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A B S T R A C T

The umbilical cable is a critical component of the Unmanned Surface Vehicle–Remotely Operated Vehicle (USV- 
ROV) collaborative system, which faces damage caused by stretching during operations. In this work, a tribo
electric sensor (U-TENG), composed of flexible silicone rubber and spiral electrodes, for in-situ umbilical cable 
condition monitoring is proposed for the first time. Then, an integrated self-powered cable condition monitoring 
and regulation system is constructed to recognize different signal for different working condition based on 
machine learning-enabled U-TENG. Even more, the actuator controls the winch bidirectionally to regulate cable 
tension and provide closed-loop responses to abnormal conditions. Experimental results demonstrate that the U- 
TENG maintains stable electrical output across a strain range of 0–100 % and excitation frequencies of 
0.5–4.0 Hz, while also demonstrating high sensitivity to bending deformation. Cable status monitoring accuracy 
achieves 97.18 % under 16 operating conditions. In addition, the proposed system demonstrates excellent 
responsiveness in underwater environment, preventing damage to the umbilical cable due to overload effec
tively. Thus, the proposed triboelectric sensor and control system hold significant potential for realizing ROV 
umbilical cable condition sensing and enhancing the safety of USV-ROV operational platforms.

1. Introduction

With the rapid advancement of technology, human exploitation and 
utilization of marine resources have steadily increased, driving more 
frequent marine engineering activities. Unmanned Surface Vehi
cle–Remotely Operated Vehicle (USV-ROV) collaborative systems have 
been widely employed in areas including coastal hydrographic 
surveying [1,2], underwater infrastructure inspection [3], and military 
reconnaissance [4]. The umbilical cable, a critical component linking 
the USV and ROV, fulfills diverse roles such as power transmission, data 
communication, and dynamic towing [5,6]. However, in practical op
erations, umbilical cables are susceptible to damage from stretching, 
bending, or twisting [7,8], potentially causing the ROV to lose control or 
the USV to be dragged, resulting in severe safety incidents. Therefore, 
real-time and accurate monitoring of the umbilical cable’s condition is 
essential for risk warning, proactive tension regulation, and ensuring the 
safe operation of the system.

Current umbilical cable condition detection mainly relies on five 

methods: Tether Management Systems (TMS) [9,10], machine vision 
[11], kinematic simulation [12–15], conventional sensors [16], and 
mechanical structural methods [8,12,17]. For instance, B.A. Abel et al. 
[10] employed a TMS to adjust the umbilical cable length, effectively 
alleviating the cable’s self-weight resistance and enhancing its adapt
ability in complex sea conditions; Matheus et al. [11] developed a 
vision-based servo monitoring system for real-time umbilical cable 
condition monitoring, which was used to achieve relative positioning 
among multiple ROVs; Chen et al. [14] developed a dynamic model for 
umbilical cables under complex sea conditions using Kirchhoff’s bar 
theory. Their work analyzed the cables’ dynamic characteristics across 
different sea states to prevent breakage caused by the combined effects 
of mothership movement and ocean currents. Ornella Tortorici et al. 
[16] proposed an active control system for umbilical cables integrating 
bending sensors, utilizing a two-layer structure combining a passive 
compliant mechanism with an active feeder to achieve precise dynamic 
adjustment of cable length; Christophe Viel et al. [18] utilized a sliding 
buoy to dynamically straighten the cable, combined with a geometric 
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model to predict its shape. This method requires no active drive system 
and relies solely on buoyancy and gravity for adaptive cable adjustment, 
thereby reducing equipment complexity and operational difficulty. 
These studies have achieved significant progress in umbilical cable 
monitoring, but these methods still face formidable challenges such as 
heavy dependence on power supplies, complex model computations, 
and limited environmental adaptability, which impede the achievement 
of real-time cable condition monitoring.

In recent years, triboelectric nanogenerators (TENG) have emerged 
as a novel self-powered sensing technology characterized by high 
sensitivity, low cost, and ease of fabrication [19,20], They have been 
widely employed in fields including robotic perception [21–27], wear
able devices [28–31], energy harvesting [32–34], and industrial moni
toring [35–37]. Operating on the principles of triboelectric charging and 
electrostatic induction, TENG directly converts mechanical energy into 
electrical signals without requiring external power [38–41]or complex 
data processing, making it a promising solution for dynamic umbilical 
cable monitoring. More importantly, the flexible design of triboelectric 
sensors allows customization according to application requirements [42, 
43], including solid-liquid TENG [44,45], liquid-liquid TENG [46,47], 
flexible TENG [48], etc. thereby improving their adaptability in complex 
environments.

