal is © The Royal Society of Chemistry 2025

1 Copyright 2015, Springer Nature.

of fluoropolymer (Cytop) has been reported to provide a low
contact angle hysteresis of less than 5°.>* This configuration
minimizes contact line pinning and enhances droplet
mobility, enabling more stable and efficient oscillation of the
droplet during REWOD operation. Although the study does
not provide a direct power density comparison with devices
lacking the CYTOP layer, it reports that the power densities
of their devices containing the CYTOP layer can exceed 100
W m~>—and in some cases reach 1000 W m >

Previous research on REWOD solely relied on planar
electrodes which have a fixed interfacial area, thereby limiting
capacitance and consequently limiting power density
output.****%91% Adhikari et al.®® perforated silicon (Si) wafers
with numerous micro-sized pores to increase the electrode
surface area. Fig. 4b shows that the porous electrode is coated
with dielectric materials (SiO, and CYTOP). A conductive
electrolyte is inserted and retracted through the pores under a
time varying pulsating pressure, which periodically modulates
the electrical capacitance, generating an AC voltage.'®® Without
applying any external bias voltage, and for a 38 um pore-size
electrode at a 5 Hz modulation frequency, the maximum
current and voltage densities per unit planar area were 3.77 pA
em™ and 1.05 V ecm >, respectively. Additionally, the root mean
square power density was measured to be 4.8 W cm >

2.3.2. Increase the contact area difference. For the water-
bridge REWOD (as shown in Fig. 3c), as described in section
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2.2, the output power is proportional to the difference
between the top and bottom contact areas, At — A4g.

Moon et al.*® deliberately modified the wetting properties
of the electrodes: the top electrode was made hydrophobic by
coating polytetrafluoroethylene (PTFE) onto the indium-tin-
oxide (ITO) surface, while the bottom electrode (ITO)
remained hydrophilic. The reported contact angles for water
droplets on these surfaces are 62.5° (top electrode) and 107°
(bottom electrode), respectively. Due to the strong pinning
effects on the hydrophilic surface, the contact area between
the water and the bottom electrode remained nearly constant
throughout the oscillation cycle.”” In contrast, the contact
area on the hydrophobic top electrode varied significantly
during each oscillation cycle, effectively increasing the
difference between the top and bottom contact areas.

Adhikari et al.”® also used a similar method. In their design,
the top electrode was coated with a metal layer that served as a
current collector. The bottom electrode was also coated with a
metal layer for conduction, followed by a dielectric layer (e.g:,
AlL,O; or SiO,) and a fluoropolymer coating (e.g,, Teflon or
CYTOP) to enhance surface hydrophobicity. As a result, the
bottom electrode forms a much larger contact angle with the
liquid compared to the top hydrophilic surface. Fig. 4c shows the
video freeze shots of the water bridge at different electrode
distances. At the maximum displacement (ie., when the
electrode-electrolyte interfacial area is minimized) of 4 mm, the
interfacial area between the top electrode and the electrolyte is
slightly larger than that of the bottom electrode. Without using
any external bias voltage, AC current generation was
demonstrated, achieving a power density of 53.3 nW cm ™ at an
external excitation frequency of 3 Hz with an optimal external
load.

Adhikari et al.*® also enhanced the contact area difference
between top and bottom interfaces by increasing the
roughness of the bottom electrode through reactive ion
etching. As shown in Fig. 4d, this modification enabled a
maximum power density of 3.18 uW cm™> to be harvested
from a 50 pL deionized water droplet oscillating at a 5 Hz,
without any applied bias voltage, which is 4 times higher
than that achieved with planar electrodes.

2.3.3. Optimizing the dielectric film. An ideal REWOD unit
requires a thinner dielectric film with a higher dielectric
constant. Calculation results® indicate that achieving a
capacitance of ~10> nF cm > at <100 V requires dielectric films
with thicknesses on the order of several hundred nanometers.
With this capacitance, calculations show that the resulting
power density can reach up to 1 W em™ at a vibration frequency
of 50 Hz, thus enabling the fabrication of practical vibration
harvesters with power output of several watts. However, both
reducing the film thickness and using materials with high
dielectric constants lead to a decrease in breakdown voltage.**
For such nanometer-scale dielectric films, the breakdown
voltage exhibits a highly nonlinear dependence on material
properties, applied voltage, and polarity.”*'**™% Local electric
fields as high as 10° V.em™ can develop even at relatively low
voltages, leading to charge injection and trapping.'®*'*> This
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effect immobilizes a portion of the electrical charge within the
dielectric, hindering charge collection during the dewetting
process and thus reducing energy generation efficiency.*
Consequently, to enhance the output energy, it is necessary to
select a dielectric film with a relatively high dielectric constant
and lower charge trapping tendency while maintaining a
relatively thin thickness.

