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1. Introduction

The strategic importance of the oceans has been increasingly recognized, and as a result, maritime affairs
have been elevated to an unprecedented level of strategic importance among nations. It is evident that tasks such
as marine resource exploration, environmental monitoring, and maritime security require long-term observation
capabilities, in addition to close-range, real-time, and continuous observation. Existing methods, such as satellites,
ships and submarines, are inadequate in meeting these demands. Underwater wireless sensor networks [1-5] utilize
acoustic waves as their transmission medium, forming intelligent network systems through distributed static and
dynamic sensor nodes that collect, transmit, and fuse data. These networks are of paramount importance in the
safeguarding of maritime rights and interests, the development of resources, the provision of disaster early warning
systems, and national defense.

Presently, the utilization of underwater sensor nodes [6—10] predominantly depends on direct cable power
supply, battery power, or solar-battery hybrid power systems. However, as observation cycles lengthen, node
numbers increase, and deployment ranges expand, these powering methods reveal significant limitations: cables
are susceptible to seawater corrosion and face installation constraints; batteries have limited capacity, incurred
high replacement and maintenance costs, and posed risks of leakage and corrosion. As marine energy harvesting
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technologies, including wave, thermal and ocean current energy, continue to develop and mature, they offer
significant potential as sustainable energy replenishment pathways for sensor nodes.

Research institutions worldwide continue to explore this field. For instance, Southeast University [11]
proposed a direct-drive cylindrical wave energy converter capable of efficiently converting wave energy into
electricity; The Guangzhou Institute of Energy Conversion, Chinese Academy of Sciences [12] developed a novel
floating hydraulic energy conversion system to enhance efficiency; Michigan Technological University [13]
designed an array-based wave energy converter enabling buoys to collect energy through oscillation while carrying
equipment. Additionally, thermoelectric energy-driven monitoring platforms [ 14—16] have attracted attention from
multiple institutions including China Shipbuilding Industry Corporation and the National University of Defense
Technology. Compared to other renewable energy sources, ocean current energy offers advantages such as high
energy flux density and stable output. However, existing impeller-based collection technologies [17—-19] are
primarily suited for high-power generation and are constrained by factors like flow velocity, corrosion, and
direction. Therefore, there is an urgent need to develop new ocean current energy collection technologies suitable
for underwater sensor nodes.

In recent years, triboelectric nanogenerators (TENGs) have emerged as a promising solution to these
challenges. The TENG operates on the basis of the coupling effect of triboelectric charging and electrostatic
induction, thereby converting weak mechanical energy from the environment into electrical energy. The
advantages offered by this approach include high sensitivity to low-frequency excitation, flexible structural design,
broad material selection, lightweight construction, and low cost. The device has been demonstrated to be especially
well-suited for the harvesting of irregular, low-frequency mechanical energy, thereby opening up new possibilities
for distributed power supply and self-powered sensor networks [20-24].

In order to effectively capture ocean fluid energy, it is essential that energy harvesting devices adapt to the
dynamic changes in water currents. Consequently, the integration of flexible materials with triboelectric
nanogenerators (TENG) to develop flexible ocean current energy TENG (FOCE-TENG) has emerged as an
important research direction in this field (as shown in Figure 1). The TENG’s flexible structure endows it with
outstanding mechanical compliance, thereby enabling full dynamic coupling with the fluid through deformations
such as bending, stretching, or twisting, thus maximizing kinetic energy capture from ocean currents [25-27]. A
plethora of studies have hitherto explored various biomimetic structures, including those simulating fish fin
flapping [28-30] and flag-like designs [31]. These studies have demonstrated the feasibility of such structures in
initiating operation and generating electricity in low-velocity water currents.
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Figure 1. Publication output of FOCE-TENG literature on WOS and CNKI in recent years.
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Although the FOCE-TENG demonstrates application potential in marine fluid energy harvesting, it still faces
numerous challenges in advancing from laboratory-scale proof-of-concept to large-scale practical deployment.
Taking the impeller-based device as an example, the Alstom marine current energy system [32] adopted by Tidal
Generation Limited of the UK employs a fixed-bottom support structure, equipped with a self-driven impeller and
variable-pitch blades. Its ideal operating flow velocity ranges from 2.57 to 3.6 m/s, whereas the flow velocity in
most coastal areas is merely 0.5 to 1.5 m/s, which can hardly meet the operational requirements. The current
velocity in the flow profile generally decreases sharply with increasing water depth, and complex variations in
current direction further reduce the energy capture efficiency. In addition, electromagnetic generators relying on
large magnets, metal coils and turbine structures require floating platforms or fixed seabed structures, resulting in
high costs and complex installation, which restricts the large-scale deployment of impeller-based technologies.

