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Electrowetting-on-dielectric (EWOD) phenomenon is widely employed for liquid actuation at the
micro scale. Due to its simple structure, low cost, low power consumption and fast response speed,
diverse applications are developed and commercialized based on EWOD, such as digital microfluidics,
tunable lenses, electronic displays, small-scale propellers etc. However, the liquid actuation with
EWOD requires a high-voltage but low-current power source. The accessory equipment (e.g., waveform
generator and amplifier) not only attenuates the benefits originated from microscale liquid actuation,
but also limits its portability, wearability, and environmental friendliness of the EWOD inspired
applications. Triboelectric nanogenerator (TENG) is a promising technology to convert arbitrary
mechanical energy to electricity based on triboelectrification and electrostatic induction. The output
electric signal shows a high-voltage but low-current property which well matches the demands in
EWOD devices. This paper reviews the technical advances in the TENG powered EWOD devices
developed in recent years. The mechanisms, structures, and performance of each application are
reviewed. The challenges and future perspectives are put forward. The review and discussion in this
study open up opportunities for the development of TENG and EWOD based self-powered liquid
actuators.
� 2022 Elsevier Ltd. All rights reserved.
Introduction
Electrowetting refers to the phenomenon of the modulation of
wetting property (e.g., contact angle) of aqueous phase on an
electrode surface by the applied electric potentials (terminals of
voltage source are connected with aqueous solution and elec-
trode separately). The electrowetting of mercury on charged sur-
faces was first observed and explained by Gabriel Lippmann in
1875 [1] Due to the direct contact between mercury and elec-
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trode, electrolysis easily occurs and induces instability in the
electrowetting phenomenon. In 1969, Dahms [2] introduced
the electrowetting-on-dielectric (EWOD) configuration by using
an insulating layer to separate the aqueous phase from the elec-
trode. The dielectric layer effectively prevents the occurrence of
electrolysis and enlarges the range of applied electric potential
from several volts to hundreds of volts. In 1993, Bruno Berge
[3] combined Young’s wetting theory with Lippmann’s theory
and derived the relationship between the contact angle modula-
tion with the applied electric potential. With an extra hydropho-
bic coating on top of the dielectric layer in the modern EWOD
design, a large range of reversible contact angle modulation
1
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could be achieved between 110� and 65� for an aqueous solution.
Such a large and robust contact angle modulation inspires the
development of diverse applications in the fields of lab-on-a-
chip [4], point-of-care (POC) [5], biomedical [6,7], chemical [8],
optical [9], robotics [10,11], motors [12] etc. Among these appli-
cations, digital microfluidics (DMF) [13] and optical devices (tun-
able lenses [14], electronic display [15]) have been rapidly
developed and commercialized in recent years.

Inspired by the EWOD phenomenon, the digital microfluidics
(DMF) [16] platform was firstly developed for chemical and bio-
logical applications in the forms of lab-on-a-chip synthesis and
diagnostics [17]. By activating the patterned electrodes on the
DMF platform, the contact angle of the microdroplet on top of
the DMF platform could be modulated asymmetrically. The
asymmetric contact angle induces the Laplace pressure difference
inside the microdroplet to achieve actuation [18]. Based on the
mechanism of single droplet actuation, functions including dro-
plet transportation, splitting, dispense, two droplets merging,
and parallel droplets actuations were developed. These basic
functions were further upgraded as low-voltage droplet actuation
[19–21], opto-electrowetting (OEW) droplet actuation [22–24],
anti-biofouling actuation [25] and so on. Compared to the
flow-through type microfluidics, the DMF platform offers advan-
tages of even smaller sample volume, better organic solvent
adaptability (without PDMS), automation and multi-step reac-
tion feasibility. Nowadays, the DMF platform has been widely
employed and commercialized for single cell analysis [26],
immunoassay [27], DNA amplification [28], enzymatic test [29],
radiochemistry synthesis [30] and so on. Except for the applica-
tions in the DMF platform, the EWOD phenomenon also
inspired the rapid development of tunable optics and reflective
electronic displays. Liquid lenses with tunable focal lengths
could be formed by two immiscible liquids with different refrac-
tive indices [31]. By tuning the contact angle of the aqueous
phase electronically, the shape of the interface between the
two immiscible liquids could be changed dynamically to form
a varifocal lens. As compared to the conventional solid lenses,
the liquid lenses provide the benefits of focal length tunability,
less costly and wear-proof. Similar to the liquid lenses, the
EWOD based electronic display [9] has proven its advantages in
an outdoor display, fast response speed and low power
consumption.

The EWOD has been proven to be a powerful tool for liquid
handling on capillary scale and inspired diverse applications.
However, due to the fact that EWOD requires an electrostatic
force applied to the vicinity of the liquid–solid-gas three phase
contact lines to achieve actuation [14]. The employed power
source for creating such an electrostatic field [32] to an EWOD
device is different from the resistor-type loads, a high voltage
but low current source is typically required as accessory equip-
ment. The accessory equipment includes a waveform generator,
amplifier and control circuit. The equipment significantly atten-
uated the benefits from the microscale liquid handling device,
which is promising for portable, distributed, and point-of-care
applications. For example, wristband DMF platform [33] has
been proven to be applicable for real-time healthcare monitoring
towards point-of-care (POC) application. However, the accessory
2
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power source limits the practical application since the accessory
equipment is difficult to be wearable. Furthermore, the employ-
ment of chemical batteries and electricity from the grid also
increases the burden on pollution and environmental protec-
tion. In order to take full advantage of EWOD inspired DMF plat-
form, tunable lenses as well as other emerging applications, a
self-powered, light-weight and clean power source is highly
desired.

In 2012, Wang et al. proposed the triboelectric nanogenerator
(TENG) as an energy harvesting device to convert the random
and unordered mechanical energy into electricity [34]. TENG
has attracted extensive attention due to its high conversion effi-
ciency [35,36], wide availability of constituent material [35],
large tolerance to mechanical stimuli and easy fabrication
[18,37]. The mechanism of TENG is based on triboelectrification
and electrostatic induction [38,39]. There are four major working
modes of TENG devices, including contact-separation mode [40],
single-electrode mode [41], lateral sliding mode [42], and free-
standing triboelectric layer mode [43]. Different from the electro-
magnetic generators which require high- speed rotation of the
windings to encircle the magnetic flux to induce Lorenz force
for electrons movement [44], TENG could harvest types of
mechanical energy, including sliding, vibrating [45], swimming
[46], elastic deformation etc., which enables the energy harvest-
ing from a broad source of mechanical energy such as wind
energy [47–49], ocean wave energy [50–52] to be converted into
electricity. Especially in low-frequency conditions, the TENG
shows better output performance as compared to the EMG of
the same size [53]. This superior feature of TENG allows for har-
vesting low-frequency biomechanical energy (e.g. body move-
ment [54,55], breathing [56], and heart beating) [57]. These
superior properties of TENG have boosted the rapid development
of self-powered sensors [58–65], which incorporate the features
of portability [66,67], self-powered, implantable [68–71], light-
weight [72–74] and wearability [75–81].