Krupenkin and Taylor®® investigated the breakdown
characteristics of various dielectric materials. Among the tested
materials, oxide films performed poorly, while inorganic
fluorides exhibited better performance. The best results were
observed with fluoropolymers, such as Cytop'®” and Teflon-like
films. However, despite its minimal charge trapping, Krupenkin
and Taylor** observed in their experiments that Cytop exhibited
unreliable breakdown resistance, leading to a higher risk of
breakdown, making it less suitable for high-performance
applications. In contrast, Ta,0Os, with its relatively high dielectric
constant of 25, demonstrated superior breakdown resistance.
Ultimately, to optimize both charge stability and breakdown
performance, nanometer-thick multilayer dielectric films were
used, which consist of Cytop deposited on Ta,05.**

Under the same thickness, dielectric films with higher
density have higher breakdown strength and lower leakage
current caused by charge trapping, thus enhancing the effective
output energy. It is also challenging to use non-vacuum-based
film fabrication methods, such as spray deposition and dip-
coating, to obtain dense films with thicknesses in the order of
nanometers. Vacuum-based methods, particularly atomic layer
deposition (ALD), are ideal due to their self-limiting growth
process.’®® ALD thin films have higher dielectric constants,
breakdown strengths, and lower leakage currents, making them
suitable for REWOD energy harvesting. Yang et al.'®® developed
a REWOD energy harvester with an Al,O; ALD film (see in
Fig. 4e). A 45 nm-thick ALD film was demonstrated to achieve
lower leakage current density (<10°® A cm™), higher
capacitance (245.19 nF cm™2), and higher power density (5.59
mW cm?) at a bias voltage of 13.5 V.

In subsequent research, Yang et al.*® developed a laminated
structure (see in Fig. 4f) that is able to further reduce the
leakage current in high-dielectric constant materials. This
laminated structure consists of two materials: TiO,, a high-
dielectric-constant material, and Al,O0;, known for its high
electrical resistance and band gap energy.'” A REWOD energy
harvester incorporating this lamination layer achieved a high
power density of 15.36 mW cm™> at a bias voltage of 30 V,
exhibiting lower leakage current and relatively higher
capacitance compared to a single layer of TiO, or Al,O;.

To systematically compare the performance differences
among various dielectric films, Table 1 summarizes key
parameters including the material type, fabrication method,
thickness, dielectric properties, breakdown voltage, leakage
current, and corresponding power density. It is evident that
both material selection and processing techniques significantly
influence the performance of dielectric films. Future
optimization efforts should continue to focus on the synergy
between material innovation and structural design.

This journal is © The Royal Society of Chemistry 2025
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2.3.4. Increasing oscillation frequency. According to the
principle of REWOD, an external force is periodically applied to
the electrode, causing the droplet to move or deform, thereby
converting mechanical energy into electrical energy.
Consequently, increasing the oscillation frequency of droplets
can boost harvested power by increasing the number of energy
conversion events per unit time and enhancing energy output
per oscillation through improving charge transfer dynamics.**
Typically, achieving high droplet oscillation frequencies
requires an external mechanical source operating at similarly
high frequencies. However, many common energy sources—
such as vibrations from vehicles and machinery, human
motion, ocean waves, wind, and structural vibrations—operate
at much lower frequencies, generally below several Hz. To
circumvent this limitation, Hsu et al'® introduced the
“bubbler” method, which integrates the REWOD process with
the rapid self-oscillating behavior of bubble growth and
collapse. The bubbler system (as shown in Fig. 4g) comprises
three key components: (i) a REWOD chip featuring an array of
dielectric-coated circular electrodes, each with a central hole, (ii)
a thin membrane separated from the REWOD chip by a small
gap, and (iii) a top plate that supports the membrane and
facilitates the escape of dielectric fluid. The gap between the
chip and the membrane is filled with a conductive liquid that
does not wet the membrane. When pressurized dielectric fluid
(e.g., air, inert gas, or a dielectric liquid) is supplied through the
chip holes, dielectric bubbles form on each electrode. As these
bubbles grow, they displace the conductive liquid, reducing the
overlap area between the liquid and the electrodes, and thereby
inducing an electrical current. The bubbles continue to expand
until they touch the membrane, at which point they rapidly
collapse as the dielectric fluid escapes. This method does not
rely on an external mechanical energy source. Bubble self-
oscillation naturally occurs when external pressure is applied to
the device. The oscillation frequency is controlled by the gap
between the membrane and the electrodes, fluid viscosity, and
applied pressure. Experimental results have shown a peak
power density of nearly 100 W m™ at a bias voltage of 4.5 V,
similar to previous outcomes for the conventional REWOD
device,** due to limitations imposed by dielectric film quality
and electrical breakdown stress. Furthermore, the bubbler also
has the potential to be scaled up from an output of 10™® W to
exceeding 10 W by appropriately adjusting the size of the
bubble array, enabling the fabrication of compact, lightweight
energy-harvesting devices with a wide range of power outputs at
very low frequencies, well below 1 Hz.