Non-impeller marine tidal current energy harvesters are mainly designed for low-flow-velocity and low-power
generation scenarios. For instance, Ocean University of China developed a low-velocity energy conversion device
based on the principle of vortex-induced vibration [33]; Engineering Business of the United Kingdom created the
“Stingray” device, which generates power through hydrofoil oscillation that drives a hydraulic system [34]; and
Hiroshima University proposed a vibration-based power generation device utilizing flexible piezoelectric materials [35].
Nevertheless, such devices commonly suffer from issues including proneness to instability under high flow
velocities and restricted energy conversion efficiency. Therefore, optimizing the energy capture and power
absorption mechanisms, as well as improving energy utilization efficiency and reducing generation costs, still
constitutes the core objective of this field.

This review systematically summarizes the latest research progress of flexible triboelectric nanogenerators
in the field of marine fluid energy harvesting. Based on multidisciplinary theories such as fluid mechanics and
materials science, it focuses on three core modules: flow-induced vibration mechanisms, power generation
performance regulation, and system optimization and application. This review elaborates on the current
achievements, analyzes the key issues, and prospects the development directions, aiming to provide a systematic
reference for the in-depth research of FOCE-TENGs and offer forward-looking guidance for their realization of
efficient and stable energy harvesting as well as the promotion of the practical application of blue energy.

2. Study on the Mechanism of Flow-Induced Vibration

FOCE-TENG, as an innovative solution for capturing low-speed ocean current energy, relies on the
systematic integration of fluid mechanics, materials science, and triboelectric nanogenerator (TENG) technology
to establish a complete theoretical chain from “environmental excitation to functional output” [36—39]. Within this
framework, fluid mechanics not only provides periodic driving forces based on flow-induced vibration and vortex
shedding but also deeply couples with device structural parameters through solid-liquid interface interaction
mechanisms [37,40,41], fundamentally guiding design, optimization, and output behavior prediction [42—-49].
Conversely, the physicochemical properties of material systems dictate device performance limits, environmental
adaptability, and functional expansion potential, constituting core materials science challenges [50-53]. As a
specialized branch of TENG technology, fluid-driven TENGs exhibit remarkable diversity in configuration,
mechanisms, and applications [54—58], with their developmental trajectory fully embodying an integrated research
paradigm spanning fundamental scientific principles to engineering practice [59-63].

An interdisciplinary theoretical framework has been established, confirming that flow-induced vibration is
the core physical process by which flexible ocean current energy friction nanogenerators capture ocean current
energy. The amplitude, frequency, and modes of this vibration directly determine the device’s charge transfer
efficiency and power output. Based on fluid dynamics principles, this chapter will delve into the microscopic
mechanisms of flow-induced vibration. Through theoretical modeling and parameter optimization, this study
quantitatively reveals the correlation between ocean current loads, structural parameters, and vibration responses.
This research elucidates the intrinsic logic of fluid-structure interaction within the “ocean current-bulkhead-flexible
structure” system, providing precise guidance for the structural optimization design of flexible ocean current energy
triboelectric nanogenerators.

Modeling and Parameter Solving of Flow-Induced Vibration Theory

In the context of marine flow fields, the FOCE-TENG system necessitates the development of a theoretical
model that accurately characterizes the dynamic response of flexible structures in complex ocean currents. This
model is essential for the accurate prediction of flow-induced vibrations, which are critical for the effective
operation of the system. This involves the quantification of the intrinsic relationship between ocean current loads
and structural vibrations through multiphysics coupling equations, and the solution of key parameters such as
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amplitude, vibration frequency, and force-to-electricity conversion efficiency. This theoretical framework
provides a foundation for the optimization of device performance and the development of marine engineering
applications. Building upon the foundations of fluid-structure interaction theory and integrating triboelectric
conversion mechanisms, extant research has established multiple models with theoretical underpinnings that are
relevant to engineering applications. Through experimental validation and parameter sensitivity analysis, these
studies have elucidated the regulatory patterns of key design parameters on device output performance.

Flow-induced vibration is the core physical process for FOCE-TENG to capture ocean current energy, and
its amplitude, frequency, and mode directly determine charge transfer efficiency. The theoretical model of flow-
induced vibration needs to comprehensively consider three core forces: ocean current viscous force, unsteady
excitation force from vortex shedding, and elastic recovery force of flexible materials.

