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ARTICLE INFO ABSTRACT

Keywords: Precise locating in underwater environment is essential for marine engineering and national security. However,
Triboelectric nanogenerator the current technologies usually suffer from energy and complexity issues. Here, a self-powered angle-resolved
Self-powered

triboelectric nanogenerator (AR-TENG) is proposed for underwater vibration detecting and locating in a simple
and energy-effective fashion. The AR-TENG is made of metal balls and an inverted conical unit consisting of
fluorinated ethylene propylene film and multiple sector-like electrodes, where each electrode corresponding to
one sensing channel. Each channel of AR-TENG can respond to low-frequency variations with linear electrical
outputs and a maximum power density of 1.28 pW-cm™2 at a load resistance of 200 MQ. Most importantly, the
output voltage ratio of two adjacent channels is only related to the vibration direction, endowing AR-TENG with
the capability of vibration direction recognition with an angle resolution of 15°. As a result, the underwater
vibration locating can be realized by simply intersecting the vibration directions respectively determined by two
AR-TENGs arranged in parallel, performing a locating accuracy of >95 %, assisted with a simple trigonometric
function and geometric relation. This new scheme is simple, effective and energy-autonomous, holding great
potential for various underwater applications.

Angle-resolved
Underwater localization
Marine engineering

1. Introduction

The internet of things in the context of the ocean has been emerging
with the development of ocean exploration [1-3], wherein underwater
localization technologies are expanded by leaps and bounds because
almost all underwater applications depend deeply on location infor-
mation [4-7]. The precise positioning technology represented by the
Global Position System (GPS) is very mature and widely used in
terrestrial scenarios. However, it loses efficacy in damp, dim and
changeable underwater environment as GPS signals do not propagate
through water [8,9]. The currently used methods for underwater
localization mainly include sonar, optical positioning technologies, and
electromagnetic positioning technologies [10-14]. Each of these

methods has its problems, including but not limited to poor environ-
mental friendliness, high system complexity, high energy consumption,
short endurance, and high cost. Thus, the development of a fresh strat-
egy to enable underwater detection and localization is highly desired.
Triboelectric nanogenerator (TENG) invented by Wang et al. in 2012
provides a novel paradigm for converting mechanical stimuli into
electrical energy by utilizing the coupling effect of contact electrifica-
tion and electrostatic induction [15-18]. With the merits of simple
configuration, light weight, wide material choice, low cost and easy
scalability [19-24], TENG has been applied to a myriad of fields, such as
self-powered sensing and energy harvesting [25-32]. In particular, as a
self-powered sensor, TENG can respond to vibration stimuli without any
external power supply, promising underwater vibration detection and
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localization in a simple and energy-autonomous way [33-35]. Accord-
ingly, Yu et al. demonstrated a self-powered acoustic sensor based on
organic film TENG to detect underwater targets at frequencies around
100 Hz [36]. Zhang et al. reported a cable-structured TENG network for
underwater monitoring, assisted with a specially designed signal pro-
cessing module [37]. Guan et al. presented an ultrasound-driven TENG
(UD-TENG) for underwater ultrasonic wave detection and sound source
localization [38]. Despite the thriving progress, the aforementioned
devices suffer from weak stability aggravated by high frequency vibra-
tion, complicated calculation, and limited accuracy.

In this work, a self-powered angle-resolved triboelectric nano-
generator (AR-TENG) is designed for the convenient and precise detec-
tion and localization of underwater vibration. The AR-TENG consists of
a number of metal balls and an inverted conical unit composed of
fluorinated ethylene propylene (FEP) film and multiple sector-like
electrodes, which are encapsulated in an acrylic ball. When stimulated
by external vibration, the metal balls move on the sensing unit, causing
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electrical signals to be output. A maximum power density of 1.28
pW-cm ™2 at a load resistance of 200 MQ is obtained at low-frequency
variations. The design of multiple sector-like electrodes endows the di-
rection recognition capability of AR-TENG, exhibiting an angle-resolved
resolution of 15°, which can be further improved at an expense of the
signal-to-noise ratio. The location of the underwater vibration source
can be simply determined by intersecting the vibration directions
respectively detected by two AR-TENGs arranged in parallel, performing
a relatively high accuracy rate of >95 % with the help of a simple
trigonometric function and geometric relation.