Hsu et al.*® further investigated the bubble oscillation
mechanisms in REWOD systems, proposing an analytical and
computational framework to model the collapse and rebound
dynamics of the gas-liquid interface. In their formulation,
the collapse time Zconapse is derived from a balance between
the applied pressure difference and the inertia of the
surrounding conductive liquid, given by eqn (13). For the
rebound phase, a spherical cap geometry is assumed, and
the growth time tgown is expressed as eqn (14). The total
oscillation period T is approximated as the sum of the

Lab Chip, 2025, 25, 4161-4220 | 4169


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5lc00321k

Open Access Article. Published on 23 Phupu 2025. Downloaded on 2025-09-15 05:56:51.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Tutorial review

collapse and growth times, i.e., T = fcollapse T lgrowth, and the
frequency is estimated as f = 1/T. Their results indicate that
the oscillation frequency increases with pressure and
decreases with bubble radius, while the effects of fluid
viscosity and gap thickness are comparatively minor. The
model predictions were validated by both CFD simulations
and experimental measurements, demonstrating that self-
oscillation frequencies exceeding 2 kHz can be achieved
under moderate pressures (e.g., AP ~ 0.08 bar using
mercury). Furthermore, the internal high-frequency response
enables energy harvesting from low-frequency
mechanical excitations (<1 Hz). Reported instantaneous
power densities above 10 W m™ under high-frequency and
biased conditions further underscore the potential of bubble-
based REWOD systems for efficient energy conversion.

even

RZ
tcollapse = \/% (13)
pR? 6 h
Lgrowth = \/ )" VIR :m'ﬁ (14)

where p is the liquid density, AP is the pressure difference
between the gas and the liquid, and R denotes the radius of
the conductive liquid inlet boundary, f is the aspect ratio of
the bubble, and # is the electrode gap height.

2.4. Applications

Unlike traditional energy harvesting technologies such as
electromagnetic, electrostatic, or piezoelectric harvesters,
REWOD can effectively capture energy sources that are
difficult to utilize by other methods. It enables harvesting
energy from various intermittent and aperiodic mechanical
forces and displacements in the environment, operating at
frequencies ranging from several Hz to well below 1 Hz.'*
This unique capability makes it particularly suitable for
scenarios where conventional energy harvesters struggle to
operate efficiently. For example, REWOD excels at capturing
energy from human motion, making it especially well-suited
for powering wearable and implantable devices. These
devices typically require power ranging from sub-watt to
several watts, such as personal GPS and inertial positioning
systems (~0.1 W),"*""'* medical prosthetic devices (~0.1 W
to 1 W),""'*° smartphones (~1 W),"**"*® and two-way
radios (1 W to 10 W)."'*™"*' Additionally, REWOD has also
been applied for self-power sensors.***

2.4.1. Energy harvesting as power sources. In the realm of
human locomotion, the concept of harvesting energy using
footwear embedded harvesters is well-established.’***?¢ The
literature'*® indicates that up to 10 W per foot can be
generated without adversely affecting gait—remarkably high
when compared to the power consumption of mobile devices
such as cell phones (~1 W). Krupenkin and Taylor** proposed
a system comprising a 2 m-long train of 1000 conductive
droplets, each 1 mm in length and separated by 1 mm
spacers, confined within a 1 mm-diameter circular channel
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extending over 4 m (as illustrated in Fig. 5a). This channel
occupies an area of approximately 40 cm®, less than one-
quarter of a typical human footprint. It contains about 4 ml of
liquid, making it well suited for integration into footwear.
Assuming a heel area of about 20 cm?®, the required midsole
compression to displace this liquid volume is estimated to be
around 2 mm, which is small enough to avoid affecting gait.
With a film stack capacitance of 16 nF cm >, as reported in
the lierature,®® the average generated power per foot can be
estimated to exceed 2 W at bias voltages over 35 V and reach
up to 10 W at bias voltages over 75 V. Although increasing the
dielectric film's capacitance can further reduce the required
bias voltage, the current bias voltage levels do not present a
major practical obstacle. After all, standard DC to DC boost
converters can easily step up the 3.7 V output of lithium-ion
batteries to the necessary voltage.

Hsu et al.'®" also illustrated a simple bubbler device (a
type of REWOD component mentioned in section 2.2.3)
integrated into footwear to enable energy harvesting from
human locomotion (about 1 Hz frequency), as shown in
Fig. 5b. Bubbles self-oscillate naturally whenever external
pressure is applied to the device, allowing effective coupling
with mechanical energy sources across a wide range of forces,
displacements, and frequencies. The bubbler chip is located
between two chambers filled with the pressurized gas. During
the heel strike, the top elastic chamber is compressed,
forcing the gas through the REWOD chip and inducing
thousands of bubble oscillations, each converting a portion
of the heel strike's mechanical energy into electrical energy.
During the toe-off process, the compressed gas flows from
the bottom chamber back to the top chamber through an
auxiliary bypass check valve, completing the cycle. This
device was estimated to generate about 1 W of usable
electrical power. These examples demonstrate the feasibility
and potential of footwear-based REWOD energy harvesters
for powering wearable or portable electronic devices.

The REWOD process can also harvest mechanical energy
from vibrations, a common source found in floors, stairs,
vehicles, and equipment housings. This process enables
novel harvester architectures that greatly increase power
output. For example, Krupenkin and Taylor** demonstrated a
REWOD-based vibration harvester that uses an array of
conductive droplets squeezed between two dielectric-coated
electrodes, separated by a millimeter-thick elastic spacer,
which also acts as a mounting ‘pad’ for the load device (as
shown in Fig. 5c). In this system, mechanical vibrations
cause periodic changes in the solid-liquid contact area,
generating electrical current. With a film stack capacitance of
10> nF cm?, the power density can be scaled up to 107" W
em™ at a vibration frequency of 50 Hz, allowing for the
development of producing power outputs of several watts.