As shown in Figure 2, based on the research by Wang et al. [45], the mass ratio M* (involving fluid and
flaglet density, length, and thickness) and bending stiffness K, (involving Young’s modulus, Poisson’s ratio, and
structural dimensions) of the fluid-structure interaction system significantly influence the critical activation
velocity of flexible ocean current energy harvesting triboelectric nanogenerators. For instance, by optimizing the
parameters of the flexible ocean current energy harvesting triboelectric nanogenerator, the critical activation
velocity can be reduced to 0.133 m/s, enabling energy harvesting in low-speed ocean currents.
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Figure 2. The vibration characteristics of the flag TENG: (a) vibration-free state; (b) vibration state caused by the
vortex in the cylinder at a flow rate of 0.228 m per second; (¢) Comparison of output voltage signals of Flag TENG;
(d) The relationship between the critical speed and the distance between the flag TENG and the cylinder.

In the field of dynamic equation formulation, the vibration behavior of flexible structures is often simplified
by modeling them as spring-damper-mass systems. Subsequently, a complete electromechanical coupling
dynamics model is established by introducing friction-electric coupling terms. Taking the fully encapsulated
FOCE-TENG device proposed by Zeng et al. [64] as an example, this structure can be modeled as a spring-damper-
mass system undergoing lateral vibration. Building upon this theoretical framework, this study further elucidates
the regulatory mechanisms of two structural inertia parameters—additional mass m and rotational radius r—on
electrode contact separation efficiency. Figure 3 demonstrates that with a fixed rotation radius of 30 mm and an
added mass of 3 g, the transferred charge quantity Q. increases by 18.9% compared to the case without added
mass. This result confirms that structural inertia parameters exert a significant positive regulatory effect on force-
to-electricity conversion efficiency.
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Figure 3. FIV-TENG configuration optimization: (a) The curve of the transfer charge of FIV-TENG varying with
time under the flat plate electrode structure; (b) Schematic diagram of the physical model of the FIV-TENG
oscillation system; (¢) Comparison of the transferred charges of FIV-TENG under different additional masses and
rotation radii; (d) Oscillation frequency distribution of FIV-TENG under different additional masses and cantilever
beam lengths.

In the practical implementation of flow-induced vibration models, the precise determination of parameters and
system optimization are critical steps. The prevailing approach in contemporary research utilizes a multifaceted
strategy that integrates theoretical derivation, numerical simulation, and experimental validation to ascertain the
optimization ranges for diverse core parameters [65]. It is imperative to emphasize that, among these factors, the
optimization of structural parameters is of particular significance. For instance, in their study on trapezoidal vibrators
for FOCE-TENG, Zhu et al. [66] first established a theoretical model describing fluid-induced forces based on the

quasi-steady assumption:
1 S
Far = 500D ) 61 (7)) M)
i=1

Subsequently, their research employed the Krylov-Bogoliubov approximate analytical method to treat the
system’s dynamic equations, thereby establishing the relationship between the normalized amplitude and the cross-
sectional geometry, flow velocity, and mass damping parameter. Based on this foundation, an analytical expression
for the normalized vibration amplitude was further derived. By substituting experimental parameters into this
equation as described in [66], calculations revealed that under conditions of angle of attack @ = 0°, base length
ratio % = 0 (i.e., triangular oscillator), and reduced flow velocity U, = 10, the maximum normalized amplitude

Yrms

reached 2 = 0.703. This corresponds to an output power of 24.056 mW, representing approximately a

threefold increase compared to a square-section oscillator. This result strongly confirms the significant influence
of blunt-body cross-sectional geometry on flow-induced vibration response, thereby providing clear theoretical
basis for optimizing oscillator cross-sectional geometry.
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Additionally, flow field parameters constitute critical influencing factors. Zhang et al. [43] investigated
vortex-induced vibration-type nanogenerators by employing fast Fourier transform analysis to examine structural
vibration spectra at varying flow velocities. Integrating theoretical formulas, they elucidated the energy conversion
mechanism within the frequency locking range. On one hand, the frequency prediction value calculated based on
classical vortex shedding frequency theory was 13.8 Hz; on the other hand, the experimentally measured primary
vibration frequency of the cylinder was 14.3 Hz, demonstrating high consistency between the two. This result
jointly confirms from both theoretical and experimental perspectives that structural vibration synchronizes with
the vortex shedding frequency within the locked-frequency range, thereby providing a physical basis for the
efficient conversion of flow field energy into mechanical vibration.