The studies on TENG driven self-powered sensors had been
well summarized in several review articles [82–87]. As compared
to the TENG powered sensors, due to impedance matching, the
TENG powered EWOD device shows great potential towards
self-powered actuators. As shown in Fig. 1, diverse TENG pow-
ered EWOD devices have been reported in recent years with
TENG harvesting mechanical energy from wide sources (e.g.,
wind, wave, human motion), but a comprehensive review is this
topic is lacked. In this review, the recent advances in TENG pow-
ered EWOD devices (self-powered DMF, tunable lenses, and
emerging technologies) are comprehensively reviewed. The
working principles of TENG, EWOD and TENG powered EWOD
devices are discussed in Section “Mechanisms, structures and
materials of TENG powered EWOD”. The research status on
TENG driven EWOD devices are reviewed in Section “EWOD
devices powered by TENG” (including TENG driven DMF in
“Digital microfluidics (DMF) driven by TENG”, TENG driven
optical device in “EWOD based optical devices driven by TENG”

and TENG driven emerging technologies in “EWOD based
emerging technologies driven by TENG”). The challenges and
future perspectives are discussed in Section “Summary and
perspectives”.
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FIGURE 1

Recent demonstrations of TENG powered EWOD devices. In which TENG could be employed for harvesting mechanical energy from wind, wave,
biomechanical etc., while EWOD could be employed for DMF platform, tunable lenses, electronic display as well as emerging technologies (capillary propeller,
anti-fogging etc.). The combination of TENG and EWOD boosts the rapid development of series self-powered liquid actuators. Reproduced with permission
[88]. Copyright 2020, The American Association for the Advancement of Science. Reproduced with permission [89]. Copyright 2017, Wiley-VCH. Reproduced
with permission [90]. Copyright 2004, American Institute of Physics. Reproduced with permission [91]. Copyright 2020, Royal Society of Chemistry.
Reproduced with permission [92]. Copyright 2018, Royal Society of Chemistry. Reproduced with permission [93]. Copyright 2021, Elsevier. Reproduced with
permission [94]. Copyright 2020, American Chemical Society. Reproduced with permission [95]. Copyright 2019, Elsevier. Reproduced with permission [96].
Copyright 2022, Elsevier. Reproduced with permission [97]. Copyright 2019, Wiley-VCH.
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Mechanisms, structures and materials of TENG
powered EWOD
Mechanism of EWOD
Since the first observation of electrowetting (EW) phenomenon
in 1875 by Lippmann [1], the relationship between the differen-
tial of interfacial tension, surface charge density and electric

potential is given as dreff
SL ¼ �qSLdU. When integrating the rela-

tionship of Young’s equation (rSV ¼ rSL � rLV cosðhÞ) which
describes the relationship between interfacial tension and con-
tact angle with Lippmann’s equation, the Young-Lippmann
equation describing the EW phenomenon could be derived

as:cosðhÞ ¼ ðrS � r0
SL þ CV2=2Þ=rL. This formula describes the

EW phenomenon where the capacitance is formed by the electri-
cal double layer (EDL) between liquid and electrode. The EDL
layer with a thickness of Debye length (�tens of nanometers)
yield a large specific capacitance, leading to a large contact angle
variation when a small voltage is applied. However, electrolysis
easily occurs in this system and few practical applications were
demonstrated based on EW. When Dahms incorporates an insu-
lating layer into the EW system, the full description of EWOD
FIGURE 2

Working mechanism of EWOD.
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phenomenon was described by Bruno Berge as shown in Eq.
(1) [98]. In which V is the electric potential between the liquid
and the dielectric, h is the contact angle of the liquid on the solid
surface, h0 is the initial contact angle (CA), e0 is the vacuum
dielectric constant, er is the relative permittivity of the insulating
layer, rLV is the interfacial tension between liquid and gas, and d
is the thickness of the dielectric layer.
cos h ¼ cos h0 þ e0er
2rLV d

V2 ð1Þ

The above equation could be intuitively illustrated in Fig. 2
which shows a top-electrode EWOD device. When zero electric
potential is applied, the droplet remains a spherical shape on a
hydrophobic surface (Fig. 2a). When a non-zero electric potential
is applied, the contact angle of the droplet reduces following a
trend of the cosine function (Fig. 2b). With this mechanism,
the microfluidic phenomenon such as droplet actuation, two-
phase flow modulation, and capillary wave generation could be
induced for the applications of DMF, tunable lenses, electronic
display and emerging technologies (capillary wave propeller,
anti-fogging glass).
3
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Mechanism of TENG
On the other side, the triboelectric effect shows the same device
structure as the planar EWOD device. The difference is that by
moving the solid or liquid above the patterned and dielectric
coated electrodes, due to contact electrification and electrostatic
induction, alternating-current (AC) electric current could be
attained between the two electrodes. The TENG device could
be employed for harvesting the mechanical energy from a broad
range of sources, including wind energy, vibration, wave energy
and even biomechanical energy. The driving force for the TENG
is the Maxwell’s displacement current, which is caused by a time
variation of electric field plus a media polarization term. In the
case of TENGs, triboelectric charges are produced on surfaces
simply due to contact electrification between two different mate-
rials. To account for the contribution made by the contact elec-
trification induced electrostatic charges in the Maxwell’s
equations, an additional term Ps, called mechano-driven pro-
duced polarization, is added in displacement vector D by Wang
[39], that is.

D ¼ e0E þ P þ Ps ð2Þ
Here, the first term polarization vector P is due to the exis-

tence of an external electric field, and the added term Ps is mainly
due to the existence of the surface charges that are independent
of the presence of electric field and the relative movement of the
media. Substituting Eq. (2) into Maxwell’s equations, and define.

D0 ¼ e0Eþ P ð3Þ
The reformulated Maxwell’s equations are [99].

r �D0 ¼ qf �r � Ps ð4:1Þ

r � B ¼ 0 ð4:2Þ

r � E ¼ � @B
@t ð4:3Þ

r �H ¼ J þ @Ps

@t
þ @D0

@t
ð4:4Þ
FIGURE 3

The conventional Maxwell’s equations are for media whose boundaries and volu
slow-moving media system are further developed with including the polarizatio
that moves with an acceleration in non-inertia frame of references. Note the equ
(5.4) if the media movement is rigid translation.

4
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In Eq. (4.4), @D
0

@t represents the displacement current due to time

variation electric field and the electric field induced medium

polarization. The second term @Ps
@t is the displacement current

due to non-electric field but owing to external strain field. The
first term is dominant at high frequency for wireless communica-
tion, while the second term is the low frequency or quasi-static
term that is responsible for the energy generation. The term that
contributes to the output current of TENG is related to the driv-

ing force of @Ps
@t , which is simply named as the Wang term in the

displacement current. In general cases, the two terms are approx-
imately decoupled and can be treated independently. However, if
the external triggering frequency is rather high, so that the two

terms @D0
@t and @Ps

@t can be effectively coupled, the interference

between the two term can be significant, but such case may occur
in MHz - GHz range. The Maxwell’s equations for mechano-
driven slow-moving media system are shown in Fig. 3.

The conventional Maxwell’s equations are for media whose
boundaries and volumes are fixed and at stationary. But for cases
that involve moving media and time-dependent configuration,
such as the case in TENG, the equations have to be expanded.
Starting from the integral forms of the four physics laws, Wang
has derived the expanded Maxwell’s equations in differential
form by assuming that the medium is moving as a rigid transla-
tion object with acceleration. If the relativistic effect is ignored,
the Maxwell’s equation for a mechano-driven slow-moving
media system is given by [100].

r �D0 ¼ qf �r � Ps ð5:1Þ

r � B ¼ 0 ð5:2Þ

r � ðE � v � BÞ ¼ � @

@t
B ð5:3Þ

r � H þ m� D0 þ Psð Þ½ � ¼ Jf þ qf mþ
@

@t
Psþ @

@t
D0 ð5:4Þ
mes are fixed and stationary. The Maxwell’s equations for a mechano-driven
n density term Ps in displacement vector. These equations apply to media
ations given at the right-hand side are identical to those given in Eqs. (5.1)–
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It is important to note that the moving velocity is time depen-
dent and the media is assumed to be rigid object. The only
requirement is that the moving velocity is much less than the
speed of light in vacuum with the ignorance of relativistic effect.
These equations are most useful for describing the electromag-
netic behavior of moving media with acceleration, and they are
fundamentals for dealing with the coupling among mechano-el
ectric–magnetic multi-fields and the interaction. The expanded
equations are the most comprehensive governing equations
including both electromagnetic interaction and power genera-
tion as well as their coupling for TENG.
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Mechanism of TENG powered EWOD
It could be observed from Fig. 4a that the TENG and EWOD
devices show the same structure but reverse processes: TENG har-
vests the mechanical energy to trigger the motion of the top solid
or liquid for power generation, while the EWOD utilized the elec-
tricity to move the droplet. It is noteworthy that the analogy not
only happens to freestanding mode TENG and planar EWOD
devices, but also to the contact separation mode TENG and the
top electrode mode EWOD devices. This reverse process could
be analogous to the electromagnetic generator and electric
motor. The term “reverse electrowetting (REWOD)” was first pre-
sented in 2011 to describe the energy harvesting device that
employs a droplet sliding along a planar EWOD device [101,102].