Umbilical cables frequently sustain mechanical loads such as 
stretching and bending during underwater operations, making the 
development of sensors capable of detecting these deformations crucial 
for ensuring operational safety. Currently, TENG technology demon
strates significant potential for detecting stretching and bending de
formations and is widely used in wearable devices to sense changes 
caused by human movements. For example, Yi et al. [49] developed a 
stretchable silicone rubber-based triboelectric sensor to monitor human 
motion and respiration. This sensor detects surface charge changes 
induced by material deformation and outputs corresponding electrical 
signals. However, the variable stretching directions in human movement 
differ from the predominantly axial loading of umbilical cables. Faced 
with a more complex marine environment, Zhao et al. [50] proposed an 
R-TENG composed of highly elastic latex tubes and silicone rubber, 
which has good flexibility, stretchability, and water resistance, and has 
been applied to the condition monitoring of marine structures. These 
efforts have demonstrated that TENG can monitor tension and defor
mation, so TENG is expected to solve the difficult problem of umbilical 
cables, which are mainly subject to localized impact tension. This work 
not only achieves accurate differentiation between tensile and bending 
modes but also integrates a real-time classification system based on 
machine learning with a winch control system. This forms a complete 
“sensing-recognition-execution” closed-loop architecture capable of 
autonomously adjusting cable tension under wave interference, effec
tively preventing overload damage. It provides a new approach for 
umbilical cable condition monitoring in complex marine environments.

Based on the TENG principle, this study presents a triboelectric 
sensor for umbilical cable condition monitoring (U-TENG) and a corre
sponding self-regulating system. Unlike energy harvesting efforts [51, 
52] focused on efficiency optimization, the core distinction lies in 
addressing the state identification and active control of umbilical cables 
in dynamic marine environments, rather than merely optimizing energy 
harvesting efficiency. Unlike most TENG sensors that rely on monitoring 
output voltage amplitude, this study effectively circumvents the 
inherent drawback of amplitude susceptibility to environmental inter
ference by analyzing waveform characteristics and integrating machine 
learning algorithms. This approach provides a novel strategy for 
achieving stable and reliable umbilical cable status recognition. The 
U-TENG monitors umbilical cable stretching and bending states, while 
the self-regulating system analyzes sensor signals and controls winch 
operation, enabling real-time tension control. The U-TENG consists of 
flexible silicone rubber, two layers of spiral electrodes, a sealing layer, 
and a mounting frame. It has excellent elasticity and does not affect the 
original mechanical properties of the cable body after being embedded 

in it. Cable deformation causes the internal electrodes of the U-TENG to 
meet or separate from the dielectric layer, generating triboelectric sig
nals. The microcontroller collects and filters the signal before feeding it 
into a machine learning model for real-time identification of stretching 
or bending states. Based on the identification results, the system con
verts the triboelectric signals into commands that control the winch’s 
forward and reverse rotation, enabling active regulation of the umbilical 
cable’s tension to prevent damage or breakage due to excessive force. 
Experimental results show that the U-TENG outputs stable signals within 
a 0–100 %(0–10 cm) stretching range, exhibit good linearity, has high 
sensitivity to bending, and maintains stable performance under various 
excitation conditions. Through simulation experiments, the feasibility of 
the umbilical cable condition monitoring and autonomous control sys
tem was verified. This work constructed a closed-loop system 
comprising signal sensing, status recognition, and adaptive control, 
providing a new solution for the safe operation of ROV umbilical cables 
in complex sea conditions.

2. Results and discussion

2.1. Structure and working principle of U-TENG

The U-TENG is installed near the umbilical cable’s connection point 
to the ROV (Fig. 1a) for real-time monitoring of the stress states in 
critical regions. When sudden tension changes occur due to umbilical 
cable entanglement or abnormal ROV attitudes, the sensor generates 
triboelectric signals in response to stretching, enabling real-time warn
ing. Fig. 1b shows a schematic diagram of the sensor installation, which 
ensures efficient response to external mechanical stimuli without 
damaging the umbilical cable structure.

The U-TENG exhibits high elasticity under stretching (Fig. 1c) and 
can tolerate a 0–100 % strain range, satisfying underwater operational 
requirements. As shown in Fig. 1d(i), the U-TENG responds rapidly to 
external tensile forces underwater, with excellent response speed during 
both loading and unloading—forming the basis for state identification. 
Furthermore, Fig. 1d(ii) illustrates the signal processing workflow: a 
microcontroller collects triboelectric signals, which are then processed 
by a machine learning model for state recognition. Once abnormal 
stretching is detected, the system can automatically control the winch to 
adjust cable tension, thereby preventing cable breakage. Additionally, to 
enhance operational convenience, an Organic Light-Emitting Diode 
(OLED) display is integrated to visualize monitoring results, allowing 
on-site personnel to respond promptly.

