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Ship’s attitude information is of great significance for navigation safety, cargo handling monitoring, and
operation management. It is highly desired to develop an electromechanical integrated tilt sensor which
can work well under harsh environment. In this paper, a robust and self-powered tilt sensor based on
annular liquid-solid interfacing triboelectric nanogenerator (TENG) is to be proposed and systematically
investigated. The TENG tilt sensor is composed of an annular polytetrafluoroethylene (PTFE) tube with
copper electrodes segment disposed on the surface and the internal liquid which is encapsulated in PTFE
tube with no air bubble. Studies on electrode width and liquid type are conducted to reasonably design
the TENG sensor structure and improve its sensitivity. By conducting the durability test, the TENG tilt
sensor demonstrates stable output performance and high sensitivity characteristics in low-frequency and
low-amplitude inclination conditions. Moreover, the TENG tilt sensor hardly fails due to parts wear since
there are no moving parts in it. The advantage of durability, maintenance-free, and independent with
the external environment are highlighted in a harsh environment with high humidity, high salinity and
strong magnetic field. Therefore, the present TENG tilt sensor is of practical significance for improving
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the automation and intelligence of ships.

© 2020 Elsevier B.V. All rights reserved.

1. Introduction

It is of great significance for navigation safety, cargo handling
monitoring, and operation management by acquiring information
about the shipping conditions through sensor networks and infor-
mation sensing technology [1]. With the development of smart
ships, information sensing technology based on wireless sensor
networks has become an important way to achieve the above func-
tions. Large ocean-going vessels sailing in the ocean are always
swaying due to environmental factors such as wind wave and ocean
current, especially in rough sea conditions. Rough sea condition
poses a significant safety hazard to the ship’s operations[2]. The U.S.
Navy lists the tilt limit and sway frequency of ships in extremely
rough sea conditions in the ship motion and attitude standards, i.e.
+45° and 0.07~0.33 Hz [3]. If the ship’s movement posture can be
measured accurately, it must be of great significance to the safe
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navigation of ships, anti-rolling control, etc. [4]. Therefore, it is
important to obtain and save the ship’s attitude information in time.

Traditional tilt sensors are divided into mechanical sensors and
electronic sensors. Mechanical sensors are stable and low cost, such
as vertical gravitational pendulum sensors, horizontal gravitational
pendulum sensors. These sensors are usually used to detect the
tilt of a ship against aenhorizontal and vertical plan. Angle change
is obtained by manual observation of the instrument pointer, and
there are no electronic signals for indicating or alarming. Electronic
sensors have good sensitivity, but it can be affected by harsh condi-
tions such as high temperature, high pressure and magnetic fields
inside the ship [5-8]. Mechanical and electronic sensors are inde-
pendent of each other, which not only complicates the maintenance
process but also greatly increases the fabrication cost. The mainte-
nance work requires high professionalism for personnel, and crews
generally do not have this ability. Therefore, sensors with simple
structures and maintenance-free are more suitable for such occa-
sions. There still lacks of an electromechanical integrated tilt sensor
with high reliability and long service life. Therefore, a robust tilt
sensor and a sensing method are highly in demand as a ship atti-
tude sensing system which performance is independent of external
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environments and harsh sea conditions. It is necessary to research
a sensor with high reliability and capable of providing electronic
signals.

Recently, triboelectric nanogenerator (TENG) based on the cou-
pling of triboelectrification effect and electrostatic induction has
been developed for energy harvesting and sensing [9-17]. At
present, several triboelectric nanogenerators based on the liquid-
solid interfacing method in the contact and separation of the
polymer material and the liquid have been proposed [18-22]. Lin
et al. [23] studied the contact and separation of PTFE with water to
produce electrical energy. TENG is not only a new energy harvesting
technology but also a rich application in the field of self-powered
sensing, Zhang et al. [24] studied the application of U-tube tribo-
electric nanogenerator in pressure and flow rate sensors. Pan et al.
[25] studied the application of U-TENG in solution concentration
sensing. Other various types of TENGs have been developed for self-
powered sensors to detect the information of water wave, vibration,
pressure, acceleration, displacement, humidity, pulse, gas flow, etc.
[19,25-35].