The working mechanism of TENG powered EWOD device in
diverse configurations could be found in Fig. 4b. The TENGs
working in freestanding (FS) and contact separation (CS) modes
were employed for triggering planar and top-electrode mode
EWOD devices. As for the freestanding mode TENG, the sliding
of the positively charged nylon film screens the positive charges
to the left and right electrodes of the TENG. Since the TENG and
planar EWOD devices share a same pair of electrodes, the biased
charge distribution appears on the EWOD electrodes accordingly
for contact angle modulation. In stage <i>, the nylon film stays
FIGURE 4

Device configuration and working mechanism of TENG powered EWOD device
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in the middle of the two electrodes, thus the left and right elec-
trodes hold the same amount of positive charges, a symmetric
contact angle is found on the planar EWOD device. In stage
<ii>, the nylon film moves the right electrode, revealing the left
electrode with excess positive charges. Due to the unbalanced
charge distribution on the left and right electrodes, the droplet
on the EWOD devices shows a reduced left side contact angle.
When the nylon film further moves back to the left electrode,
a reverse process happens and the right-side contact angle of
the droplet reduces. Similarly, as for the contact separation mode
TENG, when the PTFE film leaves contact with the nylon film as
shown in stage <ii>, the charges are screened to the electrode of
the EWOD device, contributing to a reduced contact angle of the
droplet. When the PTFE film contacts with the nylon film again
as shown in stage <iv>, charge transfer happens and the contact
angle reduces accordingly.

As shown in Fig. 4a, the contact electrification for TENG could
be achieved either between solid and solid or between liquid and
solid. The liquid–solid TENG configuration is exactly the same as
the EWOD device. However, whether the two devices share a
reverse physical process still require further exploration. As for
the solid–liquid TENG, traditional view holds that the reason
for the electrification of liquid–solid contact is ion transfer with-
out considering the contribution of electron transfer. Lin et al.
[103] confirmed the existence of electron transfer in the electrifi-
cation process of liquid–solid contact from a microscopic per-
spective using Kelvin probe force microscopy and electron
thermal excitation theory. A two-step model for solid–liquid tri-
boelectrification is proposed [104] which shows the electron
transfer is followed by ion transfer and the two processes are
independent. Based on the studies of Zhang [105] and Zhan
et al. [106], on the gradual saturation process of the contact
charge between water droplets and polymers, it is proved that
the electrification of liquid–solid contact is the result of the com-
bined effect of electron transfer and ion transfer, which could be
.
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FIGURE 5

Solid-liquid interaction. Electrons and ions transfer in the solid–liquid TENG devices. The sliding motion and CA of a droplet are affected by the surface
charges. Both the two processes are related to the solid–liquid interaction in the hybrid layer. Reproduced with permission [103]. Copyright 2020, Nature
Publishing Group. Reproduced with permission [105]. Copyright 2021, American Chemical Society. Reproduced with permission [106]. Copyright 2020,
American Chemical Society. Reproduced with permission [107]. Copyright 2022, Nature Publishing Group. Reproduced with permission [103]. Copyright 2020,
Nature Publishing Group.
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modelled by Wang's Hybrid layer as shown in Fig. 5. On the
other hand, the effects of surface charges on the droplet dynam-
ics on solid surfaces have been reported recently. The surface
charges were demonstrated to influence the sliding motion
[107,108] as well as the static CA [103] of the droplet as shown
in Fig. 5. The static CA of water was reported to be related to
the ratio of electron transfer to ion transfer. However, in EWOD
devices, the dynamics of the droplet is dominated by the charge
transfer induced CA modulation. The initial surface charges con-
tribute less to the variation of CA modulation because the surface
charges and ions in the electrolyte form an electric double layer
(EDL) with a large enough specific capacitance due to the small
thickness of Debye length (�tens of nanometers). The specific
capacitance of the hydrophobic insulating layer is much smaller
since this layer is typical with a thickness of hundreds of
nanometers to tens of microns. In a serially connected capaci-
tance model, the total capacitance is typically dominated by
the small one (the hydrophobic insulating layer). However,
when the EWOD device operates for repeated cycles and the sur-
face charges accumulate to a certain extent, the EWOD device
was reported with poor stability due to the electrostatic forces
between the surface charges and the droplet to be actuated.

Inspired by the similar output and input signal characteristics
(large voltage but small current) of TENG and EWOD devices,
several researchers have proposed and studied the TENG pow-
ered EWOD devices for the applications towards self-powered
DMF, tunable lenses, capillary propulsion etc. The mechanism
of employing the motion of part of TENG to trigger the motion
of another droplet (or object) on EWOD device is termed as “wa-
ter powered remote transfer of kinetic energy” in some studies
6
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[109]. It is noteworthy that the droplet movement on the EWOD
device could also induce transfer process of electrons and ions.
However, the TENG device for driving the EWOD typically
employs a large enough moving part compared to the droplet
to be actuated for eliminating the negative effect induced by tri-
boelectrification between the droplet and the EWOD device.
Structures and materials of TENG powered EWOD
Different modes of TENG can be applied to different working
environments, and the selection and processing of triboelectric
materials have a great impact on the output performance. Zou
et al. [110] introduced a universal standard method to quantify
the triboelectric series for a wide range of polymers, establishing
quantitative triboelectrification as a fundamental materials prop-
erty. In various applications of EWOD, a wider range of CA vari-
ations is often pursued. This is directly related to the physical
parameters of the dielectric layer and the hydrophobic layer.
EWOD applications typically require a large Young’s angle (for
maximum change in modulated CA) and low wetting hysteresis
for more accurate modulation and modulation without a thresh-
old hysteresis to overcome. Most commercial EWOD devices use
oil as insulating fluid because it provides a very large Young’s
angle and low wetting hysteresis. On the other hand, the mate-
rial selection and thickness of the dielectric layer are very critical
to the operation of the EWOD devices. Regarding the selection
and performance of materials in EWOD devices, Table 1 com-
pares the material selection, peak voltage and application
method for both TENG and EWOD [111].
016/j.mattod.2022.07.009
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TABLE 1

Material selection and treatment for TENG powered EWOD devices.

TENG work model Triboelectric
materials

TENG Surface
treatment

TENG output performance EWOD
materials

Application Refs.

Lateral sliding Kapton/FEP ICP �1.8 kV (Vpp)
1–10 Hz

FEP DMF [113]

Freestanding Kapton/FEP ICP �3.5 kV (Vpp)
7.2lA

PTFE/FEP DMF [113]

Freestanding Kapton/Al – �3.4 kV (Vpp)
8.5lA
0.5 Hz

PCAS DMF [114]

Water-TENG Water/Teflon – 30–50 V Teflon DMF [92]
Contact-separation Silk/PVA&MXene Electrospinning 118.4 V

1–30 Hz
FEP/Teflon DMF [115]

Rotating
freestanding

Nylon/PTFE – 1.4–3.5 kV(Vpp) PDMS/FEP DMF [116]

Contact-separation Silicone/Al DIW 124 V
1–10 Hz

Fluoropolymer Display [95]

Lateral sliding Kapton/FEP – �3.5 kV (Vpp) FEP Liquid lens [117]
Freestanding Cu/FEP – �530 V(Vpp) 1.2 lA Teflon Liquid lens [93]
Contact-separation Al/PTFE ICP �380 V(Vpp) 8lA Parylene-C EWOD valve [118]
Freestanding Cu/FEP – �520 V(Vpp) � 5lA 2 Hz Teflon Capillary

Propeller
[94]

Rotating
freestanding

Nylon/FEP – �0.73–5.26 kV(Vpp) 20–
100 Hz

Teflon Anti-fogging [96]

Rotating
freestanding

Sponge/PTFE Oxygen plasma �200 V(Vpp) 1–11.4 Hz SiO2 Micromolding [119]

Contact-separation Al/FEP – �5 kV (Vpp) SU-8/Teflon Wearable sensor [120]
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EWOD devices powered by TENG
Due to the impedance matching between the TENG and EWOD
devices, diverse TENG powered EWOD devices towards a self-
powered liquid actuators have been developed in recent years
[121]. This section reviews the achievements in this field in terms
of TENG powered DMF platform, TENG powered optical devices
(electronic display and tunable lenses), and TENG powered
EWOD based emerging technologies.