To withstand the combined tensile and bending loads on the um
bilical cable, the sensor body is constructed from elastic silicone rubber, 
ensuring compatibility with its operating environment. The preparation 
process of the U-TENG body is shown in Fig. 2a: First, components A and 
B of Ecoflex 00–10 are mixed in a 1:1 wt ratio. Following 5-minute 
vacuum degassing, the mixture is injected into a mold (length: 
100.0 mm; inner diameter: 13.0 mm) and cured at 40◦C for 3 h to form 
the first inner core silicone rubber layer. Next, 20 turns of copper wire 
with a 2.0 mm diameter are uniformly wound around the surface, 
forming the first sensing electrode layer. Then, the second layer of 
Dragon Skin 00–30 silicone rubber is poured into the mold (inner 
diameter 15.5 mm), serving both as a support layer and a friction layer. 
After curing, another 20 turns of copper wire of the same specification 
are wound around to form the second sensing electrode layer. Finally, a 
third silicone rubber layer is poured using a mold with a 20.0 mm inner 
diameter to form the outer protective layer. K-704 organic silicone 
sealant is then evenly applied to the surface to enhance waterproof 
performance. Additionally, after curing, the organic silicone adhesive 
forms a dense silicone layer that effectively isolates the internal sensitive 
components from direct contact with seawater, thereby significantly 
reducing the impact of salinity on the U-TENG output.

The overall structure of the U-TENG is shown in Fig. 2b. The fixture’s 
elbow aperture is custom-designed to match the ROV umbilical cable 
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diameter (0.8 cm), ensuring a tight fit around the cable. The U-TENG 
body is embedded between the two mounting brackets and secured with 
screws to ensure a firm fit. The mounting brackets are equipped with 
steel cable mounting holes at the top, with adjustable-length locks 
connected at both ends. The preset steel cable length limits the U- 
TENG’s deformation response within a safe stretching range. When the 
umbilical cable is overstretched, the steel cable absorbs the tensile force, 
preventing U-TENG damage due to excessive deformation. Fatigue 
damage to umbilical cables is an inherent characteristic, but such 
damage has minimal impact on sensors that rely on localized tensile 
excitation. Furthermore, the U-TENG is not fully embedded within the 
umbilical cable, thus it does not accelerate its fatigue failure process.

In the application scenario of this study, the sensor is mounted 
externally on the umbilical cable via a bracket. During actual operation, 
its primary load bearing is axial tensile force, while normal forces and 
shear forces are relatively minor. Furthermore, these forces are con
strained by the structural design of the umbilical cable’s outer sheath, 
rendering their influence significantly less than that of the axial tensile 
load. Therefore, this study focuses on testing axial tensile performance.

Fig. 2c shows the COMSOL simulation results of the U-TENG under 
different stretching conditions: (i) static state; (ii) state stretched by 
5 cm (50 % strain) state. Specifically, all material parameters used in the 
simulation are based on the actual physical properties of the experi
mental materials: the relative permittivity of the silicone rubber (Dragon 
Skin 00–30) is set to 2.8, and the conductivity of the copper electrodes is 
set to 5.8 × 10⁷ S/m. Geometric dimensions match those of the fabri
cated U-TENG, including silicone rubber layer thickness, spiral electrode 

diameter, and number of turns. Regarding boundary conditions, the 
electrode surfaces were defined as ideal conductors. The contact inter
face between the silicone rubber surface and the electrodes was desig
nated as a charge generation region. Corresponding displacement 
constraints were applied under tensile and bending loading conditions. 
The simulation results indicate that the U-TENG maintains its overall 
structural integrity during stretching. Axial deformation occurs with a 
concurrent reduction in diameter and dielectric layer thickness, 
following Poisson’s effect described by D = D₀ × (1 – s × ν), D₀ denotes 
the original diameter, s represents the strain, and ν is the material’s 
transverse contraction coefficient. This relationship quantifies how the 
diameter changes proportionally with strain, directly influencing the 
contact area between electrodes.