In this paper, an annular liquid-solid interfacing triboelectric
nanogenerator is proposed as a ship attitude monitoring device. It
has the advantages of a more robust, self-powered, lower cost, and
simpler manufacturing process compared to the previous ship tilt
sensors. The influences of the electrode width and internal fluid
type on the output characteristics of the TENG tilt sensor are sys-
tematically investigated in this work. Charge transfer mechanism,
finite-element simulation of the potential distribution and output
characteristics of the TENG tilt sensor are analyzed in theory. The
tilt angle can be determined by the treated signal (dVpc/dt) of the
TENG tilt sensor, and tilt direction can be reflected by the posi-
tive and negative of its peak value. The advantage of durability,
maintenance-free,and independent with the external environment
are highlighted in a harsh environment with high humidity, high
salinity and strong magnetic field. By conducting the durability
test, the TENG tilt sensor demonstrates stable output performance
and high sensitivity characteristics in low-frequency and low-
amplitude inclination conditions.

2. Device fabrication and experimental setup
2.1. Device fabrication

The TENG tilt sensor is applied to monitor the attitude of the ship
as shown in Fig. 1a. The sensor is fixed on the horizontal platform
of the ocean-going vessel, which moves with the rolling and pitch-
ing of the ship. The structure and principle of the TENG tilt sensor
are shown in Fig. 1b. In the initial state, the sensor’s symmetry line
N is vertical. When the sensor is tilted, the angle formed between
the symmetry line N, and the vertical line Ny is defined as «. The
angle corresponding to the arc length of the liquid flowing in the
tube is the same as the angle «. By judging the arc length through
which the internal liquid flows, the tilt angle « can be calculated.
Besides,the fabrication of the TENG tilt sensor is shown in Fig. 1c.
The TENG tilt sensor is composed of a circular polytetrafluoroethy-
lene (PTFE) tube with a copper metal electrodes segment disposed
on the surface. The diameter of the circular PTFE tube, which is
an outer diameter of 6mm and an inner diameter of 5 mm. The
6 mm diameter of PTFE annular is chosen concerning the work of
Pan et al. [25]. The large diameter of the annular had a relatively
poor output performance because of the better fluidity, which will
make it difficult for water to fill the cross-sectional area of the
PTFE annular, and the free surface is formed that can make the
electric signal unstable. A smaller electrode and larger diameter
of the annular can result in the high resolution of the TENG tilt
sensor.
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According to the results of Niu et al. [36], the voltage V for the
dielectric-to-dielectric sliding-mode TENG can be estimated by,

V:oa)len(l_IVt) 1)

here o is the surface charge density, w is the inherent parameters
of water that affect the output performance, [ is the arc length of
the blank. v is the velocity. As the frequency of the tilt sensor is set
to 0.25 Hz, the large blank region and width of the electrode result
in the high velocity and low voltage signal. In order to improve the
resolution of the sensor and the convenience of processing, a 2 mm
electrode and a 200 mm diameter of the PTFE annular are used to
fabricate the TENG tilt sensor. The length of the blank tube region
with the unattached electrode at the lower end of the tilt sensor
is 12 mm. The internal fluid is encapsulated in a PTFE tube with
no air bubble, the length of the internal fluid is 12 mm, as shown
in Fig. 1c (ii). The presence of bubbles can result in discontinuity
of the electric signals as the air bubbles cannot induce the charge
transfer. The effective method to eliminate the air bubbles is to
tilt the sensor at a certain angle when filling the liquid into the
tube. The filling speed should be controlled, the injector and PTFE
tube contacts together. The internal liquid maintains good fluidity
in order to sense changes in tilt angle in real-time, and no bubbles in
a low frequency as ship tilt frequency is low. The copper electrode
is distributed symmetrically on the left and right along the PTFE
tube, as shown in Fig. 1c (iii). Each copper electrode is connected
to a wire. The left electrode wires are connected, and the same
connecting method for the right wires, as shown in Fig. 1c (iv). It
can be concluded that the TENG tilt sensor hardly fails due to parts
wear since there are no moving parts in it.