Additionally, the water-bridge REWOD is well-suited for
utilizing vibrations and holds significant potential for future
microfluidic power generation systems. This system uses
water instead of liquid metal, with the ions in the water
serving as charge carriers. It can provide AC current power

This journal is © The Royal Society of Chemistry 2025
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Fig. 5 Application of REWOD as power sources. a) Schematic of a footwear embedded REWOD microfluidic energy harvester. Reproduced with
permission.>* Copyright 2011, Springer Nature. b) Cross-section of a footwear-integrated energy harvester based on the bubbler approach. (1) Top
flexible chamber filled with compressed inert gas, (2) REWOD chip, (3) bottom gas chamber. Reproduced with permission.’°® Copyright 2015,
Springer Nature. c) A REWOD-based vibration harvester. Reproduced with permission.>* Copyright 2011, Springer Nature. d) Experimental results:
voltage drop and instantaneous power with time for the case of a 14 droplet REWOD system. Reproduced with permission.3® Copyright 2013,
Springer Nature. e) (i) Schematics of an oil pump and the possible location where to place the bubbler; (i) schematic of a bubbler. Reproduced
with permission.'°* Copyright 2015, Springer Nature. f) Schematic of flexible electrodes. Reproduced with permission.'??> Copyright 2024, IEEE. g) A
REWOD unit for a wearable sensor system. Reproduced with permission.2¢ Copyright 2020, IEEE.

without requiring an external bias voltage source (shown in
Fig. 5d). Moreover, the use of water eliminates the toxicity
risks associated with liquid metals.

In the supplementary information of ref. 101, Hsu et al
introduced another bubbler device (Fig. 5e) capable of
harvesting energy from machine motions. This device is
located at the point where the rod string is attached to an oil
pump head and can power the pump load cell and associated
equipment. As the pump head moves up and down (about
0.2 Hz frequency), the force exerted by the rod string on the
harvester's top plate alternates, causing periodic compression

This journal is © The Royal Society of Chemistry 2025

of the bellows chamber. This motion displaces the dielectric
fluid contained in the chamber through the REWOD chip,
generating electrical power. This device was estimated to
generate more than 5 W of electrical power.

Traditional REWOD components rely on rigid planar
electrodes, which limits their suitability for powering
wearable sensors. For the next generation of these devices,
continuous and sustainable operation under various bending
conditions, without bias voltage, is essential. To address this
limitation, Adhikari et al*® developed a bias-free voltage
REWOD component for powering wearable sensors. They

Lab Chip, 2025, 25, 4161-4220 | 4171
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used a 3D-printed polydimethylsiloxane (PDMS) and carbon
black flexible substrate as the bottom REWOD electrode. The
flexible substrate was first coated via electron-beam physical
vapor deposition (EBPVD) with a ~200 nm Ti conductive
layer, followed by a ~50 nm Cr adhesion bilayer, and then a
~200 nm Al,O; dielectric layer. The top conductive electrode
was a doped Si wafer coated with a 100 nm Ti layer. Using a
50 uL electrolyte droplet, a maximum AC current of ~340 nA
was generated at 2 Hz. This study demonstrated the
feasibility of implementing REWOD for powering wearable
sensors using flexible electrodes.*°

Coating on the polyimide substrate is more consistent
compared to PDMS and exhibits greater thermal stability at
high temperatures (>200 °C) encountered during the EBPVD
deposition process."?” Kakaraparty et al. designed a REWOD
device using a polyimide sheet (Kapton) as a flexible
electrode.** The top electrode was fabricated on a 0.11 mm
polyimide sheet via EBPVD (see in Fig. 5f), with a 50 nm Cr
layer followed by a 150 nm Ti layer. The bottom electrode
was similarly coated with 50 nm Cr and 150 nm Ti, with an
additional 100 nm Al,O; dielectric layer. A 50 uL DI water
droplet was encapsulated between the electrodes. When the
electrodes were maintained in a planar configuration without
any bias voltage, the REWOD generated a maximum power
density of 0.002 uW cm™ at 5 Hz. When the flexible
electrodes were bent to a 60° angle, the power density
reached 0.05 uW cm?, about 25 times higher than that in
the planar state. This is due to the reduced gap between the
electrodes in the bent state, which increases the contact area
between the electrodes and the electrolyte, thereby leading to
a higher capacitance. Moreover, a narrower gap reduces
electrical resistance across the electrodes, minimizing energy
dissipation."*” This output is relatively high with no bias
voltage and is sufficient to power ultra-low-power bio-
wearable chips, which typically require only nanowatt-level
power to operate.128

Kakaraparty et a transitioned to a polyimide substrate
for the flexible electrodes and employed a sputtering-based
physical vapor deposition technique to deposit a high-
dielectric metal oxide (MnO,) onto the polyimide sheet. This
modification led to a significant increase in power density,
reaching 476.21 uW cm > with a 50 uL droplet. These studies
represent an important initial step toward developing a
single electrolyte encapsulated flexible REWOD component,
with the long-term goal of characterizing arrays of REWOD
structures for future applications.

When considering the entire system, some researchers
have begun integrating the REWOD component into circuitry
to power motion sensors. Adhikari et al.®® developed a novel
bias-free REWOD unit to power motion sensors, capable of
generating an unconditioned AC output of 95-240 mV using
a 50 pL droplet of 0.5 M NaCl electrolyte. When integrated
with commercial components, this AC signal was rectified,
boosted, and amplified. A seven-stage rectifier utilizing
Schottky diodes with a forward voltage drop of 135-240 mV
and a forward current of 1 mA converted the AC signal into

l 122
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DC voltage. The boost converter produced approximately 3 V
DC, demonstrating the feasibility of this system in powering
motion sensors.