Digital microfluidics (DMF) driven by TENG
Among the EWOD enabled applications, DMF receives intensive
attention and has been commercialized for newborn screening,
SARS-Cov-2 diagnostics, high-throughput genomics etc [91].
The working mechanism for the conventional EWOD device is
shown in Fig. 6a, where an electric potential is applied to the dro-
plet and the electrode underneath for modifying the contact
angle of the droplet. This device structure was further extended
as a double-plate design as shown in Fig. 6b. In which the top
electrode coated with a hydrophobic layer serves as a ground,
the patterned electrodes at the bottom plate play a role for actu-
ation. According to the mechanism of EWOD shown in Fig. 6a, if
the patterned electrodes were connected with the electric signal
asymmetrically, both CA and Laplace pressure difference will
be induced to the left and right sides of the droplet, thus
enabling a droplet actuation. By connecting the patterned elec-
trodes sequentially, a continuous droplet actuation could be
achieved. The droplet movement follows the sequence of elec-
trodes connection. By fabricating the electrodes with a well-
designed pattern and controlling the electric signals to the elec-
trodes logically, the droplet could be actuated and merged for
certain purposes. Fig. 6c shows a DMF platform targeting for sin-
Please cite this article in press as: J. Tan et al., Materials Today, (2022), https://doi.org/10.1
gle cell whole-genome sequencing [26]. Where the droplets were
actuated for single cell isolation, merging with cell lysis solution
and reaction for whole genome sequencing. DMF platforms with
multi-functions are potentially employed for portable, fast-
response and light-weight applications such as POC diagnosis.
The bulky and expensive power sources as well as control circuit
limit the wide spread of DMF platform. This section reviews the
reported studies of employing TENGs with diverse working
modes (single-electrode mode, contact-separation mode, free-
standing mode) as a power source to actuate the droplet for
DMF platform.

A TENG device working with the contact-separation mode
was proposed as a power source for droplet actuation towards
the self-powered DMF platform as shown in Fig. 7a. The TENG
device was fabricated by electrospinning technology (Jiang
et al. [115]) combining MXene nanosheet with poly(vinyl alco-
hol) (PVA) to enhance the output performance. The whole
device shows a flexible feature with high output voltage. The
TENG works stably and can reach a peak power density of
1087.6 mW/m2 as the load resistance is 5.0 MX. By connecting
the top and bottom aluminum electrodes to the copper elec-
trodes of an EWOD device, the reciprocating motion of water
droplets (2 mL, contained ink) on the four electrodes of EWOD
was achieved. As an all-electrospun flexible power source, the
TENG powered EWOD device shows great potential for harvest-
ing the biomechanical energy from human motion for micro-
scale drop manipulation towards a POC application. Apart
from the contact-separation mode TENG driven EWOD devices,
single-electrode mode TENG could also serve as a power source
for droplet actuation on EWOD. Zheng et al. [112] built a
TENG-driven droplet actuation system as shown in Fig. 7b. A
7
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FIGURE 6

Schematic illustration of EWOD enabled digital microfluidics. (a) The contact angle of the droplet changes before (solid line) and after (dotted line) applying a
voltage. (b) Schematic diagram of a typical DMF platform EWOD. (c) A DMF platform for single cells whole-genome sequencing, Reproduced with permission
[88]. Copyright 2020, The American Association for the Advancement of Science.
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single-electrode mode TENG was employed as the core element
of the system, whereas the output voltage is generated by contact
electrification between Kapton film and Aluminum foil. Two
strip electrodes made of indium tin oxide (ITO) were placed
underneath a superhydrophobic nanostructured fluorinated
ethylene propylene (FEP) film to form a droplet actuation struc-
ture, where one electrode of EAS is grounded and the other elec-
trode is connected to the single-electrode mode TENG. In order
to increase the contact electrification, inductively coupled
plasma (ICP) treatment was performed on Kapton film. For the
electrical measurement of the TENG, the effective contact area
of single electrode TENG is about 70 cm2 (7 cm � 10 cm), while
the applied pressure on the TENG is about 800 Pa. When the out-
put voltage of TENG reaches 3500 V, the movement of the dro-
plet can be realized. This large voltage (as compared to typical
EWOD operation voltage e.g., tens to hundreds of volts) require-
ment is due to the fact that the actual voltage in EWOD device is
much lower than the open-circuit voltage as the TENG also con-
sumes part of the voltage (VCD�pp=VOC�pp ¼ 1= 1þ CD=CTð Þ),
where VCD�pp is the voltage on dielectric layer, VOC�pp is the
open-circuit voltage, CD is the capacitance of liquid and CT is
the intrinsic capacitance of TENG [119]. This study also found
that the changing of the droplet content (DI water, potassium
hydroxide, phenolphthalein) would lead to different CA varia-
tions and driving distances with the same applied voltage. Chen
et al. [92] employed a TENG device working with the freestand-
ing mode to actuate droplets as a self-powered digital microflu-
idics (SP-DAS) platform. This study not only employs a
freestanding working mode, but also utilizes sliding water drops
to generate electricity on TENG. As shown in Fig. 7c, when one
8
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droplet is sliding along a tilted hydrophobic surface, the
hydrophobic surface becomes negatively charged. The negatively
charged surface will induce charge movement between elec-
trodes which are patterned below the hydrophobic surface. A
potential difference between the electrodes is generated. When
the two electrodes are connected with another horizontally
placed EWOD device, the induced potential difference modifies
the CA of the droplet for actuation. The effects of sliding droplet
size on the output voltage are investigated: the electrical energy
generated by the sliding of a 60 lL droplet was able to trigger
the movement of another 10 lL droplet horizontally, while the
electrical energy generated by the sliding of a 40 lL droplet could
only induce contact angle variation but not actuation. When the
sliding droplet volume was increased to 80 lL, the increased
EWOD force allowed to drive the droplet to climb to a larger
inclination angle: 1 lL could climb to a surface with an inclina-
tion angle of a = 90�. Continuous droplet actuation and two dro-
plets merging were demonstrated on the SP-DAS platform.

In addition to the TENG-powered EWOD droplet actuation,
the researchers also developed more functional self-powered
microfluidic platforms. Nie et al. [113] fabricated a free-
standing mode TENG to drive a microfluidic platform and a mini
vehicle on top of the driven droplets to transport tiny objects.
The output voltage of TENG is generated by tribo-electrification
between Kapton film and four Al foils, and inductively coupled
plasma (ICP) treatment is performed on the Kapton film to
obtain a larger surface charge density and increase the output
performance of TENG. Hence, the surface of the Kapton film is
covered with a pattern of nanostructures (Fig. 8a). The surface
of the EWOD chip is a hydrophobic FEP film. In order to further
016/j.mattod.2022.07.009
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FIGURE 7

Applications of TENG powered droplet actuation system for DMF platform. (a) Schematic illustration of a contact-separation mode TENG powered droplet
actuation device, Reproduced with permission [115]. Copyright 2019, Elsevier. (b) Schematic illustration of a single-electrode mode TENG powered droplet
actuation system, Reproduced with permission [115]. Copyright 2017, Wiley-VCH. (c) Schematic illustration of a freestanding mode TENG powered droplet
actuation system (SP-DAS), Reproduced with permission [92]. Copyright 2018, Royal Society of Chemistry.
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improve the hydrophobicity, the surface of the FEP is chemically
treated to increase the contact angle from 105� to 145�. The
open-circuit voltage (VOC) of this TENG is about 3500 V, the
short-circuit current (Isc) at a steady state is about 7.2 lA, and
the maximum transferred charges are about 0.37 lC. The hori-
zontal movement of droplets with a volume of 70 nL-5.0 lL dri-
Please cite this article in press as: J. Tan et al., Materials Today, (2022), https://doi.org/10.1
ven by TENG was realized and the maximum driving distance is
25 mm. At the same time, the vertical driven of the droplet can
also be realized as shown in Fig. 8a. Finally, by driving a small
mini vehicle, the transportation of a maximum load of 500 mg
was achieved. This work successfully realizes TENG-driven dro-
plet manipulation (the minimum volume of the droplet can
9
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FIGURE 8

