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Real-time monitoring in marine structures is vital to prevent maritime accidents. In this study, a highly-
stretchable rope-like triboelectric nanogenerator (R-TENG) is proposed and investigated to monitor the me-
chanical loads of marine structures. The designed R-TENG is composed of outer latex tube and inner silicone
rubber core. A series of experiments reveal that the voltage output of the R-TENG increases linearly with the
strain in the elastic region of 140%. In addition, the R-TENG can also respond well to other mechanical stimuli

such as bending and pressing. More importantly, the electrical output of the R-TENG can remain almost constant
even under 93% humidity atmosphere. Finally, the R-TENG has been successfully demonstrated in monitoring
the typical mechanical loads in marine structures, including stretching, colliding and bending. Therefore, this R-
TENG can be utilized as an alternative sensor to realize the self-powered monitoring in marine structures.

1. Introduction

Marine structures such as offshore platforms and ships play an
important role in offshore oil and gas exploitation [1,2]. Marine struc-
tures are subject to the harsh ocean environments during the whole
operation period [3]. They need to withstand the periodic wave, wind
and other risky loads such as storms or accidental collisions [1,4,5]. The
chronic exposure to these loads will result in damage or even destruction
of the marine structures [6,7]. Marine structure health monitoring is
devoted to monitoring various mechanical deformations caused by
external loads such as the stretching [8-11], shocking [12-15] and
bending [16,17]. Therefore, monitoring in marine structures is neces-
sary to determine the structure safety and predict the residual lifetime
[1,18,19].

Up until now, the conventional visual inspection has been still the
main method to assess the state of the marine structures [20]. Even
though the operators adopt other nondestructive testing methods such
as the ultrasonic approach, X-rays and so on, the accuracy of these
methods is heavily dependent on the skill and experience of operators. In
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addition, it is extremely dangerous and inconvenient for the operators to
perform examination on the sea, especially under harsh sea conditions.
The sensing technology is a promising approach to realize the contin-
uous structure monitoring which is crucial to reduce the inspection cost
[21-23]. Among various sensors, optical fiber sensors is considered as a
prospective solution in the structure monitoring on observation of their
small volume, high accuracy, and anti-electromagnetic interference [1,
4,24]. Researchers have adopted optical fiber sensors to monitor the
marine structures [4,25-27]. However, as the optical fiber sensor re-
quests continuous external power supply, mainly the batteries, the
regular inspection and replacement is needed, which interrupts the
continuous monitoring process.

Recently, triboelectric nanogenerator (TENG) has attracted the in-
terest of many researchers due to its excellent performance in self-
powered sensing in different fields. The TENG can realize the self-
powered sensing by converting the mechanical energy in the environ-
ment into the electrical energy to acquire energy independence [28].
Owing to its low cost, a wide range of materials, and great flexibility,
TENG has been extensively studied for applications in sensing the
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Fig. 1. Application scenario and the structural features of the R-TENG. (a) Application of the R-TENG in marine structure monitoring, including monitoring in (a, i)
mooring rope, (a, ii) marine pipeline, (a, iii) platform legs; (b) Structure schematic of the R-TENG; (c) SEM images of latex tube; (d) Fabrication procedures of the R-
TENG; Photographs of the R-TENG under (e) stretching, (f) bending, (g) knotting and (h) enwinding state.

vibration [29-31], water level [32-35], angle [36,37], pressure
[38-43], sound [44,45] and human motion [46-51]. However, applying
TENG to marine structure monitoring is still accompanied by several
challenges. Firstly, conventional planar structure is not suitable for the
large deformation which the structure and the function may be damaged
under the large deformation [52-54]. Besides, the marine structures are
exposed to the humid atmosphere while the output performance of
TENG is affected seriously by the moisture [55-58]. Thus, the existence
of these factors poses a great challenge for the application of TENG in the
marine structure monitoring.

In the present study, a highly-stretchable, rope-like triboelectric
nanogenerator is proposed as an attractive alternative for self-powered
monitoring in marine structures. The designed rope-like TENG (R-
TENG) is composed of a highly-elastic latex tube and silicone rubber
core as the outer tube and inner core, respectively. Due to the effective
combination of structure and material, a series of outstanding charac-
teristics are achieved including the high stretchability, high flexibility
and humidity resisting. The electrical output of the R-TENG increases
linearly with the increase of strain within 140% elastic strain region.
Besides, the R-TENG is also sensitive to other mechanical stimuli
including bending and pressing. Furthermore, according to the test re-
sults, the R-TENG has good adaptability to high humidity environment.
Finally, the present study successfully demonstrates various applications
of the R-TENG for real-time monitoring in marine structures, including
monitoring of mooring system, platform collision and the bending load.
It is believed that our work provides a promising method in the real-time
and self-powered monitoring in marine structures.