Fig. 2d illustrates the working principle of the U-TENG in converting 
tensile force into an electrical signal. In the initial state (Fig. 2d(i)), the 
intermediate dielectric layer (Dragon Skin 00–30) is in close contact 
with the electrodes on either side. Due to the difference in electroneg
ativity between the materials, equal and opposite charges are generated 
at the interface, leaving the system in electrostatic equilibrium with no 
current output from the external circuit. During stretching, the outer 
layer (Ecoflex 00–10, Shore hardness 10 C) is softer than the friction 
layer, leading to more pronounced radial contraction. This changes the 
distance between the electrodes and the friction layer: one side moves 
closer to the dielectric layer, while the other moves farther away, dis
rupting the original equilibrium and generating a potential difference. 
Under the influence of electrostatic induction, free electrons flow along 
the external circuit from the near electrode to the far electrode, 

Fig. 1. U-TENG applications, characteristics, and signal processing. (a) U-TENG application scenarios. (b) U-TENG installation diagram. (c) U-TENG characteristics. 
(d)(i) Device output characteristics; (ii) U-TENG signal processing.
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generating an induced current. As shown in Fig. 2d(ii), when the stretch 
reaches its maximum, the potential difference between the electrodes 
also reaches its peak, and the output voltage reaches its maximum value. 
Subsequently, deformation stops, charge redistribution moves toward 
equilibrium, and the induced current gradually diminishes; when the U- 
TENG returns to its original state, the electrodes come into contact 
again, generating a current in the opposite direction and completing a 
full signal conversion cycle.

The electromechanical conversion principle of the U-TENG under 
bending excitation is shown in Fig. 2e. It operates in a contact-separation 
mode during bending, utilizing material electronegativity differences 
and electrostatic induction for charge transfer. Fig. 2e(i) shows the 
initial stage of a motion cycle, during which the silicone rubber and 
electrodes undergo relative movement. Due to bending deformation, the 
gap on one side between the silicone rubber and the outer electrode 
decreases, causing the silicone rubber to contact both the inner and 
outer electrodes. Because of the difference in dielectric properties be
tween the silicone rubber and the electrodes, contact induces electron 
transfer from the electrodes to the silicone rubber surface. As a result, 
the silicone surface exhibits a negative charge, while the electrode sur
face carries an equal positive charge. This electrostatic equilibrium 
creates a persistent potential distribution. In the second stage (ii), as the 

U-TENG deformation recovers, the electrostatic equilibrium between 
the two materials is disrupted. Due to electrostatic induction, some 
electrons from the outer electrode flow through the external circuit to 
the inner electrode. When the U-TENG bends to the other side (iii), the 
gap between the outer electrode on that side and the silicone rubber 
decreases, causing the transferred electrons to be attracted to the inner 
electrode due to electrostatic induction. When the U-TENG returns to the 
original (concentric) position (iv), a portion of electrons is again trans
ferred to the outer electrode under the influence of electrostatic 
induction.

2.2. Output performance of U-TENG

The output characteristics of the sensor depend not only on external 
stimuli but also on material properties and structural parameter
s—relationships that can be quantified using core theoretical models 
derived from its contact-separation working mechanism (detailed in 
Section 2.1). For the U-TENG, which operates via periodic contact and 
separation between triboelectric layers, the open-circuit voltage (Voc) 
and short-circuit transferred charge (Qsc) are governed by Eq. 1 and Eq. 
2. 

Fig. 2. Structural design and sensing mechanism of the U-TENG. (a) Schematic diagram illustrating the device manufacturing process. (b) Overall structural diagram 
of the U-TENG. (c)(i)-(c)(ii) COMSOL simulation results for the tensile sensor. (d)(i)-(d)(ii) Charge transfer process in the U-TENG during tensile deformation. (e)(i)- 
(e)(iv) Charge transfer process in the U-TENG during bending deformation. (f)(i)-(f)(iv) COMSOL simulation of the potential distribution of the U-TENG dur
ing bending.

Y. Yang et al.                                                                                                                                                                                                                                    Sensors and Actuators: A. Physical 396 (2025) 117134 

4 



VOC =
σx(t)

ε0
# (1) 

QSC =
Sσx(t)

d0 + x(t)
# (2) 

Here, σ denotes the surface charge density of the dielectric layer (a 
material-dependent property), x(t) is the dynamic separation distance 
between the friction layers during deformation, ε0is the vacuum 
permittivity, S represents the effective contact area, and d0 is the 
dielectric layer thickness. These equations reveal that Voc and Qsc are 
directly influenced by the dielectric layer’s material properties (via σ) 
and thickness (via d0), highlighting the need to optimize these param
eters to enhanced performance.

To validate these theoretical relationships and identify optimal pa
rameters, a U-TENG testing platform was established (Fig. 3a), with 
motor parameters adjusted to simulate various excitation conditions. A 
high-resistance electrometer was used to measure real-time Voc and Qsc 
signals.