Tasneem et al.>® reported a self-powered motion sensor
based on REWOD energy harvesting. The energy harvester (as
shown in Fig. 5g) includes a rectifier and a voltage regulator
to provide the DC supply voltage to the analog front-end and
the transmitter for wireless data transfer from the motion
sensor. The on-chip circuitry includes a seven-stage voltage-
doubler based rectifier, an amplifier, an analog-to-digital
converter, and a transmitter. The recycled folded cascode
based charge amplifier has a closed-loop gain of 53 dB within
the bandwidth of 1150 Hz, which is suitable for detecting
low-frequency motion signals. The wireless motion sensing
device using REWOD is suitable for quantitatively monitoring
the motion-related data as a wearable sensor.

Sah et al.™® also proposed a REWOD-based system where
the REWOD-generated charge is amplified by a charge amplifier
with a gain of 2 V/V to improve the signal-to-noise ratio and
transmitted to a digital receiver. To prevent power flickering,
the rectifier's filter circuit was integrated with a supercapacitor,
ensuring a constant power supply for 5 minutes with a power
conversion efficiency of over 80% at 1 Hz.

2.4.2. Self-powered sensors. In both everyday life and
industrial settings, sensors are essential for precise monitoring
and control across various applications. The demand for diverse
functionalities has driven the development of sensors based on
multiple  operating  principles, including  resistance
sensors,"*™** capacitive sensors,"** piezoelectric sensors,"*> ™%’
thermoelectric sensors,'*® and field-effect transistor devices.'*®
Due to its ability to generate electrical signals in response to
external stimuli, REWOD can also function as self-powered
sensors, offering several advantages over conventional sensing
technologies.

In recent years, temperature- and force-sensing networks
have become increasingly important to meet the demands of
electronic  skins  (e-skins) and artificial intelligence
systems.>”"***3 Simultaneous sensing of temperature and
force has gained significant attention to mimic the functionality
of human skin. To achieve this, most existing designs rely on
separate temperature and force sensors, thereby detecting
multiple stimuli independently."**™*® However, developing a
true multimodal sensor capable of measuring both temperature
and force within a single sensing unit remains a challenge.
While some researchers have proposed potential
solutions,"*””'*® many of these approaches involve nanoscale
fabrication or micro-level current/voltage signals, leading to
complex manufacturing processes and post-signal processing.
Consequently, there is a pressing need for a novel sensing
strategy that offers high accuracy while maintaining a simplified
architecture. Liu et al.*” developed a self-powered multimodal
temperature and force sensor based on REWOD and the
thermogalvanic effect in a K;[Fe(CN)g)/Ky[Fe(CN)s] droplet, as
shown in Fig. 6a. The droplet's deformation enables force
detection, while the temperature difference across the droplet
generates both an alternating pulse voltage and a direct voltage,

This journal is © The Royal Society of Chemistry 2025


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5lc00321k

Open Access Article. Published on 23 Phupu 2025. Downloaded on 2025-09-15 05:56:51.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Lab on a Chip

View Article Online

Tutorial review

a (i

—

ii) 20

Hydrophobic

s

£

o

o

8

°

>

104
Frequency
0.0 0.5 1.0
(III) Time (s)
LED Array
l Sensor Signal Process Display

! No Counter Electrode needed

(i)
cE
_c_:E_,/—" EHE

2\ 7> T Any shape

; change trigger
1

45%EHE 75%EHE

9 max
Igmm
60%EHE

> Co
Amax at Goin

80%EHE
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structures. Reproduced with permission.**° Copyright 2022, |EEE.

enabling simultaneous sensing of external force and
temperature. To demonstrate this capability, the researchers
constructed an integral system in which the droplet sensor
responds to both external temperature and force stimuli. The
sensor exhibits a displacement detection sensitivity of at least
0.05 mm, while the minimum force detection sensitivity
depends on the mechanical properties of the external support
structure. Upon receiving an external stimulus (e.g,, a single
press), the droplet sensor converts it into a voltage signal, which
is then amplified and processed by a microcontroller unit.
Finally, four two-tone light-emitting diodes respond
spontaneously to the stimuli, indicating the object's
temperature and the magnitude of the applied force through
changes in color and the number of LEDs activated. These
results demonstrate the potential of the droplet sensor as a
multimodal temperature and force sensor for artificial
intelligence applications.