Applications of TENG powered droplet actuation system for DMF platform. (a) TENG driven droplet and object transportation. A maximum load of 500 mg
and distance of 25 mm was achieved, Reproduced with permission [113]. Copyright 2018, American Chemical Society. (b) Schematic illustration of long
distance ejected system based on TENG and PCAS, Reproduced with permission [114]. Copyright 2019, Wiley-VCH. (c) Schematic of a self-powered droplet
manipulation system for transportation of droplets. The open-circuit voltage of the TENG versus time under different rotational speeds. Diverse droplet
manipulation functions of splitting, mixing and transportation were achieved on the TENG driven DMF platform, Reproduced with permission [116].
Copyright 2021, Royal Society of Chemistry.
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reach 70–80 nL) and the tiny object by a mini vehicle on top of
the droplets. It provides a new idea for self-driven digital
microfluidic transport system. A smart microfluidic system dri-
ven by TENG proposed by Nie et al., [114] realizes driving of dro-
plets through photo-controllable method in a given position
(Fig. 8b). A freestanding TENG is prepared and employed as the
driving source of this microfluidic system, where the materials
10
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for contact electrification are Kapton film and Al foils. Two elec-
trodes connected to two Al foils of TENG are pasted to the outer
wall of the quartz glass tube. Therefore, the sliding motion of the
Kapton film between two Al foils can induce a strong electric
field between the two electrodes for generating a large electro-
static force on the water droplet. The open-circuit voltage (Voc)
and short-circuit current (Isc) of the freestanding TENG reach
016/j.mattod.2022.07.009
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peak values of 3400 V and 8.5 mA, respectively. For this smart
microfluidic system, by combining TENG with photo-
controllable adhesion surfaces (PCAS), microdroplets are ejected
for long distances in a quartz glass tube, while UV light can accu-
rately capture water droplets at a given position. The PCAS is
obtained by sputtering a photo-response material, such as TiO2

onto the FEP surface. The water CA of the prepared PCAS surface
is about 161.5� (store in the dark) and 91.2� (after UV irradiation
for 20 min), and this process is reversible. Then, the long-
distance transportation of droplets in the tube is realized, the
maximized ejecting distance reaches 620 mm and the maxi-
mized instantaneous velocity exceeds 0.5 m s�1. This study
employs electrostatic force for droplet actuation which requires
a large operating voltage. The working mechanism is different
from EWOD and provides a new idea for TENG-driven droplet
microfluidics, as well as a wide variety of potential applications,
including inkjet printing, localized chemical reactor, drug/cell
delivery on microscale, and so on.

The above work has made the foundation for the self-powered
droplet actuation and achieved remarkable results. However,
realizing self-powered digital microfluidics also requires more
functions including droplet dispense, mixing, and splitting. Yu
et al. [116] proposed a self-powered droplet manipulation system
(SDMS) to realize various droplet operations, including moving,
splitting, merging, mixing, transporting chemicals and reacting
(Fig. 8c). It mainly includes a rotating freestanding triboelectric
nanogenerator with an electric brush (EB-TENG) and a DMF
device. Diverse functions of droplet manipulation can be
achieved on this self-powered DMF platform. As the transporta-
tion, merging and splitting require different threshold voltages,
the EB-TENG utilizes a design with different electric brushes.
By connecting different brushes to the DMF platform, variable
open-circuit voltage could be attained for different functions
accordingly. The TENG consists of a cylindrical stator and a
rotor. Contact electrification is generated between the polyte-
trafluoroethylene (PTFE) film of the rotor and the nylon film of
FIGURE 9

Schematic illustration of EWOD based optical devices. (a) An EWOD display scre
transparent when the oil is pushed aside (high electric potential), Reproduced w
tunable lenses. When voltages of different magnitudes are applied to the wate
surface shapes for beam steering, Reproduced with permission [90]. Copyright
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the stator, and the copper foils serve as the electrodes. The output
voltage of TENG increases with the increase of rotational speed
(from 1400 to 3500 V as the rotation speed increases from 100
to 400 r min�1). The volume of the droplet that can be driven
on this platform varies from 1.4 to 500 lL. This large operation
range allows for diverse applications on the DMF platform. The
moving velocity of the droplets varies from 10.6 to 45 mm/s
when the electrode width increases from 0.5 to 4.5 mm and
the gap is fixed as 2 mm. By using TENG and dielectrophoretic
(DEP) force, the self-powered system realizes various droplet
operations, including moving, splitting, merging, mixing, trans-
porting chemicals and reacting.

In conclusion, the EWOD-based DMF technology powered by
TENG can get rid of the traditional bulky power supply. The dro-
plets are driven by external mechanical stimuli complete the
delivery of chemicals for chemical reactions. Based on this tech-
nology, different potential applications can be developed,
including chemical delivery, biochemical analysis and wearable
sensors. Of course, more research is still needed to advance the
technology, including integration of self-powered devices, elec-
tric circuit design, multiple electrodes control as well as the opti-
mization of materials and structures.
EWOD based optical devices driven by TENG
Apart from the droplet actuation and DMF platforms, another
major application of EWOD is for optical devices, including
micro-lenses [122–125], fiber optics [126,127] and display tech-
nology [128–132]. Fig. 9 shows the working principle of the
EWOD display device (a) and EWOD based lenses (b). As for
the display device, the top and bottom plates are filled with
immiscible water and oil. As the solid/water interfacial tension
is greater than solid/oil, the dyed oil droplet spreads on the
hydrophobic surface initially. When an electric potential is
applied between the water and the electrode underneath the
hydrophobic coating, the water spreads and squeezes the oil dro-
plet to a side, allowing for the light transmission from the bot-
en enables renderings when the oil comes out (zero electric potential) and
ith permission [134]. Copyright 2015, Elsevier. (b) Schematic of EWOD based
r in the middle and the EWOD side walls, the prisms exhibit different liquid
2004, American Institute of Physics.
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tom to the top. By patterning the electrodes and water/oil array,
EWOD enabled display could be realized. In terms of liquid
lenses as shown in Fig. 9b, the EWOD devices are built as side
walls of a container. When injecting density matching immisci-
ble water and oil phases into the container, the droplet would
show a superhydrophobic CA on the side walls due to the greater
solid/water interfacial tension, as compared to the solid/oil. Sim-
ilarly, when an electric potential is applied between the water
droplet and the side walls, the droplet would spread to the solid
surface, together with the functions of oil/water interfacial ten-
sion, diverse shapes (e.g., rectangle, trapezoid and inverse trape-
zoid) of water could be achieved. Since the refractive indices of
the oil and water are different, the shape change of the water
phase could change the light path shining on the device. Accord-
ing to the requirement of diverse applications, the water shape
change could be employed for focal length control, beam steer-
ing, dynamic total internal reflection (TIF). As compared to the
conventional solid glass made optical devices, the EWOD
FIGURE 10

Applications of TENG powered tunable lenses. (a) 3D printed flexible triboele
Copyright 2019, Elsevier. (b) Schematic illustration of the self-powered EOS comp
can be changed upon loading the triboelectrification induced voltage, enabling
2019, Elsevier.
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enabled optical devices to provide benefits of dynamic control
and low power consumption. This technology has been commer-
cialized by de Laclarée etc. However, the high voltage required for
EWOD device operation presents challenges in terms of power
consumption and safety. TENG could be employed as a high-
voltage power supply for driving the optical devices [133]. The
TENG based power supply is attractive for outdoor display appli-
cations where the electrical connection is difficult. This section
reviews the devices on the TENG-driven EWOD based optical
devices.