As the core component responsible for charge accumulation and 
transfer, the dielectric layer greatly influences signal stability. Five sil
icone materials were selected in ascending order of elastic modulus and 
hardness: Ecoflex 00–10, Ecoflex 00–20, Ecoflex 00–30, Dragon Skin 

00–20, and Dragon Skin 00–30. As shown in Fig. 3b, under stretching 
conditions of 1.0 Hz and 20 % strain (corresponding to a 2 cm exten
sion), the sensor with a Dragon Skin 00–30 dielectric layer exhibited the 
best performance, with a Voc of 7.57 V and a Qsc of 2.12 nC. These 
represent increases of 145 % and 409 %, respectively, compared to 
Ecoflex 00–10. This improvement is primarily attributed to the higher 
tear strength and elastic modulus of Dragon Skin 00–30, which help 
maintain stable contact during stretching and reduce charge loss.

Due to spatial constraints for embedding the sensor within the um
bilical cable, dielectric layer thicknesses ranging from 0.5 mm to 
2.5 mm were tested to evaluate their impact on output performance. As 
shown in Fig. 3c, at 1.0 Hz and 10 % strain, the 2.5 mm thick dielectric 
layer produced Voc and Qsc values of 2.34 V and 7.48 nC, respective
ly—significantly higher than those of the 0.5 mm thickness (Voc: 1.08 V; 
Qsc: 3.07 nC). As illustrated in Fig. 3d, Voc exhibits a significant linear 
relationship with the dielectric layer thickness, following 
U = 0.7157d+0.6771 — where d represents the dielectric layer thick
ness and U denotes the output voltage. The coefficient of determination 
(R²) is 0.93796, with a maximum deviation of only 0.21 %. Conse
quently, a dielectric layer thickness of 2.5 mm was selected as the 
optimal structural parameter for the U-TENG.

In practical applications, umbilical cables are subjected to repeated 

Fig. 3. Output performance of U-TENG. (a) Schematic diagram of the experimental setup. (b) Influence of dielectric material on sensor output performance. (c) 
Influence of dielectric layer thickness on sensor output performance. (d) Fitted linear relationship between Voc and dielectric layer thickness. (e) Fitted linear 
relationship between tensile force and strain. (f) Influence of stretching frequency on sensor output performance. (g) Influence of tensile strain on sensor output 
performance. (h) Influence of bending frequency on sensor output performance. (i) Influence of bending degree on sensor output performance.
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stretching over extended periods, requiring sensors with stable me
chanical properties. To verify the consistency of tensile responses, 20 
repeated tensile tests were conducted over a range of strain levels. As 
shown in Fig. 3e, within the strain range up to 100 %, there is a strong 
linear correlation between strain and tensile force, which is well- 
described by F = 0.10348s + 0.48939 , where F is the tensile force 
and s represents the strain. This linear relationship, characterized by a 
high coefficient of determination (R²) of 0.9939 and a maximum devi
ation of only 0.27 %, confirms the U-TENG’s reliable performance in 
quantifying tensile forces across the tested strain range. Notably, when 
the strain reaches 100 %, the U-TENG still exhibits a stable response.

Due to variations in stretching frequency during practical applica
tions, this study evaluated the sensor’s response to different frequencies 
under a fixed 5 % strain condition. Stretching was periodically applied 
at frequencies ranging from 0.5 Hz to 4.0 Hz, with 0.5 Hz as the incre
mental interval. Since silicone rubber exhibits varying degrees of re
covery at different stretching rates, the U-TENG voltage output did not 
show a clear linear trend with frequency (Fig. 3f). Fig. S1 (Supporting 
Information) further demonstrates the U-TENG’s output waveform, 
confirming accurate synchronization with stimuli at varying fre
quencies. To clarify the effect of strain on output performance, the 
sensor’s responses were measured as strain increased from 5 % to 50 % 
at a fixed frequency of 1.5 Hz. Voc increased from 2.13 V to 12.67 V, and 
Qsc from 0.29 nC to 1.25 nC (Fig. 3g). Furthermore, this work 

investigated the performance output when the strain was increased from 
5 % to 50 % at different strain frequencies. As shown in Fig. S2, output 
voltage amplitude of the U-TENG increases significantly with the strain, 
but there is no obvious correlation with the frequency. Thus, the U- 
TENG reliably responds to periodic strain stimuli at various frequencies, 
with output amplitude primarily determined by strain, demonstrating 
excellent dynamic stability.

In this work, δ = ΔS/L, where δ represents the degree of bending and 
is a dimensionless parameter, ΔS denotes the bending displacement 
length, and L is the effective length of the sensor. To distinguish between 
umbilical cable states (stretching versus bending), the U-TENG’s 
response under bending was evaluated. At a fixed bending degree of 
0.05 and with periodic excitation frequencies ranging from 0.5 Hz to 
3.5 Hz, Voc remained stable around 0.80 V, and Qsc at around 0.40 nC, 
indicating insensitivity to changes in bending frequency (Fig. 3h). This is 
because deformation exhibits asymmetric characteristics under bending 
loads. Compression on one side of the sensor reduces the local gap, while 
tension on the opposite side increases it. This asymmetric contact- 
separation process disrupts the symmetry of charge distribution. 
Consequently, the output signal is highly sensitive to curvature but re
mains largely unaffected by bending frequency. This supports effective 
differentiation between stretching and bending signals. Fig. S3 confirms 
good synchronization and periodic response under varying bending 
frequencies.

