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ABSTRACT: Aquatic microbots have drawn great research
interest due to the demands in aquatic environmental
monitoring, inspection, and con�ned space exploration.
Current actuation methods heavily rely on mechanical motion
powered by large-amplitude and high-frequency sources, which
limit the applications with portability and concealment
requirements. Herein we propose a triboelectric nanogenerator
(TENG)-enabled electrowetting-on-dielectric (EWOD) actua-
tor (TENG-EWA) for aquatic microbots. 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. The characteristics of the TENG induced capillary wave are analyzed experimentally and modeled
theoretically. An optical transparent microbot (weight of 0.07 g, body length of 1 cm) was actuated forward at a maximum
locomotion velocity of 1 cm/s. Diverse locomotion functions are demonstrated: with a load of 3 times to the robot net weight,
in seawater, at a silicone-oil/deionized water interface. Besides, the locomotion of the microbot was demonstrated by a wind-
driven TENG, and a good concealment performance was achieved under infrared camera and decibel meter. The proposed
aquatic TENG-Bot not only shows the potential of converting environmental energy into actuation force for microbots but
also reveals advantages in optical, sonic, and infrared concealment.
KEYWORDS: triboelectric nanogenerator, two-phase �ow, capillary wave, EWOD, self-powered actuator, aquatic robot

Aquatic microbots draw increasing attention due to their
potential in the applications of water environment
monitoring,1 inspection,2 and exploration of con�ned

spaces.3 The actuation of the aquatic microrobots is of great
importance since it not only determines the locomotion
performance but also poses challenges to the power supply
system. Piezoelectric,4 dielectric elastomer,5 hydrogel,6 and DC
motors7 are typically employed by aquatic microrobots to
achieve swimming motion on the water surface. However,
these actuators face two common challenges. The �rst
challenge originates from the requirement of a large-amplitude
and high-frequency power source. The typical working voltage
for these actuators ranges from several hundreds to thousands
of volts and frequency up to several kilohertz. The usage of the
speci�c high-voltage and high-frequency electric power sources
not only increases the investment but also limits the
applicability in portable and wild environments. A self-powered
or ambient environmental energy powered aquatic microrobot
is highly desired. Another challenge of the current actuators is

the complex electronics on the microbot including batteries,
controls, logics, �aps,8 legs,9 or tails to achieve a coordinated
swimming motion. Even though these electronics have been
signi�cantly optimized, the size of the reported microbots3,8�11

is still up to �1 cm in length and �0.1 g in weight. A larger-
sized microbot is easier to be detected optically when
concealment is taken into consideration by the applications.
Furthermore, the mechanical motion of the current actuators
induces heat and noise generation, which is also undesirable
for sonic and infrared concealment. A lightweight and simple
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thickness, �LV is the air�water interfacial tension, and Veff is the
e�ective potential di�erence between the ground and actuator
electrodes, which is determined by the Voc of disc TENG and
actuator electrode width w. Once the contact angle is reduced,
the contact line moves upward and a disturbance is induced at
the air/water interface. When the FEP �lm rotates to the
middle of the positive and negative copper electrodes again
(stage <III>), the potential di�erence between ground and
actuator electrodes vanishes. With the gravitational and
capillary forces, the contact line recovers and the contact
angle increases again. At stage <IV>, the free electrons are
pushed to the actuator electrode and another potential
di�erence is established, which leads to the second disturbance
in water. If the FEP �lm keeps rotating along the disc TENG, a
cycle from stage <I> to <IV> will be repeated. The
disturbances in water form a capillary wave traversing against
the actuator. The capillary wave exerts momentum to the
actuator, and this is the origin of the actuation force. The
variations of potential di�erence and contact angle of these
stages could be found from the Voc and contact angle plots.

A disc TENG with a diameter of 20 cm is assembled with
one pair of positive and negative electrodes, and each electrode
has a half-circle shape. The gap between the electrodes is 2
mm. A half-circle-shaped FEP �lm (20 cm in diameter and 50
�m in thickness) is stuck to the acrylic cover. The FEP �lm is
driven by a step motor at a speed of 120 rpm, yielding a
frequency ( f TENG) of 2 Hz in the output Voc signal. The peak-
to-peak open-circuit voltage of the disc TENG is �520 V