Finally, the regulatory role of force-electric coupling parameters in the system’s dynamic behavior is also
crucial. As revealed by Abdelkefi et al. [67] through linear eigenvalue analysis, the load resistance R can effectively
modulate the system’s overall natural frequency. This conclusion stems from the analysis of the system state matrix
and its characteristic equation: By establishing state variables encompassing column displacement, velocity, and
output voltage, the motion equations can be transformed into a matrix form within the state space. Here, the electrical
term reflecting the rate of change of output voltage is directly related to the load resistance. It influences the
mechanical vibration of the column through feedback via the electromechanical coupling coefficient, thereby globally
altering the system’s dynamic characteristics, including its natural frequency. Solving the characteristic equation of
this state matrix further reveals that the system’s characteristic roots—particularly the imaginary part of the complex
conjugate roots determining the global frequency—strongly depend on the load resistance value. This directly
confirms the significant regulatory effect of resistance on the system’s natural frequency.

When changes in the load resistance alter the system’s natural frequency, the synchronization range between
this frequency and the vortex shedding excitation frequency in the flow field also shifts. The underlying physical
mechanism is that the vortex shedding frequency increases with rising flow velocity. Therefore, when increased
resistance raises the system’s natural frequency, a higher flow velocity is required to match the vortex shedding
frequency with the new natural frequency, thereby entering the high-amplitude synchronous locking range.
Concurrently, the system exhibits typical nonlinear hardening characteristics. This stems from the cubic nonlinear
term in the lift coefficient model, causing the resonance peak to shift toward higher frequencies as flow velocity
increases. Furthermore, under high-load resistance conditions (as shown in Figure 4), the system’s initial conditions
significantly influence steady-state power output: the power-velocity curve exhibits pronounced hysteresis, with
output power differing by up to an order of magnitude at the same flow velocity due to varying initial conditions. In
contrast, under low- or medium-resistance conditions, the influence of initial conditions is negligible.
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Figure 4. Lateral displacement of (a) the first configuration and (b) the second configuration under different load
resistance values. Data sourced from [67].

Based on the above complex nonlinear and parameter-dependent characteristics; in order to maximize the
energy harvesting efficiency, it is necessary to determine the optimal load matching relationship through numerical
simulation covering multiple working conditions. The results of their system analysis under short-circuit and open-
circuit configurations further prove [67] that only through extensive parameter simulation and comprehensive
consideration of different combinations of load resistance and inflow velocity can the load parameters that can
maximize energy harvesting performance be ultimately determined.
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3. Research on Power Generation Performance Regulation of FOCE-TENG

The analysis of the flow-induced vibration mechanism elucidates the energy input pathway for FOCE-TENG.
In order to efficiently convert vibrational kinetic energy into stable electrical energy, it is also necessary to regulate
performance at the levels of core device components and system integration. The “contact-separation-charge
transfer” process is influenced by parameters such as vibration amplitude and frequency, which in turn impact
power generation output. The efficiency of this process is contingent upon the conductivity of flexible electrodes,
the charge storage capacity of dielectric materials, the contact characteristics of surface micro/nano structures, and
the synergistic effects of multi-unit networking. This chapter systematically delineates methodologies for the
regulation of power generation performance through the optimization of core components and the design of
network configuration. It establishes a quantitative mapping relationship between “vibration parameters—charge
transfer—electrical energy output”.

3.1. FOCE-TENG Power Generation Theoretical Model

The fundamental principle underlying FOCE-TENG’s power generation theory resides in the coupling
mechanism between flow-induced vibration and triboelectric charge transfer. The model’s construction must
encompass both fluid dynamics principles and the fundamental nature of TENG charge transfer. This will enable
quantitative prediction of power generation performance based on vibration parameters.

3.1.1. Core Theoretical Framework

The power generation theory of FOCE-TENG is based on the charge transfer mechanism of contact-
dissociation-type independent-layer triboelectric nanogenerators, combined with the dynamics of flow-induced
vibration, forming a closed-loop coupled model. Its driving mechanism originates from flow-induced vibration,
whose characteristics are dominated by fluid-structure interaction. As shown in Figure 5, the fluid-solid mass ratio
model and the dimensionless bending stiffness model established by Wang et al. [45] demonstrate that the vibration
amplitude and frequency dynamically evolve with flow velocity, structural dimensions, and material properties.
Meanwhile, the effective contact area of the TENG and its variation frequency are proportional to the contact
separation period frequency, thereby directly regulating its power generation performance through the charge
transfer equation.