Li et al. [95] designed a flexible TENG to drive an EWOD dis-
play device as shown in Fig. 10a. This TENG device was fabri-
cated by the direct ink writing (DIW) method. This study
selected fast-curing silicone elastomer as viscoelastic inks as
material for contact electrification. The TENG device works in
the vertical contact-separation mode and has an open-circuit
voltage of up to 124 V and a maximum power density of
608.5 mW/m2. Moreover, EWOD based display was tested with
ctric nanogenerator for EWOD display, Reproduced with permission [95].
rised of a FS-TENG and an ETULL. The interfacial curvature of the two liquids
the remote sensing function, Reproduced with permission [117]. Copyright
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the output voltage of TENG. A full-wave rectifier was used to con-
vert the alternating current generated by the TENG into a direct-
current signal. When the applied voltage can trigger EWOD phe-
nomenon, the blue oil inside the EWOD display device shrinks
to the corners of the pixels. At this time, the color of EWOD will
switch quickly, and the logo at the bottom can be clearly seen.
The above results indicate that TENG has excellent potential in
wearable electronic displays, mainly when both TENG and
EWOD devices are fabricated flexibly.

Wang et al. [117] proposed a self-powered EWOD optical
switch (EOS) by a combination of a freestanding sliding mode tri-
boelectric nanogenerator (FS-TENG) and an electrically tunable
liquid lens (ETULL) as shown in Fig. 10b. In this device, nitrile
and fluorinated ethylene propylene (FEP) film were chosen as
materials for triboelectrification. The device was fabricated with
a size of 7 cm � 14 cm. The ETULL was fabricated by a conduct-
ing fluid, an insulating oil and an acrylic cylindrical spacer as
well as two indium tin oxide (ITO) electrodes. The peak open-
circuit voltage of the FS-TENG reaches 3500 V and the voltage
drop of the ETULL is 1100 V. The measurement results illustrate
that the capacitance of the ETULL is around twice that of TENG.
Upon applying a voltage to the ETULL, the interface between
two liquids was bent due to the electrostatic force, forming an
insulating oil-based concave lens. Notably, this device structure
is different from that shown in Fig. 9b. This is because the elec-
trode for applying the electrostatic force was built on the top
and bottom walls of the ETULL, instead of on the side walls as
shown in Fig. 9b. Driven by the electrostatic force generated by
the high voltage of TENG, an insulating oil-based concave lens
with a maximum aspect ratio of 0.25 can be realized, which
could be employed for diverging the incident light. To verify
the effectiveness of the proposed self-powered EOS, a wireless
sensing system was built by the TENG powered ETULL system:
when mechanical energy (e.g., suspicious intrusion) is applied
to the TENG, the generated voltage will trigger the ETULL for
incident laser beam diverging. The divergence of the laser beam
could be employed to trigger an alarm. This electromechanical
optical signal conversion realizes wireless sensing and can be
applied to various fields such as human machine interface,
remote monitoring of infrastructure health, security detection,
and wireless smart keyboard.

Chen et al. [93] proposed a programmable compound prism
(PCP) powered by TENG for solar beam steering (Fig. 11a). By
employing a freestanding mode TENG made of FEP and copper
electrodes, the TENG could generate an open-circuit voltage of
up to 530 V (peak-to-peak signal). The output of TENG was con-
nected with an RC circuit for converting the AC signal into a DC
signal. By changing the resistance of the RC circuit, variable DC
output signals could be obtained for triggering the EWOD based
PCP. The PCP was fabricated with two pieces of EWOD glass
(glass substrate coated with ITO electrode and Teflon hydropho-
bic layer) and two pieces of bare glass to form a container. The
PCP was filled with DC 550 silicone oil, DI water and PMX 200
silicone oil, due to density matching, the DI water maintains sta-
bility between the DC 550 silicone oil and the PMX 200 silicone
oil. When connecting the variable DC signals from the TENG
and RC circuit to the side walls and DI water in the PCP, the
water shape could be modulated in a programmable manner.
Please cite this article in press as: J. Tan et al., Materials Today, (2022), https://doi.org/10.1
The shape of water was modulated as a trapezoid, rectangle,
and inverse trapezoid as shown in Fig. 11b. As the three immis-
cible liquids possess different refractive indices to the incident
light, the light path could be deflected during the shape change
of water. A maximum deflection angle range of 15� was achieved
in the TENG powered PCP, which is 38% greater than conven-
tional single prism with one pair of oil/water interface. The pro-
grammable light deflection property of the TENG powered PCP
could be employed for solar beam steering in concentration PV
applications: when the incident light beams are from different
orientations in the morning and afternoon, the PCP could
change its prism angle to deflect the light beam perpendicularly.
The proposed TENG-PCP was demonstrated to deflect an oblique
incident laser beam, and the perpendicular outgoing beam suc-
cessfully spots the multi-junction solar cell to boost the output
power from 0.088 mW to 1.288 mW by solar cell.

Fang et al. [118] developed a varifocal liquid lens based on
TENG (TVLL). The basic structure of the TVLL consists of a
freestanding-mode TENG and a varifocal liquid lens with a sand-
wich structure, in which the two electrodes of the TENG are
directly connected to the upper and lower electrodes of the liquid
lens (Fig. 11c). The liquid lens chamber's length, width, and
height are 10, 10, and 1 mm, respectively. Copper and fluori-
nated ethylene propylene (FEP) were selected as contact electrifi-
cation materials. At the same time, in order to strengthen the
output performance of TENG, the FEP films were inductively
coupled plasma (ICP) treated. The open-circuit voltage (VOC)
basically increases linearly from 0 to 7 kV as the sliding distance
of the TENG changes (0–180 mm). For the liquid lens,
polyphenylmethylsiloxane (PMSO) was selected as the optical
medium due to its unique attributes, such as a high transmit-
tance (over 90% to visible light), a slow evaporation rate, low vis-
cous resistance and excellent electrical insulation performance.
When a voltage is applied, a pressure difference is created inside
the liquid lens of DPS = rj, where DPS is the pressure difference, r
is the surface tension between air and the liquid, and j is the cur-
vature of the air–liquid interface. The performance of the pro-
posed TVLL is investigated in detail for different structural
parameters; when the electrode height/width ratio is 0.1 and
the volume of the optical medium in the liquid lens is 20 lL,
the focal length is modulated from �6 mm to infinity to 7 mm
by sliding the TENG. Furthermore, based on the precise modula-
tion effect of the TVLL on the beam, a triboelectric magnifier is
demonstrated, in which the magnification can be directly modu-
lated by sliding the triboelectric layer of the TENG. The TENG
powered TVLL was further demonstrated to change the focal
point of a laser beam.

In conclusion, the EWOD optical device powered by TENG is
mainly for research in display and tunable lens devices. The
researchers fabricated TENGs with diverse working modes to trig-
ger the EWOD effect to drive different optical devices for beam
steering in concentration photovoltaics, zoom lenses, magnify-
ing glasses, display etc. EWOD optical devices powered by TENG
can realize the independence from traditional high voltage
power supply, which is favorable in outdoor self-powered light
tracking, self-powered display, etc. The results shown above
prove that TENG-powered EWOD optics have broad application
scenarios. Furthermore, with the improvement of material prop-
13
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FIGURE 11

Applications of TENG powered tunable lenses. (a) Concept of the TENG-PCP beam steering system for concentrator photovoltaics (CPV) applications. The
output of TENG could be rectified and employed for modulating the oil/water/oil interfaces in the prism for beam steering, Reproduced with permission [93].
Copyright 2021, Elsevier. (b) The output performance of TENG and DC voltage signal on the PCP varying with the resistance of the RC circuit. Beam deflection
under TENG-PCP, Reproduced with permission [93]. Copyright 2021, Elsevier. (c) Performance of a TENG powered varifocal liquid lens (TVLL), Reproduced with
permission [118]. Copyright 2020, Nature Publishing Group.
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erties, TENG is expected to achieve larger output in a smaller size
[135], thus enabling the development and application of small-
scale, wearable and self-powered optical devices.