2. Results and discussion
2.1. Design and operation of AR-TENG

The application perspectives of underwater localization realized by
AR-TENGs are schematically shown in Fig. 1a. The sensor network
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Fig. 1. Design and operation of AR-TENG. (a) Conceptual diagram of the AR-TENG for underwater detection and location. (b) Structure diagram of the AR-TENG.
(c) The working principle of the AR-TENG and charge distribution in the workflow. (d) Simulation of the potential distribution of AR-TENG during normal operation.
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contains pairs of AR-TENGs and is installed in the underwater envi-
ronment. The vibrations caused by underwater vehicles, explosions and
so on drive the AR-TENGs, which convert the vibrations into electrical
signals. The electrical signals carry the location information of the vi-
bration source, and accordingly, the location of the vibration source can
be determined by data processing. Fig. 1b shows the structure diagram
of one representative AR-TENG, consisting of numerous metal balls and
an inverted conical unit composed of FEP film and multiple sector-like
electrodes, integrated inside an acrylic ball. Polyethylene glycol tere-
phthalate (PET) is chosen as the substrate that provides mechanical
support to the unit owing to its good mechanical strength and flexibility
[39,40]. The central circular electrode and the surrounding sector-like
electrodes are made of Cr and Ag, where Cr acts as an adhesive layer
[41]. The FEP film is used as the negative triboelectric layer due to its
good electron affinity [27,42]. The customized barriers consisting of
PET and Kapton are on the upper layer of FEP film, which can limit the
chaotic motion of metal balls between the adjacent sensing channels.
The fabrication process of AR-TENG is schematically shown in Fig. S1
and the specific parameters of every component are given in the
Experimental Section.

The angle-resolved capability of AR-TENG is enabled by the multiple
electrodes design, where each sector-like electrode corresponds to one
sensing channel. Each sensing channel has a relatively good output
uniformity (Fig. S2), and the serial numbers of each sensing channel are
shown in the lower left panel of Fig. 1b. The channel number is opti-
mized to be six, considering the balance between angle-resolved reso-
lution and signal-to-noise ratio (SNR) defined by the output voltage ratio
of two adjacent channels, as shown in Fig. S3-S4. The amount of metal
balls is also a vital factor that affects the output performance of AR-
TENG. Fig. S5 displays the performance comparison of AR-TENG with
different amounts of metal balls. The results show that increasing metal
balls could enhance the output voltage gradually. However, the SNR
decreases dramatically when the metal balls exceed to a certain extent
(180 balls) because the excessive metal balls would move disorderly
among the sensing channels.

The working principle of AR-TENG is illustrated in Fig. 1¢, where AR-
TENG works under freestanding mode with FEP film acting as the
freestanding layer. Briefly, the metal balls move on the FEP films upon
vibration, resulting in the metal balls carrying positive charges while the
FEP film becomes negatively charged due to their difference in electron
affiliation, as shown in Fig. 1¢(i). As the surface charges are the trapped
electrons in the potential well, they can maintain for a long time. With
the positively charged metal balls moving from the central electrode to
the right sector-like electrode, the negative charges are induced gradu-
ally on the right electrode. Due to the electrostatic potential, the flowing
of electrons results in the current in the circuit, which has the opposite
direction from the electron flowing, as shown in Fig. 1¢(ii). The current
could exist until the metal balls reach the right sensing channel totally,
as shown in Fig. 1e(iii). When the metal balls move back from the right
electrode to the central electrode, the direction of the electron flowing
and the current in the circuit have the opposite direction compared with
the former situation, as shown in Fig. 1c(iv). With the back-and-forth
motion of metal balls driven by the external vibration, the alternate
current signal would be generated in the circuit. The COMSOL multi-
physics software is used to stimulate the electrical potential distribution
at each part of the moving process of the metal balls, as shown in Fig. 1d.