Fig. 4. Sensor output performance and signal processing in underwater environments. (a) Schematic diagram of the experimental setup. (b)(i) – (b)(ii) Influence of 
wave motion on sensor output performance in the stretched state. (c)(i)–(c)(ii) Influence of wave motion on sensor output performance in the bending state. (d) 
Modulation voltage waveforms at different strain under a 1 Hz strain frequency in a wave environment. (e) Dimension reduction visualization of data from eight 
strain states. (f) Schematic diagram of the SVM algorithm. (g) Confusion matrix for eight strain states (accuracy: 99.21 %). (h) Sensor durability test diagram.
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Finally, the effect of bending degree on output was tested at a 
bending frequency of 1.5 Hz. Voc increased from 0.88 V to 4.54 V, and 
Qsc from 0.38 nC to 1.46 nC, demonstrating high sensitivity to bending 
degree (Fig. 3i). Fig. S4 further verifies this relationship. Therefore, the 
U-TENG not only stably responds to bending frequencies but also 
effectively reflects bending magnitude through output amplitude, 
enabling clear distinction between stretching and bending signals.

2.3. USV-ROV cable condition monitoring

Given that ROVs typically operate in low-frequency wave environ
ments, ensuring stable underwater sensor output is crucial. This study 
established an underwater testing platform (Fig. 4a), consisting of a 
wave-generating tank (2400 × 400 × 400 mm), a linear motor, an 
Arduino MEGA microcontroller, and a host computer. The platform has 
overall dimensions of 2635 × 600 × 1115 mm. During experiments, the 
U-TENG was fixed to one end of the umbilical cable and placed at the 
tank bottom. Tensile and bending stimuli were applied by the linear 
motor positioned above the tank. A fixed pulley stabilized displacement 
transmission, ensuring accurate displacement transfer. Testing was 
conducted under typical wave conditions (15 cm wave height and 
0.5 Hz frequency) to simulate real sea conditions.

To evaluate the U-TENG’s output performance under wave inter
ference, the tensile response was tested first. As shown in Fig. 4b(i) and 
(ii), at stretching frequencies of 1.0 Hz and 2.0 Hz, the U-TENG’s Voc 
increased steadily with strain, regardless of wave presence. The wave 
environment resulted in an average reduction in Voc of approximately 
3.08 V (1.0 Hz) and 1.97 V (2.0 Hz), but the correlation between strain 
and output amplitude remained statistically significant.

Subsequently, the response under bending stimulation was tested. As 
shown in Fig. 4c, Voc increases as the bending degree increases from 0.1 
to 0.5. Although the waves caused the output amplitude to decrease by 
approximately 0.133 V (1 Hz) and 0.121 V (2 Hz) (Fig. 4c(i) and (ii)), 
the overall trend of the bending response remained unaffected. Despite 
wave-induced interference on output amplitude, the U-TENG still 
maintains a stable output. Notably, comparing the stretching and 
bending signals reveals that the output characteristics under these two 
excitation types—such as amplitude variation range and frequency 
sensitivity—differ significantly, laying the foundation for accurately 
distinguishing between the two deformation types.

To facilitate integration into unmanned boat platforms with limited 
space and power supply, this work selected the Arduino MEGA as the 
signal acquisition module, owing to its small size, low power con
sumption, and stable performance. Its built-in Analog-to-Digital Con
verter (ADC) enables real-time signal acquisition, which, combined with 
filtering algorithms, effectively suppresses environmental noise. It also 
incorporates a dynamic baseline tracking mechanism to correct baseline 
drift and low-frequency interference in real time, ensuring signal sta
bility. Fig. S5 validates the reliability and practicality of this approach, 
and subsequent analyses all use the Arduino output modulated voltage 
signals processed by the Arduino MEGA. These Arduino output signals 
align with the trends of the original signals and accurately reflect the U- 
TENG’s dynamic response and characteristics (such as response onset, 
peak, and rebound fluctuations), thereby facilitating subsequent signal 
analysis.