EWOD based emerging technologies driven by TENG
With the advantages of EWOD technology in microscale liquid
handling and the benefits of simple fabrication and low power
consumption, EWOD technology has also been applied to
diverse emerging technologies [136,137]. These technologies
could be classified into four categories, including the EWOD phe-
nomenon based anti-fogging, microfluidic valve, EWOD enabled
capillary propeller and other emerging technologies. The
schematics of the EWOD based droplet coalescence and anti-
fogging device are shown in Fig. 12a [138,139]. A planar EWOD
device with patterned electrodes is covered with randomly dis-
tributed tiny droplets (fog drops). When an AC electric signal is
connected with the neighboring electrodes, the EWOD phe-
nomenon is triggered and the wetting condition of the droplets
varies from hydrophobic to hydrophilic with time. During the
spreading process, the neighboring droplets easily coalesce and
form a larger merged droplet. When the merged droplet is great
enough, the droplet will slide off the glass with a greater gravita-
tional force as compared to the drag force. Bahadur et al. [140]
showed that heat transfer performance of condensed droplets
was significantly improved based on the AC EWOD induced dro-
plet coalescence and shedding. As shown in Fig. 12b, the device
could be employed as a valve when the EWOD phenomenon is
applied to a dielectric and hydrophobic material coated metal
mesh substrate. The droplet on top of the device stays above
the mesh EWOD substrate as the mesh size is delicate enough
without an electric potential. When an electric potential is
applied between the droplet and the hydrophobic coated mesh,
the wetting condition changes from hydrophobic to hydrophilic
and the droplet could penetrate to the bottom of the device. This
phenomenon enables the mesh EWOD device as a controllable
valve for microfluidic applications. Ainla et al. [89] used the prin-
ciple of EWOD to realize a high-speed response valve, which
requires low energy (�27 mJ per actuation), and works with vari-
ous aqueous solutions. As shown in Fig. 12c, the EWOD phe-
FIGURE 12

Schematic of EWOD enabled emerging technologies. (a) Schematic diagram of
permission [139]. Copyright 2020, American Institute of Physics. (b) Working prin
Wiley-VCH. (c) Schematic of an EWOD enabled capillary wave propeller, Reprod
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nomenon was employed for capillary propulsion of floating
objects. This configuration of EWOD device was achieved by
inserting an EWOD chip into a pool of water. The bulk water
in the pool serves as the droplet in a conventional EWOD config-
uration. When inserting an EWOD chip to the water pool, the
contact line shows a hydrophobic wetting condition without
an electric potential. When a high electric potential is applied
between the EWOD chip and the water, the wetting condition
changes and the contact line rises accordingly. When an AC elec-
tric signal is applied, the contact line oscillates between
hydrophobic and hydrophilic conditions, leading to the forma-
tion of a capillary wave at the air/water interface. The propaga-
tion of the capillary wave would apply a reaction force to the
EWOD chip which could be employed for propelling tiny float-
ing objects. This capillary propeller was proposed by Yuan et al.
[141] for propelling a light-weight boat on the water surface.
The EWOD based capillary wave propeller was further demon-
strated with functions of wireless propulsion [142] and large
amplitude curved propulsion [143]. These emerging EWOD
devices also require an external power source, so the research
on emerging EWOD devices powered by TENG are carried out
accordingly. This section will review the TENG-powered EWOD
devices for three emerging technologies including anti-fogging,
EWOD valve and capillary propeller.
Anti-fogging technology
In order to eliminate the high voltage power source requirement
in EWOD based anti-fogging applications, Tan et al. [96]. pro-
posed a method of using rotating TENG (RF-TENG) which is cap-
able of converting arbitrary mechanical energy into electricity to
drive an EWOD device to achieve anti-fogging purpose (Fig. 13a).
The materials for contact electrification are fluorinated ethylene
propylene (FEP) and nylon due to their high surface charge den-
sity. The RF-TENG could generate variable open-circuit voltage
(0.73–5.26 kV) and frequency (20–100 Hz) by changing the con-
tact area and the rotating speed of the rotor. EWOD anti-fogging
glass consists of interdigitated electrodes and a Teflon hydropho-
bic layer. In the experiment, the mechanism of droplet coales-
cence under AC EWOD was analyzed through the images
the EWOD enabled droplet coalescence and anti-fogging, Reproduced with
ciple of an EWOD valve, Reproduced with permission [89]. Copyright 2017,
uced with permission [141]. Copyright 2015, Springer.
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FIGURE 13

Applications of TENG powered EWOD based emerging technologies. (a) Schematic and performance of a TENG powered AC EWOD anti-fogging glass. When
external mechanical energy (e.g., wind) is converted into electric potential by RF-TENG, the fog droplets on the AC EWOD glass coalescence and shed off.
Reproduced with permission [96]. Copyright 2022, Elsevier. (b) A self-powered EWOD valve (SPEV) driven by an energy-harvesting triboelectric nanogenerator
(TENG), Reproduced with permission [97]. Copyright 2019, Wiley-VCH. (c) Concept of the aquatic TENG-Bot. The aquatic TENG-Bot is composed of a disc TENG
and one EWA. During operation, the rotation of the disc TENG transfers charges to the actuator and ground electrodes alternatively and generates capillary
waves for actuation, Reproduced with permission [94]. Copyright 2020, American Chemical Society.
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captured by a high-speed camera. The spreading and lateral
movement of droplets were triggered by the output signal from
RF-TENG. The coalescence and lateral movement of the droplets
16
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enable merging and sliding down of the merged droplets to
achieve anti-fogging performance. The experimental results
show that when the open-circuit voltage is greater than ± 1 kV
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and a frequency larger than 60 Hz is able to achieve a large dry
area fraction from 34% to 98% in a very short time (<0.5 s). In
order to characterize the light transmittance of the EWOD anti-
fogging glass, two samples were tested for transmittance. The
results indicate that the EWOD glass show a good visible light
transmittance, only 3% lower than the ordinary glass. For practi-
cal demonstration, the device was attached to the window of a
laboratory. The results show that the device could remove water
fogging on a laboratory window, allowing for the observation of
the vision outside by the TENG driven anti-fogging. Besides, the
devices achieved continuous anti-fogging performance for
repeated cycles. The TENG powered EWOD anti-fogging glass
shows superior features such as extremely fast response time,
good durability and no heat generation, as compared to the con-
ventional hot wind and hydrophilic patterning methods. This
study paves the way for utilizing renewable mechanical energy
(e.g., wind) for indoor anti-fogging.

EWOD based valve
Microfluidics and the miniaturization of biosensors have gained
increased interest as analytical tools for medical diagnostics,
[144] drug delivery, [145,146] and synthesis and biological appli-
cations [147]. These devices rely on a valve for effective flow con-
trol in microscale channels. The EWOD based valve combined
with the plasma-modified Teflon microfluidic guidance in con-
trolling continuous fluid flow has been demonstrated [148].
Since then, this technology has been studied intensively (e.g.,
Satoh et al. [149]). However, most of the previously reported
EWOD valves are usually triggered by an externally supplied volt-
age source of several hundreds of volts [150,151]. This limitation
is a key challenge in developing portable, compact and all-in-one
EWOD valves. In this context, Guo et al. [97] developed a self-
powered EWOD valve (SPEV) for precisely driving paper-based
microfluidic analysis, which is enabled by an energy-harvesting
TENG (Fig. 13b). They fabricated a TENG in contact separation
mode, which outputs a voltage of 380 V by collecting external
mechanical energy (much higher than the actuation voltage of
the SPEV �130 V). The structure of the EWOD valve is shown
in Fig. 13b. Once actuated, the EW valve can be instantly
switched on at a response time of 0.18 s, allowing liquid reagent
to flow through the valve. The SPEV can be used for simultane-
ous addition of multiple reagents in an enzyme-linked
immunosorbent assay on a paper-based microfluidic analytical
device (mPAD). This SPEV has the advantages of low cost, simple
operability, high response speed. Combining with mPADs, the
SPEV is suitable to be used in many other complex multi-
procedure assays, including enzyme linked immune sorbent
assay (ELISA), electrochemiluminescence (ECL), DNA detection,
water quality, environmental monitoring, etc.