(Figure 2c) and short-circuit current is �5 �A (Figure 2d).
According to eq 1, the Voc is the key e�ect that determines the
actuation performance since the EWA possesses a comparable
internal resistance to the TENG. It is noteworthy that this
output performance is based on a commercial FEP �lm
without any optimization. A larger open-circuit voltage or the
same open-circuit voltage achieved by a much smaller TENG
size can be expected with proper optimization methods on
FEP. By connecting this voltage signal to an actuator with a
width of 2 cm, a capillary wave is generated and captured by a
high-speed camera at 2000 fps. The actuator is �xed to the side
wall of an acrylic water container �lled with DI water. As
shown in Figure 2b, the contact line is in the middle of the air
and water phases. At the moment of T = 0 ms, the Voc is 0 and
the initial contact angle is �110°. At the moment of T = 2.5
ms, the output voltage signal of the disc TENG applies to the
actuator electrode and the onset of the contact line rise is
observed. At the moment of T = 125 ms, the Voc reaches a
peak (260 V) and the contact angle reduces to the minimum
value of �52°. The contact line rises to the highest point. From
Figure 2b (T = 125 ms) the wave amplitude can be
characterized by subtracting the highest contact line position
by the initial contact line position. The captured high-speed
video of the disc TENG induced capillary wave (one cycle, 0.5
s) could be found from Supplementary Movie 1. The
propagation of the capillary wave agrees with the �ow pattern
of Stokes drift where a back-and-forth circle orbital can be
observed.24 The Stokes drift velocity can be represented by

Figure 2. (a) Working mechanism of the TENG-EWA at di�erent time steps. (b) Sequential snapshots of wave propagation induced by the
TENG-EWA (Voc = 520 V, f TENG = 2 Hz, actuator electrode width w = 2 cm, Te�on AF thickness t = 1 �m). The green dashed square shows
the onset of contact line rise at the moment of 2.5 ms. (c) Open-circuit voltage of the disc TENG. (d) Short-circuit current of the disc
TENG.
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udrift = k�a2 e2kz, and this velocity is important for determining
the actuation force of the TENG-EWA. In the equation, udrift is
the time-averaged drift velocity, k is the wavenumber, � is the
angular frequency, a is the amplitude of the capillary wave, and
z is the vertical position from the free surface.

Performance of the TENG-CWA. The parameters
a�ecting the performance of the actuators are varied to pursue
the best actuation performance. The e�ect of Te�on AF layer
thickness is �rstly evaluated. In this test, the Voc, f TENG, and the
actuator electrode width w are set as 520 V, 2 Hz, and 2 cm,
respectively. The 10% Te�on AF solution was spin-coated with
rotation speeds of 1000, 3000, 5000, and 7000 rpm, yielding
thicknesses of 3.8, 2.2, 1.6, and 1 �m after curing. As shown in
Figure 3a, the blue curve was obtained by eq 1, and the dots
are measured by the high-speed camera captured image with
the postprocessing software ImageJ. It is seen that the modi�ed
contact angle increases with the increase of Te�on thickness.
This is due to the fact that the water contact line modulation
on the actuator is achieved by electrostatic force which is
inversely proportional to the distance (Te�on AF thickness)
between the tribo-charges and the position to be measured.
Another parameter determining the performance of the
TENG-EWA is the actuator electrode width. In this test, the
Voc, f TENG, and Te�on AF thickness t are kept as 520 V, 2 Hz,
and 1 �m. As shown in Figure 3b, with the increase of the
actuator electrode width, the modi�ed contact angle increases.
This is because when the disc TENG output is �xed, the total
amount of tribo-charges transferred to the actuator electrodes
would be the same. An increase in the actuator electrode width
leads to a reduced charge density on the Te�on AF layer and
less contact line modulation. To model the e�ect of the
actuator electrode width w, an e�ective voltage is de�ned as
Veff = Voc/(pw). In which p is a constant with a unit of 1/m and
the value from curve �tting is 291. A detailed relationship

between Voc and Veff can be found in Figure S1 in the
Supporting Information.

In order to quantify the actuation force of the TENG-EWA,
the average wave amplitude a�is important, and the relationship
between the modi�ed contact angle and a�is derived. As shown
in the inset of Figure 3c, when the contact angle is modi�ed by
the tribo-charges from disc TENG, the wave amplitude could
be attained by subtracting the modi�ed contact line from the
initial contact line. The average wave amplitude can be
estimated as

a
a dL

L
f

L
( )

L
i0 min

� �
� = �

(2)

where L is the length that the capillary wave propagates and ai
is an in�nitesimal wave amplitude. f(�min) is a function of
modi�ed contact angle, and the complete expression can be
found from the Supporting Information. It is seen from Figure
3c that the average wave amplitude drops linearly with the
increase of the modi�ed contact angle �min. With the
momentum theorem, an actuation force model is presented
in eq 3.