2.2. Experiment setup

The experimental apparatus is shown in Fig. 2. The system con-
sists of a swing test bench, TENG tilt sensor, electrometer and data
acquisition (DAQ) board. The electrodes are connected to the elec-
trometer (Keithley 6514) through copper wire. The electric signals
are transferred to a data acquisition (DAQ) board (National Instru-
ments, DAQ-9174) for acquisition. The open circuit voltage (Voc),
short circuit current (Isc), and transferred charge (Qsc) signals are
shown and saved in LabView® based computer. The computer is
used to control the tilt angle of the swing table through a controller.
The TENG tilt sensor is fixed on the base plate of the swing test
bench as shown in Fig. 2.

3. Results and discussion
3.1. Working principle

A schematic diagram of the charge distribution of TENG tilt
sensor is shown in Fig. 3a, which is similar to the liquid-solid
freestanding TENG [9]. When the TENG tilt sensor is balanced in
a horizontal position, there is no potential difference between the
two-sided electrodes Fig. 3a(ii). The water flows down the right col-
umn and flows upward along the left column, the excess water on
the left side carries a positive charge, repelling the positive charge
of the copper electrode, thereby electron transfer is achieved in
an external circuit to balance the polarization charge distribution
caused by the motion of liquid, as shown in Fig. 3a(i). Subsequently,
the reversed flowing of the water leads to a reversed transfer of
electrons through the external circuit. The COMSOL Multiphysics
software based on finite-element simulation is employed to cal-
culate the potential distribution across the distributed electrodes
at different states, as shown in Fig. 3b. The potential distribution
is clearly displayed that the liquid column flows through the elec-
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Fig. 1. Schematic design of the TENG tilt sensor. (a) schematic diagram of TENG tilt sensor applied to ship attitude sensing; (b) structure and principle of the TENG tilt sensor;

(c) the fabrication process of TENG tilt sensor.
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Fig. 2. TENG tilt sensor experimental apparatus.

trode position, causing the surrounding potential to increase, which
in turn forms an electron transfer in the external circuit.

The PTFE always has a fixed amount of negative charges on its
surface since PTFE material is electret.The transferred charge is pri-
marily caused by electron transfer, and ion transfer is a minority
effect according to the results of Nie et al. [37]. As the concentration
of ions in the water increases, ions accumulate on the liquid-solid
interface to create a screen effect, thereby reducing electron trans-
fer. Furthermore, there is an obvious charge transfer between oil
and PTFE that proves that the transferred charge can be gener-
ated without ions. This further illustrates the existence of electron

transfer in liquid-solid contact-electrification. When the internal
liquid contacts the surface of the PTFE tube, there are only traces
of hydrogen ions and hydroxide ions in pure water due to the elec-
tron transfer dominates the generation of contact electrification
charges [38]. Positive charges in pure water are transferred to get
close to the PTFE surface, and some hydrogen ions and hydroxide
ions are also adsorbed on the PTFE surface, as shown in Fig. 3c. Elec-
tron transfer is adominating effect of this liquid-solid electrification
process. As ion concentration increases, the ion adsorption on the
PTFE hinders electron transfer and results in the suppression of the
transferred to charge amount. lons can interfere with the process of
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Fig. 3. Working principle of the TENG tilt sensor. (a) Schematic diagram of charge distribution of TENG tilt sensor. (b) Finite-element simulation of the potential distribution
of the TENG tilt sensor under different tilt status. (c) Schematic diagram of the mechanism of contact electrification between water and PTFE material.

electron transfer by the screening effect. Some ions can be adsorbed
on the PTFE surface due to electrostatic force. Electron transfer and
hydrogen ion adsorption occur simultaneously, but a high concen-
tration of hydrogen ions is adsorbed on the surface of the PTFE to
suppress electron transfer between the water molecules and the
PTFE.