Moyo et al."*° developed a facile coplanar REWOD structure
for sensing applications. Traditionally, REWOD units adopt a
two-plate configuration, consisting of a top counter electrode
and a bottom energy-harvesting electrode coated with a
dielectric layer.>”***® In contrast, the coplanar design integrates
both the counter electrode and the dielectric-coated energy-
harvesting electrode into a single planar structure. To maintain
a constant ratio between the solid-liquid contact area on the
bottom dielectric-layer-coated electrode and the total liquid-
electrode contact area during the spreading and deformation of
a centered droplet, the coplanar electrodes were patterned
symmetrically in a “flower petal” configuration (as seen in
Fig. 6b(i)). Fig. 6b(ii) and (iii) show side views of the coplanar
REWOD configuration. A vibrating top plate (without a metal
electrode) can be added to assist in controlling droplet
deformation and spreading (the vibrating plate is not shown in
Fig. 6b). The exposed top surface in this coplanar REWOD
structure offers significant potential for expanding sensing

This journal is © The Royal Society of Chemistry 2025

applications, such as raindrop energy harvesting. Furthermore,
when integrated with flexible/stretchable electrodes, the
coplanar REWOD system shows promise for tactile sensing and
motion detection in soft robotics,>”-3*46:130:149

2.5. Challenges and opportunities

As highlighted in the reviews, these devices offer a green
approach to energy harvesting and hold tremendous potential
as a renewable energy source and self-powered sensors by
harnessing ambient, low frequency mechanical energy.**
However, the power output of these devices has yet to reach a
significantly high level. Before large-scale implementation and
practical deployment of REWOD energy harvesters, several key
challenges need to be addressed.

Although classical REWOD units require a bias voltage to
charge electrons to improve output power, recent advancements
have shifted toward bias-free operation to enhance the practical
applicability of REWOD. Despite these advancements, further
improvements in bias-free REWOD output energy are necessary.
Scaling up power generation in such systems will require
precise synchronization and control of thousands of droplets
with respect to their positions and velocities."*® Currently, most
studies are limited to proof-of-concept devices using only a
single droplet. Future work is expected to focus on the
development of electrolyte-enclosed structures incorporating
multiple droplets,"*” which would significantly increase the
electrolyte-electrode interfacial area, thereby enhancing
interfacial capacitance and overall power output. Furthermore,
future research should further investigate the effects of
dielectric film thickness, variations in electrolyte volume, and
electrolyte composition on overall device performance, as well
as the development of high-dielectric constant metal oxide-
coated array structures.”'*> These efforts will collectively
contribute to improved output power and energy conversion

Lab Chip, 2025, 25, 4161-4220 | 4173
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efficiency, advancing the development of practical and scalable
REWOD systems.

In addition, advances in flexible electrode technology are
essential. The development of flexible conductive materials
with good electrical conductivity and mechanical stability, as
well as the ability to accommodate deformations such as
bending or stretching, can ensure the stable performance of
REWOD systems under practical operating conditions.
Furthermore, integrating flexible electrodes with micro-
structured surfaces is expected to further enhance droplet
control and improve energy conversion efficiency.

Moreover, eliminating reliance on costly materials and
complicated fabrication processes is another critical factor
for large-scale adoption. Enhancing output by evaluating
commercial off-the-shelf metalized polymer films for REWOD
or experimenting with spin coating to deposit low-cost
dielectric layers for REWOD electrodes are promising
directions for further research.*>*¢ 5152

3. Triboelectric nanogenerators
(TENGs)

3.1. Basic working principle

Since developed by Zhong Lin Wang's research team in 2012,

TENGs have gained prominence in  self-powered
sensing,®>'***® environmental energy harvesting,***>” > low-
frequency power generation,"® etc. Unlike traditional
electromagnetic generators that depend on coils and magnets,
TENGs utilize the interaction between triboelectrification
(contact electrification) and electrostatic induction, making
them well-suited for capturing mechanical energy from
movements such as human motion,'®* ocean waves,'®* and
environmental vibrations.'®® When two triboelectric materials
with differing electron affinities come into contact and then
separate, electrons transfer from the material with a lower
electron affinity (which easily loses electrons) to the material
with a higher electron affinity (which tends to gain electrons).
This charge transfer process creates an electrostatic potential
difference between the materials, leading to localized charge
accumulation on their surfaces. When an external circuit is
connected, this potential difference induces electron flow
through the circuit and generates electricity.

While the basic working principle of TENGs can be
described through contact electrification and electrostatic
induction, a deeper and quantitative understanding of their
generation mechanism requires a shift to
electromagnetic theory. Classical Maxwell's equations were
originally formulated for static or uniformly moving media, and
do not fully account for the dynamic interfacial charge
redistribution and moving dielectric boundaries intrinsic to
TENG operation. Recent theoretical advancements particularly
those by Wang's group highlight the critical role of
displacement current in TENGs, and propose extensions to the
conventional Maxwell framework to incorporate moving
dielectric interfaces and time-dependent surface polarization.

current
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Maxwell's equations, formulated by James Clerk Maxwell,
describe the fundamental interactions between electric field,
magnetic fields, charge density and current density.’®* In
Maxwell's equations, the displacement field (D) is generally
expressed as:'®

D=¢goE +P (15)
where P denotes the polarization vector, E represents the electric
field and ¢, represents the vacuum permittivity. In isotropic
materials, this simplifies to D = ¢E, where ¢ is the material's

permittivity. In the absence of an external electric field (E = 0),
polarization does not occur (P = 0), eliminating displacement

oD . . . N
current > However, in practical scenarios, polarization can also

arise from strain-induced effects (piezoelectricity) and surface
contact-electrification (triboelectricity), which are independent of
an applied electric field."®® In TENGs, surface charges form due
to physical contact between different materials. To incorporate
the effects of contact-electrification-induced electrostatic charges,
Wang'®* introduced an additional surface polarization term P, in
the displacement field expression:
D=¢gE + P+ P (16)
Here, the term P accounts for polarization due to an external
electric field, while P; represents surface charges arising from
contact electrification. Unlike P, P is independent of any
applied electric field and represents the polarization induced by
mechanical motion, generated due to the relative movement of
charged media surfaces triggered by mechanical action. By
substituting eqn (11) into Maxwell's equations and defining:
D' =¢gyE +P (17)
Maxwell's equations can be rewritten as a new set of self-
consistent equations such as:*®*