2. Results and discussion
2.1. Structures and working principle

A schematic diagram of the R-TENG for monitoring the condition of
the marine structure, such as the platform and supply vessel, is shown in

Fig. 1a. The R-TENG can realize the monitoring in various types of
mechanical load including the stretching load exerted on the mooring

ropes, the bending load of the marine pipeline and the colliding load
acting on the legs of platforms, as shown in Fig. 1a (i-iii). The rope-like
structure of the R-TENG makes it easier to deploy on the nonplanar
surface of marine structures. The structure schematic of the R-TENG,
which is composed of a latex tube and a silicone rubber core with a
commercial steel spring inserted inside as the electrode, is shown in
Fig. 1b. The Scanning Electron Microscope (SEM) images of the surface
morphology is shown in Fig. S1. The latex tube is chosen as the outer
tube due to its high flexibility and the composition of the latex tube is
shown in Table S1, which is in the supplementary materials. Fig. 1c
shows the SEM image of the surface morphology of the latex tube at 1 ym
magnification. The nanoparticle structure represents that there is larger
specific area on the surface which is helpful to enhance the voltage
output [49,50]. As depicted in Fig. 1d, the fabricating process of the
R-TENG can be mainly divided into three steps. The silicone rubber core
is fabricated through the injection molding technology. Firstly, the
liquid silicone rubber is injected into the acrylic mold, and the steel
spring is inserted into the liquid silicone rubber. Then, the cured silicone
rubber is demolded from the acrylic mold. Finally, the silicone rubber
core is inserted into the latex tube (Detailed fabrication process is
described in Experimental Section). Thanks to the novel structure design
and material selection, the R-TENG exhibits excellent flexibility, which
can be seen in Fig. le-h, the R-TENG can endure various mechanical
deformation such as stretching, bending, knotting and enwinding.

The stiffness constant of the inner silicone rubber core (2.74 N/cm) is
much larger than that of the outer latex tube (1.24 N/cm), which means
the silicone rubber core to be harder to stretch. As for stretching the R-
TENG, the latex is stretched instead of stretching the outer latex tube and
the silicone rubber core together. Thus, the stretchability of the R-TENG
is mainly determined by the latex tube. As illustrated in Fig. 2a, the R-
TENG can be stretched up to 200% owing to the outstanding stretch-
ability of the latex tube, where A represents the tensile strain. To further
study the stretchability of the R-TENG, the tensile force under different
strain is investigated. The R-TENG reaches its elastic limit at the 140%
tensile strain as indicated in Fig. 2b. In the elastic range of the R-TENG,
the tensile force is proportional to the strains, following the formula
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Fig. 2. Tensile behavior and working principle of the R-TENG. Photographs of the R-TENG at (a, i) original state, (a, ii) A = 1, and (a, iii) A = 2; (b) Tensile force of
the R-TENG under different strain; (c) Working principle of the R-TENG (The cross-section perpendicular to the axial direction is chosen); (d) Potential simulation

results by COMSOL.

below:

F = kAL =kAH, (€D)]

where F, k, AL and Hy represent the tensile force exerted on the R-TENG,
stiffness constant, tensile elongation and the length of the R-TENG at the
original state, respectively.

The R-TENG works in the single electrode mode. The working prin-
ciple of the R-TENG is based on the coupling effect of contact electrifi-
cation and electrostatic induction. As demonstrated in Fig. 2c, the cross-
section that perpendicular to axial direction is displayed to show the
working principle of the R-TENG. A cycle of stretching-releasing motion
can be simplified as a contact-separation process between the outer latex
tube and the inner silicone rubber core. In the initial state, as the latex
tube is stretched, the surface of inner silicone rubber core contacts with
the latex tube in which the negative charges and positive charges are
induced respectively due to the electronegativity difference between the
two materials, as shown in Fig. 2¢ (i). It is noted that the accumulated
charges will not disappear due to the properties of the insulating

polymers even if the separation process occurs [59]. When the latex tube
is released, its surface separated from the inner silicone rubber, as
indicated in Fig. 2c (ii). The electrons will flow from the steel spring to
the ground due to the electrostatic induction effect. Thus, the positive
charges will be induced in the electrode. As the gap between the latex
tube and the silicone rubber increases furtherly, the transferred charges
reach the peak value, which is shown in Fig. 2¢ (iii). Then, as the
stretching process starts again, the electrons flow back to the steel spring
from the ground showing in Fig. 2¢ (iv). Therefore, the periodical tensile
force exerted on the R-TENG can produce the alternating electrical
current in the external circuit. The working principle proposed above
can also be verified through the simulation results of the electrostatic
field distribution using the COMSOL Multiphysics software, as depicted
in Fig. 2d.