2.2. Performances of AR-TENG

The output performances of AR-TENG to vibration stimulation are
systematically studied. In the measurement, AR-TENG is driven by a
linear motor with different program parameters to simulate external
vibrations (see Table S1 for program details). And only one sensing
channel is tested and displayed because all six channels have the same
structure and performance. The open-circuit voltages (Voc) and short-
circuit currents (Isc) of AR-TENG as a function of vibration amplitudes
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are shown in Fig. 2a and b, respectively, where the vibration amplitudes
change from 10 mm to 50 mm with an interval of 5 mm when the vi-
bration frequency is kept at 1.5 Hz. Both V¢ and Ig¢ gradually increase
as increasing the amplitudes owning to the sufficient motion of metal
balls on FEP. However, the Voc approaches to saturation when the
amplitude exceeds 45 mm because the metal balls will move back and
forth with no surplus charges transfer at a large vibration amplitude, as
indicated by Fig. S6. Fig. 2¢ exhibits the fitting curves of V¢ and Igc on
vibration amplitudes ranging from 15 mm to 40 mm, showing an
appropriate linear relationship. The dependence of Vo¢ and Igc on vi-
bration frequency is shown in Fig. 2d and e, respectively, where the
vibration frequency varies from 1.2 Hz to 2 Hz while the vibration
amplitude is fixed at 45 mm. It can be observed that the Vo is almost
constant at low-frequency vibration and decreases a little at relatively
high-frequency vibration because the contact between metal balls and
FEP film is not sufficient at relatively high vibration frequency. And the
change of transfer charges shows similar characteristics to that of Vg, as
shown in Fig. S7. The Is¢ increases monotonously with the increased
vibration frequency because of the accelerated charges transfer at higher
frequency, featuring a linear relationship (Fig. 2f).

The output voltages and currents of AR-TENG under different re-
sistances are tested as well, as shown in Fig. 2g. The output voltages rise
as the external load resistance increase, while the currents behave in the
opposite trend. The power density of AR-TENG, Py = (UxI)/(RxS),
where U and I are the voltage and current under the external load
resistance, R means the value of the external load resistance, S repre-
sents the area of the two sensing channels, reaches its peak value of
1.288 uW-cm 2 at a load resistance of 200 MQ, as shown in Fig. 2h.
Fig. 2i shows the response time of AR-TENG, with a value of around
180 ms. In addition, AR-TENG exhibits excellent stability, including
long-term stability and cycling stability. Fig. 2j indicates that the Vo¢
only has a slight attenuation after 2 months, which is recorded every 10
days. And Fig. 2k shows that AR-TENG can work well after 10,000 cycles
at a frequency of 1.5 Hz and an amplitude of 50 mm, guaranteeing AR-
TENG for long-term and continuous applications.

2.3. AR-TENG for vibration direction recognition

The most important characteristic of the AR-TENG is that it responds
differently to vibrations from different directions, which means AR-
TENG has the capability of direction recognition. Here, the direction
recognition test of AR-TENG is systematically studied. The device is
attached to the linear motor using a special fixture, as shown in Fig. 3a.
There are angle marks on the fixture, as shown in the inset of Fig. 3a, for
the convenient determination of vibration directions, which is defined as
the intersection angle between the direction of the linear motor motion
and the central axis of the measured sector-like sensing channels, as
shown in Fig. 3b, where the darkening channel is measured and a
representative intersection angle of 30° is presented. We gradually
increased the intersection angle from 0° to 360° with an interval of 15°
and measured the output voltages and currents at a vibration frequency
of 1.5 Hz and a vibration amplitude of 50 mm. The directional patterns
of voltage and current are shown in Fig. 3¢ and d, respectively, exhib-
iting a similar trend as the intersection angle increases. In terms of
voltage signals, the voltages at 0° and 180° directions reach the
maximum values because the measured sensing channel is aligned with
the vibration direction, in which the metal balls can almost completely
move from the central circular electrode to the measured sector-like
electrode. The minimum value of voltage appears at 90° and 270°,
where the measured sensing channel is perpendicular to the vibration
direction, with negligible metal balls passing through. Within each
quarter, the voltage gradually increases or decreases as the intersection
angle increases, depending on whether the measured sensing channel is
approaching or deviating from the vibration direction.