PET
a. Initial Separation and Charge Polarization PTFE

In the absence of water flow, the PTFE
film and PET flexible electrode remain
separated due to isolation by adhesive
tape.

b. Contact and Forward Charge Transfer

Driven by water flow, the device vibrates,
causing the PTFE film to contact the PET
electrode. Consequently, positive charges
flow toward the contact area, generating
an instantaneous forward current in the
external circuit.

As the vibration persists, the PTFE film and PET
electrode separate in the opposite direction.
Charge backflow occurs to maintain equilibrium,
generating a reverse current in the external
circuit, which results in the cyclic production of
alternating electrical energy.

Figure 5. The schematic diagram of the working principle can visually verify the closed-loop process of
“vibration—contact separation—charge transfer”.

3.1.2. Quantitative Relationships and Experimental Verification

In light of the theoretical analyses, models, and empirical cases previously discussed, the following core
conclusion is reached: the charge transfer in FOCE-TENG can be represented by the following simplified model:

QxA-f-o 2
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The physical effects of each parameter and their experimental basis are as follows:
(1) Effect of amplitude (4)

The amplitude is jointly determined by the range of relative displacement within the friction layer and the
effective contact area. Liu et al. [68] demonstrated through circulating water tank experiments that when the simulated
ocean current velocity increased from 0.133 m/s to 0.511 m/s, the amplitude of the flexible TENG rose from
approximately 3 mm to 12 mm. The increase in effective contact area enhanced charge transfer by about threefold,
consistent with the Q o« A relationship. Subsequent research by Wang et al. [45] further confirmed that under
supercritical flow conditions, doubling the amplitude can increase the output voltage (positively correlated with Q)
by approximately 80—-100%, highlighting the significant contribution of amplitude to charge transfer.

(2) Effect of frequency (f)

The vibration frequency characterizes the number of contact-separation events per unit time, directly influencing
the charge transfer rate. As shown in Figure 6, Liu et al.’s wave simulation experiments [68] demonstrated that when
the amplitude was maintained at 8 mm, increasing the frequency from 0.25 Hz to 1.25 Hz elevated the output current
from 0.5 pA to 2.6 pA, with the transferred charge increasing approximately 4.2-fold, consistent with the Q o« f
relationship.As shown in Figure 7, further research by Wang et al. [45] indicates that flow-induced vibration
frequency is proportional to flow velocity. Higher frequencies reduce contact-separation cycles, thereby
accelerating charge transfer. This conclusion is also supported by indirect experimental evidence.
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Figure 6. Flag-type TENG (a) Output voltage versus flow velocity; (b) Output current versus flow velocity data;
(¢) Comparison of UF-TENG oscillation amplitude at different flow velocities.
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(3) Effect of surface charge density (o)

Surface charge density is determined by the intrinsic properties of friction materials and their surface
microstructure, serving as a key parameter governing device performance. Zhang et al. [20] constructed composite
nanostructures by doping gold nanoparticles into PTFE films, achieving a 1.7-7.5-fold increase in o. They
observed a corresponding enhancement in charge transfer capability (see Figure 8), directly validating the Q < o
relationship and demonstrating that ¢ is the fundamental factor determining charge transfer capacity.
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Figure 8. Relationship curve between nano-gold particle doping concentration and surface charge density. Data
from [20].

3.1.3. Engineering Application and Validation of Theoretical Models

The FOCE-TENG power generation theoretical model provides a systematic theoretical basis for the
engineering design, performance optimization, and practical application of ocean tidal energy harvesting devices
by quantifying the regulatory mechanism of charge transfer quantity Q through vibration parameters (amplitude
A, frequency f) and material parameters (surface charge density o). The fundamental principles of this model have
been thoroughly validated by multiple literature studies and empirical evidence.

The model reveals the regulatory patterns of key parameters on power generation performance, providing
precise guidance for enhancing engineering performance. Regarding amplitude regulation, Liu et al. [68]
discovered through circulating water tank experiments that increasing the amplitude from 5 mm to 10 mm (while
maintaining a frequency of 1 Hz) expands the effective contact area of the friction layer, doubling the charge
transfer rate. This phenomenon remains stable within a flow velocity range of 0.133-0.511 m/s. Wang et al. [45]
further confirmed in UF-TENG experiments that doubling the amplitude beyond the critical flow velocity increases
the output voltage (positively correlated with Q) by 80-100%, providing experimental evidence for enhancing
amplitude at low flow rates through structural optimization.