The contact electrification is a key effect for the principle of the R-
TENG. An atomic scale electron cloud model [60] is built to express the
process of the charge transferring from the latex to silicone rubber, as
shown in Fig. S2. When the atoms of the two materials far from each
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Fig. 3. Electrical output performance of the R-TENG under the stretching state. (a) V., (b) Qs, and (c) I, of the R-TENG under various strain at the fixed frequency of
1 Hz; The relationships between V,,. and (d) strain and (e) tensile force; The output (f) V,,, (8) Qs and (h) I, at various frequency under the fixed strain of 80%; (i) The

durability of the R-TENG tested for 5000 times under the strain of 100%.

other, there is no overlapping between the two atoms, and they stay in
their own orbitals. As the latex tube contacts with the silicone rubber,
their electron clouds overlap strongly resulting in the decreasing of the
interatomic potential barrier. Under this condition, in order to balance
the potential difference between the latex and silicone rubber, the
electrons that occupying higher orbits transferred to the empty orbits.
After the latex separated from the silicone rubber, the positive charges
and negative charges will be maintained in the surface of latex and sil-
icone rubber respectively.

2.2. Performance of the R-TENG

To investigate the electrical output performance of the R-TENG
under the stretching state, an alternating tensile force is exerted on the
R-TENG through a linear motor, which is one part of the detailed testing
system displayed in Fig. S3. On basis of the working principle, the strain
and stretching frequency are two main factors related to the output
performance of the R-TENG. The influence of strain on the output per-
formance of the R-TENG is investigated with the fixed stretching fre-
quency of 1 Hz and the initial R-TENG length of 100 mm. For testing the
performance of the R-TENG as a tensile force sensor, the strain from 10%
to 140% is chosen where the tensile force of the R-TENG increases lin-
early with the strain. As shown in Fig. 3a—c, the open-circuit voltage
(Voo), the short-circuit current (I) and the short-circuit transferred
charge (Qs) increase from 2.5 V to 20 V, 2 to 25 nA and 0.8 nC to 6 nC
respectively as the strain increases from 10% to 140%.

Through further analysis, the relationship between V,. and the strain
is investigated as shown in Fig. 3d and the correlation coefficient rea-
ches 0.995 after correlation analysis, which reveals a linear correlation
between these two parameters. According to the theory of single-
electrode TENG, the voltage output of the R-TENG can be expressed as
[61]:

Voc = kquc (2)
where kg is the correlation factor. Therefore, both the theoretical and
experimental analysis, Qs is linearly proportional to the strain of the R-
TENG as well as the voltage, and the relationship between Qs and strain
can be seen in Fig. S4. A further possible explanation is that the con-
tacting force between the outer tube and inner core increases as
stretching the R-TENG. And the gap between the nanoparticle on the
surface (as indicated in Fig. 1d) is fulfilled, leading to the effective
contact area increasing between the two surface [62,63], thus increasing
Qs In addition, Fig. 3e shows there is also a high correlation coefficient
of 0.996 between the voltage and the tensile force, which shows the
potential of the R-TENG in sensing the tensile force as well. Moreover,
the relationship between the electrical output of the R-TENG and the
stretching frequency is investigated with the strain of 80%. As the
stretching frequency increases from 0.5 Hz to 2 Hz, V,. and Q,. almost
remain constant while I, rises from 14.9 nA to 46.6 nA, see Fig. 3f-h. To
verify the robustness of the R-TENG, the durability of the R-TENG is
tested and the result is depicted in Fig. 3i. It is demonstrated that a
negligible change is observed in the voltage output after 5000
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Fig. 4. Electrical output performance of the R-TENG under bending and pressing state. (a) V,. of the R-TENG under various bending angles; (b) Relationship between
V,. and the bending angle; (c) Schematic of the R-TENG under the pressing state; (d) V,. of the R-TENG with different pressing force; (e) V,. of the R-TENG with
various pressing frequencies; (f) V,. of one to four R-TENGs connecting in parallel; (g) V, of the R-TENG in different humidity; (h) Durability of the R-TENG tested for

3000 cycles under the pressing force of 18 N.

continuous stretching cycles under 100% strain.