As the AR-TENG has six centrosymmetric sensing channels with each
channel occupied about 60°, there are always two opposite sensing
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Fig. 2. Electrical performance of AR-TENG. (a,b) V,. and I;. of AR-TENG under different vibration amplitudes at a fixed vibration frequency of 1.5 Hz. (c) The
fitted linear relationship of V,. and I on vibration amplitude. (d,e) V,. and I of AR-TENG under different vibration frequencies at a fixed vibration amplitude of
45 mm. (f) The fitted linear relationship between I, and vibration frequency. (g) The voltage and current outputs of AR-TENG with different external resistances. (h)
Dependence of the power density of AR-TENG on different external resistances. (i) Response time of AR-TENG. (j) The durability of AR-TENG, with a stable V.
output for 60 days. (k) Cyclic stability of AR-TENG, with a stable V,. output for over 10,000 cycles.

channels roughly located in the vibration direction for every increase of
60° in the intersection angle. Thus, we only need to investigate the
output signals from 0° to 60° for brevity. And the voltage signal is
selected here due to its fewer influence factors than the current signal.
As shown in Fig. 3e, the voltage has a linear dependence on the inter-
section angle ranging from 0° to 60°. However, the voltage signals will
vary greatly with different vibration amplitudes at the same intersection
angle, as shown in the solid line of Fig. 3f, indicating that it is not

feasible to judge vibration direction only based on the voltage signal of
one sensing channel because the voltage signals are affected by both
vibration direction and vibration amplitude. Therefore, an output vari-
able which only affected by vibration direction is needed. We measured
the output voltages of the sensing channel adjacent to the previous one
at different amplitudes and intersection angles, as shown in the dotted
line of Fig. 3f. The adjacent sensing channel is at the intersection angle of
0° when the previous sensing channel is at 60° due to symmetry. We
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Fig. 3. AR-TENG for vibration direction recognition. (a) The setup of angle-resolved measurement. (b) Schematic illustration of the change of intersection angle.
(c,d) The output patterns of voltage and current with different intersection angles. (e) The fitted linear relationship between the output voltage and the intersection
angle. (f) The output voltages of two adjacent sensing channels at different vibration amplitudes and intersection angles. (g) The ratio of the output voltages of the
two adjacent channels as a function of intersection angles at different vibration amplitudes. (h) The polynomial fitted line between the voltage ratio and the

intersection angles.

calculate the ratio of the output voltages of the two channels corre-
sponding to different intersection angles and display the result in Fig. 3g.
It can be found that the ratio remains stable at different vibration am-
plitudes, offering an ideal variable for vibration direction recognition.
Moreover, the ratio mentioned above is fitted by the polynomial, as
shown in Fig. 3h, from which the vibration direction can be concretely
determined by the conjunction of the measured voltages and the fitting
result.

2.4. AR-TENG for underwater vibration localization

The localization of underwater vibration source can be conducted
using a sensor array composed of two AR-TENGs arranged in parallel
with a certain distance, where each AR-TENG can work independently
to recognize the vibration direction. The intersection of two directions
determined respectively by the two AR-TENGs gives the location infor-
mation of the vibration source. The entire workflow is shown in Fig. 4a,

which mainly includes four steps: 1) The sensor array detects vibration
stimuli and generates corresponding electrical signals. 2) The electrical
signals are collected using the test system composed of an electrometer
and a computer server. 3) The vibration directions are obtained by
analyzing the collected electrical signals assisted with the fitting line. 4)
The vibration position is determined by intersecting the two vibration
directions.

To verify this method, six different vibration positions are examined
separately, and their coordinates are indicated in Fig. 4b. In addition,
the output voltages of AR-TENG at difference distances away from the
vibration source is also shown in Fig. S8. Taking position #1 (P1) as an
example, the corresponding voltage pattern of AR-TENG#1 and AR-
TENG#2 is shown in Fig. 4c and d, respectively, along with the dy-
namic distributions of metal balls upon vibrations simulated by the finite
element analysis (see Experimental Section for details). The Ch.2 and
Ch.5 of AR-TENG #1 generated much higher voltage than the other
channels with almost the same output voltage, meaning that the
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Fig. 4. AR-TENG for underwater vibration localization. (a) The workflow of underwater positioning using a sensor array consisting of two AR-TENGs. (b) The
schematic of the vibration positions to be measured in the work. (c,d) The voltage pattern of AR-TENG#1 and AR-TENG#2, respectively, along with the dynamic
distributions of metal balls upon vibrations simulated by the finite element analysis. (e) The location information of one representative vibration source calculated
with the help of trigonometric function and geometric relation. (f) The statistics of localization accuracy from several vibration positions.