Regarding frequency regulation, the kinetic analysis by Wang et al. [45] and the wave simulation experiments
by Liu et al. [68] jointly demonstrate that increasing the frequency from 0.5 Hz to 2 Hz (with amplitude fixed at 8
mm) triples the number of contact-separation cycles per unit time, correspondingly boosting charge transfer by
approximately threefold. The characteristic that flow-induced vibration frequency is proportional to flow velocity
provides theoretical support for achieving frequency optimization through flow velocity matching, enabling FOCE-
TENG to maintain efficient charge transfer across a wide range of flow velocities.

In the optimization of material parameters, Zhang et al. [20] employed surface patterning and nanocomposite
modification techniques to increase the surface charge density ¢ of friction materials by 1.7-7.5 times, thereby
significantly enhancing charge transfer. This result validates the fundamental relationship “Q « ¢ in the model,
providing a basis for engineering material selection and surface treatment.
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The model elucidates the regulatory mechanism of structural parameters on critical activation flow velocity
by introducing submodels such as the fluid-solid mass ratio (Equation (2)) and the dimensionless bending stiffness
(Equation (3)), providing a design paradigm for ultra-low flow velocity energy harvesting. Experiments by Wang
et al. [45] demonstrate that by adjusting the aspect ratio and bending stiffness, the critical activation velocity of
UF-TENG devices can be reduced to 0.133 m/s. This enables effective capture of extremely low-speed tidal
currents, overcoming the bottleneck of insufficient adaptability in low-velocity marine environments faced by
traditional electromagnetic and piezoelectric generators.

Regarding multi-unit integration, the parallel integration strategy proposed by Wang et al. [45] demonstrates
that output power increases linearly with the number of units (Py = N - P;). Experiments confirm that a six-unit
parallel UF-TENG achieves a peak power of 52.3 uW at a flow velocity of 0.461 m/s, providing both theoretical
and experimental foundations for arrayed high-power ocean tidal energy harvesting systems.

The practicality of this model has been validated in multiple marine engineering scenarios. In distributed
marine sensing power supply, Liu et al. [68] designed and developed a flexible TENG device based on the model.
It operates stably under tidal currents of 0.133-0.511 m/s and wave environments of 0.25-1.25 Hz, with a
maximum output voltage of 24.8 V and with a maximum output current of 2.6 pA. The parallel output power of
multiple units reached 79.023 uW, sufficient to meet the in-situ power supply requirements of low-power devices
such as temperature-salinity-depth sensors and underwater thermometers. For ultra-low-speed flow energy
harvesting, Wang et al. [45] developed a model-optimized UF-TENG device with a critical start-up velocity as
low as 0.133 m/s. It demonstrated excellent performance in both recirculating tank experiments and simulated real
ocean environments, showcasing its application potential for energy harvesting in low-velocity zones such as deep-
sea and nearshore areas.

The current model still has certain limitations, primarily manifested in insufficient consideration of the impact
of deep-sea high-pressure environments on charge transfer processes. High pressure may alter the dielectric
properties of the friction layer, exacerbating charge dissipation and limiting the model’s direct applicability in
deep-sea engineering. It is recommended that future engineering improvements incorporate deep-sea
environmental characteristics, investigate the influence of high pressure on surface charge density and contact
separation efficiency, and enhance the model’s pressure adaptability. Concurrently, the physical-information
artificial intelligence inverse design method proposed by Jiao et al. [69] can be adopted. Figure 9 illustrates the
integrated architecture of the Internet of Things (IoT), artificial intelligence (Al), and flexible ocean current energy
triboelectric nanogenerators (FOCE-TENG). This architecture harnesses ocean current energy through FOCE-TENG
arrays, employs IoT modules for data sensing and transmission, and leverages Al engines for performance
optimization, achieving intelligent coordination between marine energy harvesting and environmental adaptation.
This approach integrates multi-field coupled simulations with experimental data to enhance the model’s predictive
accuracy and adaptability in complex marine environments. Consequently, it will facilitate the expansion of FOCE-
TENG applications from nearshore shallow-water settings to large-scale deep-sea ocean energy harvesting projects.

conductive
material

Figure 9. Integration of IoT, Al, and FOCE-TENG.
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3.2. Study on the Impact of Core Components on Power Generation Performance

The theoretical model of FOCE-TENG power generation has quantified the influence of key parameters such
as amplitude, frequency, and surface charge density on charge transfer, thereby providing a theoretical basis for
performance regulation. The optimization of these parameters ultimately requires structural design and material
modification of core components, namely flexible electrodes as charge conduction carriers, dielectric materials as
charge generation and storage cores, and surface micro/nano structures as key elements for contact efficiency
optimization. Collectively, these elements constitute the core regulatory mechanisms that govern the performance
of power generation (as shown in Table 1). The subsequent section will analyze the optimization pathways and
performance impact mechanisms of each component, thereby providing technical support for the engineering
implementation of the theoretical model.