Capillary propeller
It is known that DC triggered EWOD could modify the wetting of
aqueous solution from hydrophobic to hydrophilic constantly.
On the other hand, the pulsed or AC electric signal could realize
the oscillation of droplets periodically [152,153]. Apart from dro-
plet, the AC EWOD could induce oscillation of the contact line
of bulk water when an EWOD device is inserted. Mita et al.
[154] and Yuan et al. [141] proposed the AC EWOD capillary pro-
Please cite this article in press as: J. Tan et al., Materials Today, (2022), https://doi.org/10.1
peller. Similarly, this small capillary propeller also requires an
external power supply to drive. To address the above problems,
Jiang et al. [94] present a TENG powered EWOD actuator
(TENG-EWA) for aquatic microbots: the aquatic TENG-Bot
(Fig. 13c). The aquatic TENG-Bot consists of one freestanding
mode disc TENG, a floating part, and an EWOD actuator
(EWA). The TENG consists of a pair of copper electrodes ther-
mally deposited on an acrylic substrate, a commercial FEP (fluo-
rinated ethylene and propylene) film, and an acrylic cover. The
EWA is composed of a spin-coated and cured Teflon AF solution,
a wet-etched ITO (indium tin oxide)-coated PET sheet, and con-
nection wires. When TENG starts to work, the transferred tribo-
charges of a disc TENG alternatively modify the surface energy
of the EWOD actuator, yielding a capillary wave propagation.
The reaction force of the capillary wave actuates the microbot
on the water surface. An optical transparent microbot (weight
of 0.07 g, body length of 1 cm) was actuated forward at a maxi-
mum locomotion velocity of 1 cm/s. The proposed aquatic
TENG-Bot not only shows the potential of converting environ-
mental energy into actuation force for microbots but also reveals
advantages in optical, sonic, and infrared concealment.
Other applications of TENG powered EWOD devices
In addition, the TENG-driven EWOD droplet control also pro-
vides a new idea in the research of human wearable sensors. Shen
et al. [120] developed a wearable EWOD medium sensor for real-
time human sweat monitoring (Fig. 14a). Using TENG to collect
the mechanical energy of human motion, convert it into electri-
cal energy to power the EWOD device, and realize self-driven
human sweat collection and detection. The results of this study
demonstrate the application prospects of TENG-driven EWOD
devices in wearable self-powered devices. With the further
improvement of TENG technology, more self-powered wearable
devices are expected to be developed. EWOD is a versatile tech-
nique for controlling the liquid-wetting behavior of solid sur-
faces. Furthermore, Wang et al. [119] recently developed a
TENG-powered EWOD device that enables self-powered electro-
capillary filling and micro-molding, which allows for fabricating
the originally difficult-to-mold micro-structures in a handy way
(Fig. 14b). However, in the process of micro-machining, how to
realize the continuous and stable energy supply and precision
control of TENG. Compared with the traditional power source,
using TENG for EWOD micromachining, the advantages need
to be further verified. The above works expand the application
scope of TENG-driven EWOD devices. With the deepening of
research, more miniaturized, self-powered and wearable devices
will be developed and applied.

In conclusion, the above-mentioned emerging TENG-
powered EWOD technology greatly expands the application sce-
narios of this technology. The use of TENG power supplies can
free these emerging technologies from the dependence on tradi-
tional bulky power supplies, broadening the scope of these appli-
cations. The above work has confirmed that TENG-powered
EWOD devices can be applied to anti-fogging, EWOD valves,
capillary propeller, microfabrication and wearable sensor. Since
these technologies have just been developed, much in-depth
research is needed, including energy transfer control, optimiza-
17
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FIGURE 14

(a) Schematic illustration of a wearable droplet-based human sweat monitoring platform (WSMP) powered by TENG, Reproduced with permission [120].
Copyright 2022, Wiley-VCH. (b) Schematic illustration of the self-powered electrocapillary infilling and micromolding for fabricating microstructures,
Reproduced with permission [119]. Copyright 2022, Elsevier.
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tion of materials and structures and expansion of application
scenarios.
FIGURE 15

Perspectives of TENG powered EWOD devices towards self-powered liquid
actuators.
Summary and perspectives
In summary, recent advances in TENG powered EWOD devices
are systematically reviewed. It is seen that the TENG with
single-electrode, contact separation and freestanding working
modes are all suitable for driving the EWOD devices. As for
the EWOD devices, diverse applications including digital
microfluidics, tunable lenses, electronic display, anti-fogging
device, EWOD valve, and capillary propulsion have been
demonstrated to be powered by TENG. The combination of
the two technologies not only eliminates the requirement on
high-voltage power sources for EWOD, but also opens up
opportunities towards the self-powered liquid actuators for
more applications. In recent years, the rapid development of
TENG technology has boosted the research and development
on self-powered sensors, the TENG driven self-powered liquid
actuators are promising for more in-depth investigation. Since
actuators play important roles in robotics, optics, space technol-
ogy (surface tension dominated in microgravity environment),
material handling, automation, packaging, printing, solar pan-
els and many other applications which require precise motion
control (Fig. 15), the self-powered liquid actuators with the fea-
tures of high-voltage power source independency, portability
18

Please cite this article in press as: J. Tan et al., Materials Today, (2022), https://doi.org/10.1
and light-weight would make transformative changes to the
practical applications. On the other side, as the TENG devices
are moving towards a light-weight, high power density and
wearable way (Fig. 15), more exciting wearable and flexible
TENG powered EWOD devices (e.g., intelligent electronics and
health supervision) are foreseeable.

As diverse fancy applications had been demonstrated in the
TENG powered EWOD devices, one could find that this field is
far from mature in terms of both theoretical modelling as well
as experimental demonstration. Extensive and in-depth studies
are still needed to address the challenges of:
016/j.mattod.2022.07.009
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(1) Theoretical modelling: although the phenomenon of
using a TENG device for driving aqueous solution on an
EWOD device has been widely demonstrated, the theory
for modelling the energy conversion process and efficiency
is still not established. Theoretical modelling on the TENG
powered EWOD liquid actuator helps in-depth under-
standing the influencing factors to the device. This
requires more experimental observation as well as theoret-
ical modelling for correlating the charge transfer process
and fluid dynamics.

(2) Understanding the threshold voltage of TENG for EWOD
applications: It is known the traditional EWOD devices
require a voltage of tens to hundreds of volts to drive. How-
ever, the reported TENG powered EWOD device requires a
much higher voltage (as compared to commercial power
sources) to trigger the EWOD phenomenon. This makes
the voltage of TENG difficult to be fitted with the Young-
Lippmann equation. Since TENG works as a capacitive
power source, the relationship between contact angle mod-
ulation with the applied electrostatic energy should be
derived in a constant charge mode, instead of constant
voltage mode in conventional EWOD devices. More theo-
retical works for modelling this phenomenon should be
investigated in detail.

(3) Miniaturization and automation: Inspired by the require-
ment in robotics, advanced healthcare and intelligent elec-
tronics, the device miniaturization is highly desired. The
reported TENG powered EWOD devices are mainly based
on a bulky electric motor for TENG conversion. The devel-
opment of high-voltage, wearable and light-weight TENG
triggered liquid actuators towards practical applications
requires further study. This can be improved by improving
the energy utilization efficiency of TENGs, while further
optimizing the materials and structures under the premise
of satisfying the application. On the other hand, the elec-
trodes of EWOD devices are complex in some circum-
stances (e.g., tens to hundreds of electrodes in DMF
platform), properly designed control circuit for connecting
the TENG and EWOD towards automated devices is
desired.

Finally, with the development of material science, system
integration, and further exploration of EWOD applications, the
TENG driven self-powered liquid actuators will not only broaden
the physical understanding of a new type of devices, but also
contribute more efforts to diverse practical applications. In the
future, with the further clarification of the physical process of
TENG-driven EWOD, the miniaturization of equipment and
the substantial improvement of device reliability and stability,
TENG-powered EWOD devices are expected to be used in self-
driven sensing, wearable smart devices, and biomedical fields.
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