Moreover, the R-TENG also shows good performance in responding
to other mechanical stimuli, such as bending and pressing, due to its
unique design. As illustrated in Fig. 4a, the dependence of the V,, and
the bending angle is investigated and V,, of the R-TENG increases from
0.8 V to 4.8 V with the bending angle increasing from 45° to 180°. This
is mainly because the increase of the bending angle results in larger
contact area between the outer tube and inner silicone rubber core.
Therefore, the R-TENG has the potential to be a self-powered angle
sensor due to its high correlation coefficient of 0.998 between the
voltage output and bending angle as shown in Fig. 4b.

To explore the electrical output of the R-TENG under the state of
pressing, an integral linear motor with pressure feedback control system
is deployed. The working mechanism of the R-TENG is displayed in
Fig. 4c, the outer tube contacts with the surface of the inner core when
exerting the pressing force on the R-TENG resulting in the generation of
the positive and negative charges on the two surfaces respectively. As
depicted in Fig. 4d, it is noticed that different sensitivity is achieved
under different force range. In the force region of 1-18 N, the R-TENG
exhibits relatively high sensitivity of 0.84 V/N, while relative low
sensitivity of 0.038 V/N in the force region of 18-50 N. The main reason
for the different sensitivity in different force range is that the increasing
force leads to contacting area change disparately between the outer tube
and inner core. When the pressing force is larger than 18 N, the

deformation of the silicone rubber core is restricted by the steel spring
electrode, contributing to the slow change in contacting area, so as to the
smaller variation of voltage output. Fig. 4e shows the V,. almost remains
constant at 18.4 V as the pressing frequency increasing from 0.5 Hz to
3 Hz with the pressing force of 18 N, exhibiting the stable output with
the same pressing force. Besides, as the number of the R-TENG in par-
allel is increased from 1 to 4, V, rises from 6.6 V to 29.3 V under the
pressing force of 4 N, as illustrated in Fig. 4f. This represents the ability
to meet the high output requirement by the way of array.

More importantly, because of the high humidity at sea, the influence
of the humidity on the electrical output performance of the R-TENG is
studied. As shown in Fig. 4g, V,. remains almost unchanged even at the
93% humidity indicating that the R-TENG can work in high humidity
atmosphere. In addition, for testing the perdurability of the R-TENG,
long term output performance test is carried out, as shown in Fig. 4h,
even after 3000 times pressing testing (at frequency of 2 Hz, pressing
force of 18 N), the R-TENG remains a stable voltage output and the
signal curve has no significantly change (see the inset of Fig. 4h) that
indicating the good working stability of the R-TENG at the pressing
status.

2.3. Demonstration of the R-TENG

The real-time monitoring in the marine structures is vital for
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Fig. 5. Demonstration of the R-TENG in monitoring the marine structures. (a) Work flow of the marine structure monitoring system; (b) Image and (c) real-time
signal of the R-TENG applied to monitor the mooring system; (d) Image and (e) real-time signal of the R-TENG applied to monitor the collision around platform
legs; (f) Image and (g) real-time signal of the R-TENG applied to monitor the bending load of marine pipeline.

preventing the accident resulting from the structural damage over time.
Various mechanical loads including stretching, colliding and bending
load may act on the marine structures, which need to be monitored.
Fig. 5a shows the work flow of the marine monitoring system, in which
the R-TENG is used in sensing different mechanical loads. The electrical
signal generated by the R-TENG is transmitted to the voltage measure-
ment device, and then an alarm signal will be triggered and delivered if
the voltage exceeds the threshold value. In a similar manner, the ap-
plications of the R-TENG in monitoring the mooring system, platform
collision and bending load are demonstrated in Fig. 5b, d and f,
respectively.

As overload is a deterministic cause for the breaking of the mooring

rope, the real-time monitoring in the mooring rope status (to ensure the
tensile force in the safe zone) is essential to avoid the occurrence of the
mooring rope broken accidents. Fig. 5b shows the image of the R-TENG
installed on the side of the ship model. The oscillating of the ship model
leads to the alternating stretching and releasing of the mooring rope
made by the R-TENG. The program and interface of the monitoring is
built through the LABVIEW software, as depicted in the inset of Fig. 5b.
Fig. 5c shows the electrical signal of the R-TENG during the monitoring
process that larger tensile force exerted on the R-TENG results in larger
signal peak. As the instantaneous value of the signal exceeds the
threshold value (such as 6 V), the alarm indicator will be activated (see
Supplementary Movie 1).
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Supplementary material related to this article can be found online at
doi:10.1016/j.nanoen.2022.106926.