The effect of pure water, tap water, salt solution on the TENG
tilt sensor output signal is studied as depicted is Fig. 4. A swing
test bench, the tilting angle of which covers -20 to 20 degrees
is used to simulate the swing motion of the TENG tilt sensor on
board as shown in Fig. 4a. It is interesting to find that the peak volt-
age decreases dramatically as using NaCl solution with the salinity
5mgmL-! as depicted in Fig. 4b. Similar results are found in the
tested current and transferred charge as shown in Fig. 4c and d. The
ions in the liquid lead to the rapid reduction of the output signal of
TENG tilt sensor. A larger output signal is beneficial to improve the
sensitivity of the sensor. Therefore, pure water is adopted as the
internal fluid of TENG tilt sensor for the current work. The ship’s
attitude change is a slow process under normal circumstances, and
the mass of the liquid column in the tube is 5 g. Therefore, the iner-
tial of the liquid in the tube is very small, and the impact on the
sensor is negligible.

The relationship between the tilt angle and the internal liquid
column conversion is shown in Fig. 1b, the diameter of the annular
tube is defined as D, the stroke of the one-sided liquid column is
AH. Thus, the tilt angle « can be obtained approximately by the
following relations:

o = 360AH/7D# (2)

As long as the position of the electrode contacted with the
internal liquid column is determined when it is tilted, AH can be
determined, and then the tilt angle can be obtained. When the inter-
nal fluid flows from E; to E5 as shown in Fig. 5a and b, and its output
voltage signal is shown in Fig. 5¢c and d. The green part shows the
signal that the internal liquid flowing through the electrode when
the TENG tilts to the left. The grey portion refers to the signal at
which the internal liquid flowing through the electrode when the

TENG returns to the original position. The transferred charge has an
opposite trend to the open circuit voltage according to the theory of
triboelectric nanogenerator, but has almost the same signal charac-
teristics as the signal slope at the electrode is larger compared to the
blank position, as shown in Fig. 5e and f. The change of open circuit
voltage and transferred charge has the same tendency for different
width of the electrode. When the internal fluid increases from the
Eq to E3, the treated signal (d Vpc/dt) of the TENG tilt sensor are
shown in Fig. 5g and h. By reducing the electrode width, more peak
signals can be detected in the same time interval, which is benefi-
cial to improve the sensitivity of the TENG tilt sensor. Fig. 5h shows
that three peak signals can be found in 1's, which is verified that the
TENG tilt sensor with a narrow electrode has higher sensitivity. In
addition, it can be concluded that the real-time tilt angle « can be
obtained from the AH value at different points of time. Experimen-
tal results show that the slope of the Vp¢ and Qgc increases, while
the peak value of the Isc and d Vgc/dt occurs when the liquid col-
umn reaches the electrode position of the TENG tilt sensor. When
the liquid column reaches the gap position between the electrodes,
the slope of the Vpc and Qsc is smaller than that generated by the
liquid column flowing through the electrodes. Therefore, the num-
ber of peaks of the d Vpc/dt curve can be used to determine the
position of the liquid column in the annular tube, and further to
calculate the AH. The tilt angle can be calculated by Eq. (2). The
diameter (D) of the annular is 200 mm. When the electrode width
is 2 mm, the calculation error is about 1.72 according to Eq. (2) i.e.
o +1.72°. Positive and negative of the peak value can be used to
determine the movement direction of the liquid column or the tilt
direction. Similar results can be found when the internal liquid col-
umn flows through position B for different electrode width of the
TENG tilt sensor as shown in Fig. S1.To improve the resolution of
the sensor and the convenience of processing, a 2 mm electrode
and a 200 mm diameter of the PTFE annular are used to fabricate
the TENG tilt sensor.

The TENG can be treated as an ideal voltage source and an
internal capacitor connected in series. For the TENG tilt sensor
with multiple electrodes, the open circuit voltage Vpoc gradually
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Fig. 4. The output performance of the TENG tilt sensor. (a) schematic of the experimental apparatus of the TENG tilt sensor; (b) open circuit voltage; (c) short circuit current;

(d) transferred charge of the TENG tilt sensor with different type of liquid in it.

increases when the internal liquid flows from the bottom to another
electrode, the V¢ can be determined as follows,

Voc = Voce + Vocy = Y Ve, + Y Ve o
i J

where Vo is the open circuit voltage, Vo, is the induced voltage
for internal fluid flowing over the i th bottom electrode region, and
Vocyp is the induced voltage for internal fluid flowing over the j th
blank region between a pair of neighboring bottom electrodes.