V-D' = p¢ - V-Pg (18)
V-B=0 (19)
oB
VXE = —— (20)
ot
vxH =+ 22 9P (21)
=t T

where B represents the magnetic field, while H is the
magnetization field, p¢ is the free charge density, and J is the
current density. Here, the total displacement current is:
9D’ Ps

Jo o T o (22)

’

D . ..
The term > corresponds to the displacement current arising

from the time-dependent variation of the electric field.

This journal is © The Royal Society of Chemistry 2025
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.. OP .
Meanwhile, a_ts describes the current generated due to

changes at the material boundaries, commonly known as the
Wang term."®® These expressions serve as key foundations for
analyzing the output characteristics of TENGs.

Further, if the surface charge density function oy, on the
material surfaces is defined by a shape function f,,, where
time ¢ accounts for the instantaneous shape of the material
under external influence (Fig. 7), then the equation for P can
be expressed as:*

Py = _V¢s(r,t) (23)
where ¢4 represents the surface potential generated by charge
transfer. The expanded form is'®®

1 oy
Py = ——VJ IS0 | g
47 |r=7']

The total displacement current is obtained by integrating the
current density over the surface of the receiving electrode
(Fig. 7b)*°°

(24)

25
ot ot (25)

oD'(r,t) 0Py,
Ingy = ”—( ) . s ”}ds
Additionally, the voltage across the TENG is determined
by the path integral of the electromotive force."*®

V() = J'[E(r,t) +v(6)B(r,6)dL (26a)

Here, v(¢) represents the translational velocity of the moving
medium such as the dielectric or electrode surface. The term
v(¢)B(r,t) represents the electric field induced by mechanical
motion through the magnetic field, contributing to the total
voltage induced across the device. If the surface integral is
taken over a fully enclosed surface, applying the law of
charge conservation gives'®®

This journal is © The Royal Society of Chemistry 2025

In(t) = gJV-[D'(r,t) + Py(r,0)dr = a%der _ %)

ot ot (26b)

Here, Q represents the total free charge on the electrode. Eqn
(26) serves as the fundamental basis for formulating the
transport equations in TENGs. And the power supplied to the
load across R is given by'®®
2Q\°

r=(5) "
Having established the fundamental principles and the
expression for the generated power in TENGs, we now turn
our attention to practical developments and applications. In
recent years, TENGs have emerged as a promising approach
for energy conversion and harvesting, with significant studies
made in the contact electrification between the solid
materials.'®” A solid-solid TENG involves the interaction of
two solid surfaces, typically relying on periodic contact and
separation or sliding to generate triboelectric charges.
Despite significant research efforts, certain challenges remain
due to the inherent properties of solids. Issues such as
wear'®® and heating during friction'®® reduce the durability
and efficiency of TENGs. Additionally, due to surface
roughness and microscopic irregularities,'®>"'”° achieving full
contact between solid materials is difficult. External factors
like humidity'”* further impact electrical output. Moreover,
electric breakdown'’>'"* at the solid-solid interface causes
electron loss, significantly reducing performance.

To overcome these limitations, researchers have turned their
attention to liquid-based TENGs, which utilize the fluid nature
of liquids to achieve more reliable and efficient contact
electrification. Their fluidity'”> ensures full contact, reducing
wear'’® during the process. Humidity has little or even no
impact, especially when using water."”” In this section, we will
focus on liquid based TENGs, specifically liquid-solid TENGs,
where a liquid interacts with a solid surface and liquid-liquid
TENGs which involve contact between two immiscible liquids.
Although contact electrification at liquid-gas interfaces have

(27)
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also been studied,"”®'”° research in this area remains limited.
The low density of gas and the slow motion of liquid make it
difficult to achieve sufficient contact electrification for direct
observation."®

Operational modes of TENGs. TENGs operate in four
primary modes based on charge transfer mechanisms
including:"®" contact-separation mode, sliding mode, single
electrode mode, and freestanding tribo-electric layer mode.

1. Contact-separation mode:'*. In the contact-separation
mode (Fig. 8a), charge transfer occurs as a liquid repeatedly
comes into contact with and separates from a dielectric
surface (insulating polymer film). When the liquid first
makes contact, triboelectric charging occurs due to the
difference in electron affinity between the two materials. The
solid dielectric layer acquires negative charges, while the
liquid retains positive ions, forming an EDL at the interface.
As the liquid retracts from the dielectric, the electrostatic
potential difference between the two electrodes increases.
This potential difference drives electron flow through the
external circuit, generating This mode is
advantageous for energy harvesting from mobile objects
without requiring grounding.'®® And it is usually used in
energy harvesting from discrete mechanical motions such as
water droplets,'® as well as from environmental mechanical
motion or surface vibrations."®>'®> Additionally, it finds
applications in sensing tasks such as liquid detection and
biomedical monitoring."®®