vibration direction is roughly along the central axis of Ch.2 and Ch.5.
Nevertheless, the highest voltages appear in Ch.3 and Ch.6 for AR-TENG
#2, followed by the relatively high voltages in Ch.2 and Ch.5 and the
lowest voltages in Ch.1 and Ch.4. It means the vibration direction is
between two sets of sensing channels, Ch.3, Ch.6 and Ch.2, Ch.5, and
close to the central axis of Ch.3 and Ch.6. The voltage patterns and the

corresponding dynamic distributions of metal balls for other positions
are shown in Fig. S9 and Video S1. Afterward, the ratios of the voltage
signals of two adjacent channels (Ch.5 and Ch.4 of AR-TENG #1, Ch.6
and Ch.5 of AR-TENG #2) are calculated and the vibration directions
can be determined using the fitting line. And then the coordinate of the
vibration source can be simply calculated with the help of trigonometric
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function and geometric relation, as shown in Fig. 4e. The localization
results and accuracy statistics of P1 to P6 are summarized in Fig. 4f,
showing the locating accuracy is higher than 95 % for each position,
indicating that this proposed approach is robust and precise.
Supplementary material related to this article can be found online at
doi:10.1016/j.nanoen.2023.108392.

3. Conclusion

In summary, a self-powered and angle-resolved triboelectric nano-
generator is proposed and developed for underwater direction recogni-
tion and localization, exhibiting an angular resolution of 15° for
direction recognition and a high accuracy of more than 95 % for local-
ization. This proposed approach is simple, energy-efficient, robust and
low-cost, promising their implementation in multitudinous underwater
applications such as marine engineering and national security. Some
further analysis of array integration and structural optimization will be
studied in future work for higher angular recognition and extended
applications.

4. Experimental section
4.1. Fabrication of AR-TENG

The PET film with a thickness of 100 um was chosen to serve as the
substrate of AR-TENG. A layer of Kapton tape was stuck on the cleaned
PET substrate and then cut into the designed pattern by a lasing cutting
system (Universal PLS6.75). The patterned electrode composed of
10 nm Cr and 100 nm Ag was deposited on the substrate using magne-
tron sputtering, followed by the peel-off of Kapton tape. The wires were
led from each electrode and subsequently, a FEP film with a thickness of
40 um was covered on the entire surface. Then, an inverted conical
structure was constructed after cutting through the substrate along with
the radius between two adjacent channel electrodes. A layer of
customized barriers consisting of PET and Kapton was adhered to the
FEP film at a position between adjacent electrodes to limit the chaotic
motion of metal balls. The metal balls are made of brass, with a diameter
of 1.588 mm and an average mass of 0.0179 g. Then, the aforemen-
tioned structure was integrated inside an acrylic ball, sealed by epoxy
resin glue.

4.2. Characterizations

Electrical measurement of the TENG device: the linear motor (Lin-
Mot) was utilized to generate vibration. The electrical output (open-
circuit voltage, the short-circuit current, the transferred charges, and the
sensing electrical signals) of the device was measured by an electrometer
(Keithley 6514), a low-noise current preamplifier (Stanford Research
Systems SR570) and NI-DAQs (PCI-6259 and BNC-2110). The measuring
program was built through LabView software.

4.3. FEA simulations

The simulation of the motion behavior of the sensor subjected to
wave reaction was carried out in the commercial finite element software
Abaqus 2019. The parts other than the metal sphere were suitably
simplified considering the simulation purpose. Acrylic Shell and Inver-
ted cone TENGs were modeled as shells and the R3D4 (four-node ele-
ments with bilinear quadrilateral) mesh was used; the metal spheres
were modeled as solids and the C3D8R (eight-node brick elements with
reduced integration and enhanced hourglass stiffness) mesh. An accel-
eration field was set in the Field module to simulate the gravitational
force on the metal ball; a reference point was provided at the bottom of
the sensor to control its motion, and a Periodic Amplitude was set in the
Boundary module to simulate the sensor’s response to signal sensing.
The final solution was performed using Abaqus’ dynamics (Explicit)
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solver.
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