Another scenario depicts the occasional collision between the supply
vessel and the platform, which is quite inevitable during the vessel
oscillation, and threatens the safety of the vessel and the platform. The
R-TENG is deployed on the leg of the platform model to test the per-
formance in monitoring the collisions, as illustrated in Fig. 5d. The real-
time signal of the collision is shown in Fig. 5e. It can be seen that every
single peak of the signal indicates the occurrence of one collision. And
the alarm light shows that the severe collision will be triggered after the
voltage exceeds the threshold (such as 2 V), also see Supplementary
Movie 2.

Supplementary material related to this article can be found online at
doi:10.1016/j.nanoen.2022.106926.

The marine pipelines are important parts of the offshore structures
which undertake the task of underwater oil and gas transportation.
However, the pipelines are subjected to the water wave resulting in the
bending deformation. Fatigue failure may occur over time. Thus, the
real-time monitoring in the bending load is vital for preventing the
occurrence of the failure. The present R-TENG, as shown in Fig. 5g and
Supplementary Movie 3, is fixed in the red tube of the platform model
and exhibits good performance in monitoring the bending load of the
platform. The demonstration shows the potential of the R-TENG in
monitoring the bending load of the marine structures.

Supplementary material related to this article can be found online at
doi:10.1016/j.nanoen.2022.106926.

Based on the test above, the R-TENG has successfully demonstrated
the applicability in monitoring various mechanical loads, and different
signal characteristics are exhibited under different kinds of mechanical
load. More importantly, the R-TENG exhibits excellent reliability during
the whole working process, even when it completely exposes in the
water environment. Therefore, the R-TENG shows its enormous poten-
tial in practical application.

3. Conclusion

The present study has proposed a highly stretchable, flexible and
self-powered triboelectric nanogenerator for marine structure moni-
toring. The rope-like TENG is well designed considering the actual
application scenario, and composed of the outer latex tube and inner
silicone rubber core with the steel spring inserted inside as the electrode.
Due to the high elasticity of the latex tube, the voltage output of the R-
TENG increases linearly with the strain ratio in the 140% elastic region.
In addition, the R-TENG performs well in responding to bending and
pressing stimuli. The R-TENG exhibits the sensitivity of 0.84 V/N and
0.038 V/N in the low force region and high force region, respectively. In
particular, it is noticed that R-TENG performs well even at 93% hu-
midity atmosphere. Finally, the R-TENG has been successfully demon-
strated in monitoring various loads, including mooring rope, collision
between ship and platform, and bending of the marine pipelines. This
work has provided a promising way to realize the real-time monitoring
in the marine structure, so as to achieve a safer marine environment.

4. Experimental section
4.1. Preparation of the R-TENG

For the design of R-TENG, a medical latex tube and the silicone
rubber (Ecoflex 00-20) are chosen as the two dielectric layers. The inner
core of the R-TENG is made through the injection molding technology.
Firstly, the base and curing agent is evenly mixed in a volume ratio of
1:1. Then, the mixture is injected into the column mold with the length
of 100 mm and inner diameter of 5 mm. A steel spring is inserted in the
mixture before it is cured. Then the silicone rubber is curing at room
temperature. The curing silicone rubber is removed from the mold.
Finally, the entire silicone rubber is installed in a latex tube with the

Nano Energy 94 (2022) 106926

length of 100 mm, outer diameter of 9 mm, and inner diameter of 6 mm,
respectively. Finally, the two ends of the R-TENG are sealed totally
through ribbons to prevent the triboelectric layers from contacting with
the humidity atmosphere and the water.

4.2. Electrical measurement of the R-TENG

The surface morphology of the latex and silicone rubber is charac-
terized by field emission SEM (Zeiss xrd D8 advance, Germany). When
measuring the electrical output of the R-TENG under the state of
stretching, the device is mounted on a linear motor (Linmot E1100), the
displacement and frequency of which can be adjusted precisely. An
apparatus composed of the steering machine and acrylic mold is built for
studying the performance of the R-TENG under the bending state. The
acrylic mold and the steering machine are connected through screws. An
Arduino is used to adjust the bending angle of the device. For measuring
the output of the R-TENG under the state of pressing, an integral linear
motor with pressure feedback control system (R-LP3) is implemented.
The output signals including the open-circuit voltage, short-circuit
current and transferred charges are measured by Keithley 6514
electrometer.
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