Fig. 4d shows the modulated voltage waveforms at different strain 
measured by Arduino Mega at a strain frequency of 1.0 Hz in a sea wave 
environment. The light blue region represents the U-TENG response 
during a single stretch cycle: initial voltage is near zero, and as 
stretching progresses, the voltage gradually increases, peaking at 
maximum stretch. When the device returns to its original state, the 
voltage gradually decreases to zero. The blue-purple region in the figure 
indicates the rebound signal after stretching ends. This rebound occurs 
due to the high elastic modulus of silicone rubber: the release of elastic 
potential energy after stretching causes a brief reverse rebound. The 
rebound amplitude increases with the stretching rate. Within the 

10–40 % stretch range, both the main peak and rebound characteristics 
increase with the stretching rate. The waveform features under different 
operating conditions are clearly distinguishable, providing an effective 
basis for machine learning classification.

To assess data separability under different operating conditions, 
multidimensional features were extracted from the original strain sig
nals, and the Uniform Manifold Approximation and Projection (UMAP) 
algorithm was used for dimensionality reduction and visualization. As 
shown in Fig. 4e, the dimensionally reduced samples form distinct 
clusters in two-dimensional space, indicating good separability among 
the strain states and supporting the development of subsequent classi
fication models. Fig. S6 and S7 further compare the waveforms of signals 
with different bending degrees and strain levels under 1.0 Hz excitation 
in a wave environment, along with dimensionality reduction visualiza
tions of data from all operating conditions. The results show significant 
differences between the two types of signals in waveform, amplitude, 
and distribution within the feature space, verifying the feasibility of 
classification.

To efficiently classify umbilical cable stress response signals under 
wave disturbances, this study adopted Support Vector Machines (SVM) 
as the core classification algorithm. Compared to neural networks, SVM 
exhibits better generalization ability and faster convergence with small 
sample sizes. Fig. 4f illustrates the schematic diagram of the SVM. 
Specifically, time-domain signals of modulated voltage were collected 
under wave frequencies of 1 Hz and 2 Hz, with combinations of different 
strain levels (10 %, 20 %, 30 %, 40 %) resulting in eight operating 
conditions. Each dataset contained 60,000 sampling points. After pre
processing with sliding window segmentation (400 points in length, 
80 % overlap rate) and data normalization, time-domain features were 
extracted to construct the dataset. We employed an SVM model with a 
radial basis function (RBF) kernel, optimizing performance through 
adaptive adjustment of the γ parameter and category weighting strategy. 
The dataset was split into 75 % for training and 25 % for testing. As 
shown in Fig. 4g, the model achieved a classification accuracy of 
99.21 % on the test set. Fig. S8 further demonstrates that the accuracy 
for 16 types of strain conditions under bending and stretching scenarios 
reached 97.18 %, validating the efficiency and reliability of SVM in 
umbilical cable state recognition. Fig. S9, S10, and S11 demonstrate the 
accuracy rates of the 1D Convolutional Neural Network (1DCNN) al
gorithm on the tensile, bending, and combined tensile-bending test sets, 
which are 99.39 %, 89.02 %, and 95.84 %, respectively.

Finally, the underwater durability of the U-TENG was evaluated. As 
shown in Fig. 4h, After one month of underwater immersion, the U- 
TENG underwent repeated stretching tests in a wave environment. Its 
modulation voltage stabilized around 2000, and the output waveform 
exhibited good periodicity with no significant degradation, demon
strating long-term durability and reliability in dynamic operating con
ditions such as ROV umbilical cables. Fig. S12 shows the one-month 
underwater bending endurance test of U-TENG. The Arduino output 
signal remained stable around 500 before and after the test, verifying 
that U-TENG maintains excellent output stability even under repeated 
bending conditions.

3. Application demonstration

To validate the sensor’s perception capabilities, this study estab
lished a USV-ROV collaborative testing platform Fig. 5a(i), comprising a 
USV (1.5 × 0.5 × 0.7 m), an ROV, and a sensor system. Fig. 5a(ii) 
further details the ROV and sensor system. The USV is equipped with an 
Arduino MEGA for sensor data acquisition and an STM32F103 micro
controller to control the winch for deploying and retrieving the umbil
ical cable. The winch before modification only supported three manual 
switch settings: forward, stop, and reverse, and could not continuously 
adjust the speed. To enable automated control, this study integrated a 
5 V MG90S servo motor via a connector, with its angle controlling the 
winch’s movements.
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Fig. 5b illustrates the overall process of the friction-based sensor 
signal acquisition and processing system implemented on the Arduino 
MEGA. The system integrates the host computer’s real-time processing 
capabilities with the microcontroller’s executive control, enabling 
identification and control of the umbilical cable’s condition. The control 
process involves three primary stages: first, during signal acquisition, 
the Arduino MEGA continuously collects sensor signals via the ADC 
module, applies basic signal conditioning, and transmits the data to the 
host computer through the USART1 serial port; second, during signal 
processing, the host computer receives the data, loads the pre-trained 
SVM model, classifies the signals, and sends the results to the 
STM32F103 via the USART2 serial port; third, during signal response, 
the STM32F103 makes decisions based on the classification results: if 
the cable is identified as “stretching” or “bending” with amplitude 

within the normal range, no action is taken. If identified as “excessive 
stretching” or “excessive bending,” the winch is controlled to tighten or 
loosen accordingly, achieving adaptive regulation of the cable tension.