2. Sliding mode. The sliding mode (Fig. 8b) operates on a
similar contact separation triboelectric principle but involves

current.
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lateral movement of a liquid film or flow over the solid
surface. A well-known demonstration of this mode is
provided by Lee et al.'® where an aluminum plate coated
with PTFE slides periodically in and out of water. When the
PTFE surface comes into contact with the water, contact
electrification occurs and electrons transfer from water to
PTFE, making the PTFE negatively charged and the water
positively charged. As the plate emerges from the water, the
separation of charged surfaces induces a potential difference
between the underlying aluminum electrode and the water,
causing electrons to flow through the external circuit and
generate current. This current reaches its peak when the
PTFE is fully out of the water. As the plate slides back in, the
process reverses electron flow in the opposite direction,
completing the AC cycle. This repeated immersion and
emergence modulates the electric field and charge
distribution, enabling stable AC generation in the sliding-
mode TENG. This mode is generally used for harvesting
energy from fluid flow or oscillating liquid interfaces, as seen
in designs like that of Nahian et al."®® for water flow energy
harvesting.

3. Single-electrode mode. The single-electrode mode
(Fig. 8c) operates on the triboelectric principle but differs
from other modes by utilizing a single grounded electrode
instead of a pair. For example, as explained by Lin et al.'®
when a water droplet falls onto a PTFE-coated surface
(dielectric surface), triboelectric charging occurs due to
differences in electron affinity, leaving the PTFE negatively
charged while the droplet retains positive ions, forming an

a Contact separation mode

b Sliding mode

+)
c Single electrode mode d Free-standing mode
o ©
e e ——
1 000000000
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Fig. 8 Basic modes of operation. (a) Contact-separation mode, (b) sliding mode, (c) single-electrode mode and (d) free-standing mode TENGs,
respectively. Blue bidirectional arrows indicate the periodic mechanical motion. Red bidirectional arrows labeled “e™ represent the cyclic electron
flow in the external circuit that changes direction during different phases of the mechanical cycle.
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EDL. As the droplet spreads or moves away, the charge
equilibrium is disrupted, creating a potential difference
between the grounded electrode and the surface. This
imbalance induces electron flow from the electrode to the
ground, generating a negative current pulse. When another
droplet impacts the surface, the pre-existing negative charges
on PTFE attract positive ions from the new droplet, reversing
the potential difference and causing electrons to flow back
from the ground to the electrode, generating a positive
current pulse. As a result, the repeated droplet impacts
generate a continuous AC output. It is usually used to harvest
energy from falling droplets,'”® such as in rainfall collection

or from condensed droplets captured from fog,"*® and
detecting liquid or water leakage in containers and
pipelines.'?%*!

4. Freestanding triboelectric-layer mode. In the freestanding
mode of TENGs, a pair of electrodes is typically positioned
symmetrically beneath a thin dielectric surface (Fig. 8d). As
liquid moves across this dielectric layer, charges are
generated due to the friction between the liquid and the
solid. Simultaneously, the underlying electrodes experience
electrostatic induction. As the liquid continues to travel
across the surface, the distribution of induced charges
becomes uneven, creating a potential difference between the
two electrodes.***** This potential drives electron flow
through the external circuit, resulting in AC output that
reflects the direction and motion of the liquid. This mode
enables energy harvesting from a moving object while
keeping the system mobile and independent of grounding®*
and is usually used to harvest energy from water waves'**
and for fluid flow sensing®® using the movement of liquid
across the surface to induce charge between electrodes.

Since Lin et al. first introduced liquid-solid TENGs in
2013,"* this technology has undergone significant
development. Initially they designed a system where a PDMS
surface interacted with water inside a tank, generating
electricity through periodic contact and separation. Over
time, liquid-solid TENGs has evolved to capture energy from
droplets, waves, and fluid motion."?®™%%

A thorough understanding of contact electrification at the
liquid interface is critical for improving liquid based TENG
performances. Xu et al'®® developed the electron-cloud-
potential-well model, often termed the “Wang Transition”
model, to describe electron transfer mechanisms at material
interfaces. When two materials come into contact, electrons
transfer due to an asymmetric double-well potential created
by overlapping electron clouds (Fig. 9). As the materials
separate, the transferred electrons remain trapped in the
receiver material due to a potential barrier. However, as
temperature increases, this barrier weakens, making it easier
for electrons to escape.

Various theoretical and experimental studies have been
carried out to better understand the mechanisms of contact
electrification showing electron transfer dominance at the
interface. At the atomic level, theoretical models confirm that
electron transfer occurs during contact electrification.>*® Nan

This journal is © The Royal Society of Chemistry 2025
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et al. used density functional theory (DFT) to study how
electrons transfer between water and seven commonly used
polymers in liquid-solid TENGs. They analyzed factors like
bonding style, functional groups, work function, and contact
distance affecting electron movement. Their findings showed
that the LUMO (lowest unoccupied molecular orbital-HOMO
(highest occupied molecular orbital) energy gap plays a key
role in determining the strength of electron transfer.>’">>
Similarly, molecular dynamics simulations have verified
electron transfer at the Pt(111)-water interface in water-metal
interactions.>”  Experimental  studies have further
substantiated electron transfer in contact electrification and
revisited the formation of 