Table 1. Optimization strategy for FOCE-TENG core components.

Research Content and

. Key Indi
Core Components Technical Pathways ey Indicators
. Comparison of multi-process fabrication and ~ Charge transfer amount, output
Flexible electrodes
surface treatment effects voltage/current
. . . Multi-material friction performance Electrification efficiency, charge
Dielectric materials . o
comparison and charge measurement transfer stability

Microstructure construction,
characterization, and contact
mechanism analysis

Surface
micro-nano structure

Contact area utilization, performance
improvement margin

3.2.1. Flexible Electrodes

As the core component of FOCE-TENG, the material properties of flexible electrodes—including
conductivity, flexibility, mechanical stability, and environmental adaptability—directly determine the device’s
energy conversion efficiency, durability, and application potential in complex marine environments. Conventional
metal electrodes demonstrate deficiencies in their capacity to adapt to the low-frequency fluctuations of ocean
currents and long-term immersion conditions. These limitations are attributed to factors such as susceptibility to
corrosion, inadequate flexibility, and substantial mass. Conversely, innovative flexible electrodes, including
graphene-based and gel-based electrodes, have emerged as pivotal advancements for enhancing FOCE-TENG power
generation performance through structural design and performance optimization [70]. This paper systematically
analyses the impact of flexible electrodes on FOCE-TENG power generation performance across three
dimensions: electrode material types, performance enhancement mechanisms, and marine environmental
adaptability. These findings are based on recent research results.

Firstly, the flexible electrode materials commonly used in FOCE-TENG primarily include two categories:
graphene-based composites and gel-based conductive materials. As shown in Table 2, through different structural
designs, these materials meet the performance requirements for ocean current energy harvesting.

Table 2. Comparison of two flexible electrodes.

Performance Dimension Graphene-Based Electrode Gel-Based Electrode
Conductivity High Moderate
Flexibility Flexible, low tensile strain Highly stretchable, self-healing
Environmental Adaptability Resistant to seawater corrosion, Wide temperature range Qperation,
but not to low temperatures resistant to biofouling
Cost High Low

As demonstrated in Figure 10, Xie et al. [70] utilized graphene and its derivatives—including graphene
quantum dots (GQDs), graphene nanosheets (GNSs), reduced graphene oxide (rGO), laser-induced graphene
(LIG), and chemical vapor deposition (CVD) graphene—as core materials, employing top-down or bottom-up
fabrication processes. These electrodes demonstrate ultra-high conductivity, excellent mechanical flexibility, good
corrosion resistance, and high light transmittance (approximately 97% for monolayer graphene), enabling them to
withstand repeated deformation driven by ocean currents and prolonged immersion in seawater environments [71].
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Figure 10. Graphene electrode TENG: (a) Output voltage versus current for layer-by-layer stacked graphene
electrode TENG; (b) Output voltage versus current for multilayer graphene electrode TENG; (¢) Output voltage
versus current for layer-by-layer stacked graphene electrode TENG; (d) Output voltage versus current for
multilayer stacked graphene electrode TENG. Data from [70].

As shown in Table 3, the second major category comprises gel-based flexible electrodes, primarily
categorized into hydrogel electrodes, organic gel electrodes, and aerogel electrodes. Their core principle involves
constructing a three-dimensional crosslinked network and loading conductive media to achieve the integration of
flexibility and conductivity. Lu et al. [72] accomplished integrated conductivity and flexibility by constructing a
three-dimensional network structure loaded with conductive media. The incorporation of MXene, CNT, and other
materials into hydrogel electrodes has been demonstrated to enhance conductivity. The replacement of solvent in
organic gels has been shown to enable operation at temperatures as low as =75 °C, thereby overcoming the issue
of low-temperature freezing. The utilisation of high porosity and low density in aerogels has been demonstrated
to optimise contact separation efficiency under ocean currents. These electrodes demonstrate biocompatibility,
self-healing capabilities, and excellent adaptability to extreme environments, withstanding impacts from ocean
currents and temperature fluctuations.