F
mu

t
t

act
drif=

� (3)

where �t is the duration of the applied actuation force and m is
the mass of water that is disturbed. This mass can be estimated
by the wave propagation length L, average wave amplitude a�,
actuator electrode width w, and the density of water �. The
drift velocity at the free surface (z = 0) can be expressed as udrift
= k�a2. The wavenumber k can be estimated by the gravity�
capillary wave dispersion relation.25 As the contact angle varies
with the square of the Voc signal (eq 1), there exist two peaks
in wave oscillation during one cycle of the Voc signal. The wave
angular frequency could be represented by � = 4�f TENG. The

Figure 3. (a) E�ect of Te�on layer thickness on the modi�ed contact angle. (b) E�ect of actuator electrode width on the modi�ed contact
angle. (c) Relationship between the modi�ed contact angle and average wave amplitude. (d) Relationship between the actuation force and
average wave amplitude. (e, f) E�ects of Voc and f TENG on the actuation force.

ACS Nano www.acsnano.org Article

https://dx.doi.org/10.1021/acsnano.0c05901
ACS Nano 2020, 14, 15394�15402

15397

https://pubs.acs.org/doi/10.1021/acsnano.0c05901?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.0c05901?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.0c05901?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.0c05901?fig=fig3&ref=pdf
www.acsnano.org?ref=pdf
https://dx.doi.org/10.1021/acsnano.0c05901?ref=pdf


disturbed water (with a mass of m) is assumed to oscillate at an
average wave amplitude a�. Now the actuation force can be
represented by eq 4, and the relationship between the
actuation force (Fact) and the a�ecting parameters Voc, f TENG,
�max, �min, w, and t can be analyzed:

F f wL k a16 ( )act
2

TENG
2 3� �= � (4)

From eq 4, the actuation force Fact is found to be proportional
to the third power of the average wave amplitude, and an
agreement between the model prediction and experimental
results is achieved as shown in Figure 3d. The inset of Figure
3d presents the schematic of force measurement by an optical
method with force balance. The details of the actuation force
measurement could be found from Figure S5 in the Supporting
Information.

Substituting eqs 1 and 2, the expression of e�ective voltage
Veff, and the expression of Stokes drift velocity at the free
surface into eq 4, the relationship between the actuation force
and Voc of the disc TENG can be established. To verify this
relationship, diverse sizes of TENGs with diameters of 10, 14,
17.5, 20, and 22.5 cm were prepared and yielded Voc values of
�130, 260, 390, 520, and 650 V. An actuator with a width w of
2 cm and Te�on AF thickness of 1 �m was used for the test.
The frequency was set as 2 Hz. For the disc TENGs with Voc
between 130 and 520 V, the actuation forces agree well with
the theoretical prediction as shown in Figure 3e. When the Voc

increases to 650 V, the measured actuation force deviates from
the predicted value, and this is due to the contact angle
saturation. As shown in eq 4, the actuation force is
proportional to the square of the disc TENG frequency.
However, the experimental data deviate from the model when
the frequency exceeds 5 Hz. This is mainly due to the fact that
the average wave amplitude decreases when the frequency
increases. As presented in the Supplementary Movie 1, the
contact line receding process takes longer (175 ms) as
compared to the advancing process (75 ms). Such a long
receding duration is not enough for the contact line to return
to the initial hydrophobic position when the frequency
increases. The contact line oscillates in a narrower contact
angle range and leads to the reduction of the average wave
amplitude. The relationship of the average wave amplitude is
measured at various frequencies (Figure S6 in Supporting
Information), and the curve �tting relationship between
average wave amplitude and frequency is substituted into eq
4. As shown by the dashed line in Figure 3f, the predicted
actuation force with the frequency-dependent wave amplitude
matches the measured actuation force well.

Locomotion of the Aquatic TENG-Bot. In this section,
the locomotion of the aquatic TENG-Bot in DI water is �rstly
presented. The Voc and f TENG are varied to show their e�ects
on the locomotion velocity. Figure 4a shows a single
microbot’s (0.07 g in weight) locomotion in a container �lled
with DI water. The actuation electrode was connected to the