The performance of the TENG tilt sensor is further investigated
when the internal fluid suddenly stops at a specific position. By
controlling the start and stop of the swing test bench, the internal
liquid passes through the electrode and is stationary for 2 s in the
electrode blank area, its output signal is shown in Fig. S2. It can be
found that when the internal liquid passes through the electrode,
Voc and Qs rise and fall obviously according to Eq. (3), and the
peak value of the Is¢c and d V¢ /dt occurs. When the internal liquid
retains in the electrode gap, Voc and Qsc keep constant, the value
of Isc is zero, and the d V¢/dt value is nearly constant zero, which
can be used as a reference for tilting status at rest.

3.2. Application and outlook of the TENG tilt sensor

The application of TENG tilt sensor for ship attitude sensing is
shown in Fig. 6a. The TENG tilt sensor is installed vertically in the
ship model and the center is on the longitudinal section of the ship
model. The real-time ship tilt angle can be reflected by a voltage sig-
nal as shown in Fig. 6b. Four electrodes and three electrode gaps are
contacted with the internal liquid column. Fourteen feature points
can be obtained during the rolling of the ship, and the tilt angles
of the fourteen feature points are calculated separately by Eq. (3).
The real-time ship tilt angle obtained by the TENG tilt sensor and a
commercial sensor are compared, and they agree well as depicted

in Fig. 6¢. The model of the commercial tilt sensoris WIT BWT901CL.
The device output voltage is consistent in 5 days as shown in Fig. 6d,
implying that the device is durable. A tilting monitoring system will
be developed for indicating the real-time ship attitude. When the
internal fluid flows through an electrode, the LED for indicating the
corresponding angle is lit, which can be used as a tilt alarm system
in many areas. When the inclination of the ship exceeds the dan-
gerous value, the visualization system can trigger an alarm device
to notify the crew to adjust the attitude of the ship or abandon
the ship for life-saving. In addition, the annular closed structure
makes the internal liquid isolated from the external environment,
the performance of the sensor cannot be affected by environmental
factors such as temperature and humidity, which makes it have the
characteristics of robust and longer-lasting.

4. Conclusion

In summary, a robust and self-powered tilt sensor based
on annular liquid-solid interfacing triboelectric nanogenerator
(TENG), which has the outstanding characteristics of self-powered
and robust has been proposed and systematically studied, and it
can be used to monitor the real-time tilt information of ships,
ocean platforms and other special ocean equipment. In particular,
self-powered and robust characteristics are the advantages of the
TENG tilt sensor. By conducting performance test experiments, a
structure-optimized TENG tilt sensor with an electrode width of
2 mm and pure water as the internal fluid has been developed. The
Voc and Qsc are found increasing with the growth of the tilt angle.
Meanwhile, the peak value of d V¢ [dt and Isc occurs when the
liquid column flows through the electrode attached on the tube.
Significantly, the positive and negative of the peak value of d V¢ /dt
can be used to determine the tilt direction of the ship. Moreover, the
TENG tilt sensor is sensitive to low-frequency and low-amplitude
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Fig. 5. The output characteristics of the TENG tilt sensor with different electrode width. Schematic diagram of TENG tilt sensor (a) with the electrode width of 5mm; (b)
with the electrode width of 2 mm; output voltage signal when the internal fluid increases from E; to E3 (c) with the electrode width of 5 mm; (d) with the electrode width
of 2 mm; output transferred charge (Qsc) signal when the internal fluid increases from E; to E; (e) with the electrode width of 5 mm; (f) with the electrode width of 2 mm;
the dVoc/dt of the TENG tilt sensor when the internal fluid increases from E; to E3 (g) with the electrode width of 5 mm; (h) with the electrode width of 2 mm.

inclination. More importantly, the TENG tilt sensor can hardly be
affected by the external environment due to its specific structure,
which verified the robustness of TENG tilt sensor. This study fur-
ther expands the application of self-powered sensors by proposing
a TENG tilt sensor and takes another important step in monitoring
the tilt information of ship.
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