The system circuit connection diagram is shown in Fig. 5c. The winch 
is powered by a 24 V lithium battery, and its ground line (GND, ground) 
must share a common ground with the control circuit to ensure signal 
consistency. The winch servo is controlled by Pulse Width Modulation 
(PWM) pulses with a 20 ms period; the pulse width ranges from 0.5 ms 
to 2.5 ms, corresponding to servo angles from 0◦ to 180◦. Specifically, 
0.5 ms corresponds to 0◦ (winch forward rotation), 1.5 ms to 90◦ (winch 
stopped), and 2.5 ms to 180◦ (winch reverse rotation). The actual circuit 
connection is shown in Fig. S13.

Fig. 5d shows the U-TENG voltage responses corresponding to the 
umbilical cable status of the ROV under different operating conditions. 

Fig. 5. Application of sensors on the USV-ROV platform. (a) (i) Schematic diagram of the experimental setup. (a) (ii) Details of the U-TENG and ROV. (b) Flowchart 
of signal acquisition and processing algorithms. (c) Schematic diagram of system circuit connections. (d) Sensor output signal when the umbilical cable is 
overstretched.
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To enhance system operability, this study also designed a visualization 
alarm module that provides visual alerts through indicator lights, 
assisting operators in responding promptly. Under normal conditions 
(“Normal”), the cable is slack, the U-TENG outputs low-level noise, and 
the voltage is near the baseline; the system remains stationary, the in
dicator light is off, and the OLED display reads “Normal”. When ab
normalities in ROV control pull the cable taut, the sensor voltage 
increases significantly. Upon detection, the system automatically con
trols the winch to release the cable, the indicator light stays on, and the 
OLED display switches to “Stretching Dangerous”. Details can be found 
in Supporting Information Movie S1 (Part 1). During retrieval, if an 
obstacle obstructs the cable and causes it to stretch again, the system 
pauses winch retrieval and resumes operation once tension decreases. 
Details can be found in Movie S1 (Part 2). The results indicate that the 
system can effectively identify the umbilical cable’s condition under 
various operating conditions and trigger corresponding adaptive ad
justments and real-time alarms, thereby significantly enhancing the 
ROV’s safety and operability in complex operational environments.

4. Conclusion

As a core component in the USV-ROV collaborative system, the 
umbilical cable is of great significance but confronted with destruction 
due to excessive stretching. To address this issue, a machine learning- 
driven triboelectric nanogenerator (U-TENG) for self-powered condi
tion monitoring and regulation of the USV-ROV umbilical cable is firstly 
proposed. The U-TENG is securely mounted on the umbilical cable via a 
bracket without affecting its original mechanical properties. The strain 
rate shows a linear relationship with R² of 0.9929 corresponding to the 
stretching force within 0–100 % elastic region, which thanks to the 
stretchability of the silicone rubber and helix electrodes. Furthermore, 
the effectiveness of the U-TENG is verified in the wave tank with a wave 
height of 15 cm and frequency of 0.5 Hz. To further investigate the 
underwater cable condition sensing, analysis was performed under 
different bending states in the wave tank. Moreover, a machine learning- 
based model is proposed based on the sensing data of the U-TENG, cable 
condition identification accuracy of 97.18 % is achieved under 16 
different combinations of stretching and bending states. It is worth 
mentioning that an identification accuracy of 99.21 % is accomplished 
under 8 different stretching states. Moreover, an integrated system for 
umbilical cable state monitoring and adaptive control was constructed 
based on the machine-learning enabled U-TENG, which is composed of a 
USV, a ROV, and a cable regulation winch on the USV. Finally, the in
tegrated system successfully recognizes the umbilical cable state in real 
time and achieves automatic umbilical cable tension control by con
trolling the winch in the water tank. Overall, it shows that the proposed 
machine-learning based U-TENG is able to achieve real-time sensing, 
accurate identification, and adaptive regulation of the USV-ROV um
bilical cable, which provides a new solution for umbilical cable state 
monitoring. To drive this technology from the laboratory to engineering 
applications, our future work will focus on long-term reliability verifi
cation in real marine environments, sustained biofouling studies, and 
the miniaturization of electronic components. We believe this technol
ogy will achieve breakthrough progress in the future.
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