Figure 4. Locomotion of the aquatic TENG-Bot in DI water. (a) Locomotion of single bot in DI water at a maximum velocity of 1 cm/s. (b)
Locomotion of the microbot with a maximum load (three times the bare microbot) in DI water. (c) Locomotion of triple bots in DI water.
(d) E�ects of Voc of the TENG on the locomotion velocity. (e) E�ects of f TENG and load weight on the locomotion velocity.
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TENG with a 25 �m nickel wire for reducing the strain. By
switching on the disc TENG, a 520 V and 20 Hz output signal
is generated, and the bare microbot was actuated forward at a
maximum locomotion velocity of 1 cm/s (�1 BL/s). Details of
the microbot actuation can be found in Figure 4a and
Supplementary Movie 2. The e�ects of the Voc on the single
microbot locomotion are presented in Figure 4d ( f TENG kept
as 20 Hz). It is seen that a single aquatic TENG-Bot can be
actuated when the Voc is �130 V at a velocity of 0.2 cm/s. The
locomotion velocity saturates when the Voc reaches 520 V, and
this result agrees with the trend of actuation force as shown in
Figure 3e. The 520 V and 20 Hz TENG output signal is further
employed for the locomotion of triple bots simultaneously. As
shown in Figure 4c, the three microbots move at an average
velocity of �0.3 cm/s (Supplementary Movie 3). The e�ects of
Voc on the triple bots’ locomotion are shown in Figure 4d. It is
seen that the locomotion velocity of the triple bots is much
lower than the single bot. This is due to the reduction in
transferred charge density on each actuator and the decreased
wave amplitude which is responsible for actuation force. The
locomotion performance of the aquatic TENG-Bot with partial
and maximum loads is shown in Figure 4b and e. In Figure 4b,
a load made from commercial copper tape with a weight of
0.21 g (three times the net bot’s weight) is stuck to the �oating
part of the aquatic TENG-Bot. The velocity decreases to �0.29
cm/s at the TENG output of 520 V and 20 Hz
(Supplementary Movie 4), and the reduction in velocity is
due to the increased drag force induced by the larger contact
area when loads are applied. As shown in Figure 4e, the
increase of load weight reduces the locomotion velocity. The
increase in the f TENG from 2 to 5 Hz promotes the velocity
signi�cantly. The locomotion velocity saturates when the
frequency further increases above 10 Hz, which agrees well
with the actuation force trend in Figure 3f.

The locomotion function of the presented aquatic TENG-
Bot is also demonstrated in seawater, as shown in Figure 5a
and Supplementary Movie 5. The output of the TENG is kept

as 520 V and 20 Hz. The seawater was collected from the coast
of Heishijiao Park (121.565677E, 38.875297N) in Dalian,
China. The seawater was used as collected. The salt
concentration is �30 wt %, and a locomotion velocity of
0.21 cm/s was achieved. The decreased locomotion velocity in
seawater is due to the ions’ induced wave amplitude reduction.
When salts are added to the DI water, the electrical
conductivity of the solution increases due to the large number
of freely moving ions in the water, and the electrical
conductivity of the solution increases with the concentration
of the added salt. The freely moving ions would be easily
attracted by the transferred tribo-charges. On the contrary, this
part of the compensated tribo-charges contributes less to the
electrostatic force for modifying the water contact line. In
order to quantify the e�ects of di�erent ions, the locomotion
performance of the aquatic TENG-Bot in salt water was further
tested. As shown in Figure 5c, the addition of three types of
salts including NaCl, MgCl2, and KCl with concentrations of
0�1 mol/L causes an adverse e�ect on the microbot’s
locomotion. When 1 mol/L NaCl was added to DI water,
the locomotion velocity drops to around 0.1 cm/s. In 1 mol/L
KCl and MgCl2 solution, the aquatic microbot moves at a
velocity of 0.8 and 0.9 cm/s. The di�erence induced by salt
type could be attributed to the electronegativity of ions as well
as the contact angle variation when ions exist. A low-
electronegativity cation is preferred to adsorb F� groups on
the Te�on AF surface.26 The electronegativities of the cations
Na+, K+, and Mg2+ are 0.9, 0.82, and 1.16, indicating that Mg2+

is the least preferred to adsorb F� groups on Te�on, thus
yielding the least reduction in the locomotion velocity. The
electronegativities of Na+ and K+ are comparable, and the
reason for the most reduction of locomotion velocity in NaCl
could be attributed to a slight reduction of contact angle of the
high-concentration NaCl solution on a hydrophobic surface.27

A reduced initial contact angle narrows down the maximum
range of contact line modulation, thus generating a weaker
actuation force. The performance of the aquatic microbot at

Figure 5. Locomotion of the aquatic TENG-Bot in diverse working environments. (a) Locomotion in seawater (collected from Heishijiao
Park, 121.565677 E, 38.875297 N, Dalian, China) at a velocity of 0.21 cm/s. (b) Locomotion of the microbot at the silicone-oil/DI water
interface at a velocity of 0.4 cm/s. (c) E�ects of ion type and concentration on the locomotion velocity. (d) Locomotion under an IR camera
and decibel meter. The red dashed square represents the location of the microbot under the noise test, and the yellow dashed squares
represent the initial and �nal positions of the microbot under the IR camera test.
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