Table 3. Performance enhancement mechanisms and core performance characteristics of gel-based electrodes.

Gel Electrode Types Conductive Medium Key Performance Indicators Marine Environmental Adaptability
High conductivity;
MXene/Hydrogel =~ MXene Nanoplatelets High tensile strength;
Dual conductive pathways
Wide temperature range adaptation; Resistant to low-temperature freezing;

Resistant to salt spray corrosion;
Strong self-healing capability

CNT/Organic Gel Carbon nanotube

Conductive stability Resistant to organic solvent immersion
L, ity, high ity; Lightweight t;
Graphene/Aerogel ~ Graphene nanosheets ow density, high p OroSILy 18 tweight and buoyap i
high charge accumulation Resistant to water current impact

Secondly, flexible electrodes enhance the energy conversion efficiency of FOCE-TENG by optimizing
charge transport, interfacial contact, and mechanical adaptability.

In terms of charge transport efficiency, the high conductivity of graphene-based electrodes reduces interfacial
losses and shortens charge transport paths. For example, GQD-modified Ag nanowire electrodes increased the short-
circuit current density of TENGs by 20-fold [70], while the porous structure and doping-tuned properties of LIGs
also enhanced charge storage capacity [70]. Lu et al. [72] further demonstrated that the ionic conductive network
within gel-based electrodes accelerates charge migration. This enabled TENG output power reaching 285 volts and
15.5 microamperes, sufficient for sustained charge transfer under low-frequency ocean current fluctuations.

With regard to interface contact optimization, the mechanical flexibility of flexible electrodes contributes to
increasing the effective contact area with the triboelectric layer. The wrinkled surface structure of graphene-based
electrodes has been demonstrated to enhance the triboelectric effect [70]. The viscoelasticity of gel-based
electrodes ensures stable contact under tidal current impacts, while the porous structure of aerogels facilitates
charge storage and ion transport [72]. These features have been proven to significantly enhance the surface charge
density of TENGs.
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Finally, to address the unique demands of ocean energy harvesting, flexible electrodes can achieve synergistic
improvements in environmental adaptability and power generation performance through structural modification.

In the context of corrosion-resistant design for marine environments, graphene-based electrodes
demonstrate remarkable resilience against corrosion in seawater, attributed to their chemically inert properties.
Gel electrodes achieve super hydrophobicity through fluoride modification, thereby preventing contact failure
caused by seawater adhesion.

In the context of low-frequency ocean current adaptation, the LIG-based TENG exhibits notable efficacy in
capturing mechanical energy from such currents. This capability is attributed to the TENG’s porous structure and
flexible design, which enable it to achieve a current density of 2.4 pA-cm 2 under simulated 0.5 Hz Ocean currents
(see Figure 11). The high compressibility of the aerogel electrodes enables the TENG’s contact-separation frequency
to match ocean current fluctuations, achieving a power density of 4.2 mW-m 2. This result is consistent with the MG-
TENG field test data reported by Zhang et al. [73].
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Figure 11. MG-TENG sea trial power density test chart. The data is from [73].

A comparative analysis of key performance metrics reveals that graphene-based electrodes enhance TENG
power density by 26% to 513% (As shown in Table 1 of Reference [70]). Through the research of Lu et al. [72],
gel-based electrodes have been demonstrated to enhance the stability of the TENG cycle. The performance of these
two materials significantly outperforms that of other conventional metal electrodes.

Currently, FOCE-TENG flexible electrodes have been successfully optimized in terms of conductivity,
flexibility, and environmental adaptability. However, their practical implementation remains hindered by three
fundamental challenges: First, large-scale manufacturing of graphene-based electrodes faces consistency issues.
Second, the long-term stability of gel-based electrodes requires improvement, as evidenced by problems such as
hydrogel dehydration and insufficient adhesion between organic gels and substrates. Third, the hydrodynamic
characteristics of the electrode structure are poorly matched to ocean currents, particularly at low-frequency
currents, where contact efficiency and charge output remain sub optimally coordinated. Future research should
focus on advancing multi-material composite systems, integrating electrode-friction layer designs, and conducting
field validation through offshore experiments to lay the foundation for practical marine applications.

3.2.2. Dielectric Materials

The power generation performance of FOCE-TENG devices is largely determined by the characteristics of
the dielectric material employed. As the core functional layer of the device, the surface properties, electrical
parameters, and macroscopic and microscopic structural design of this material collectively dictate charge transfer
efficiency, charge storage capacity, and long-term power generation stability. To withstand the complex operating
conditions of marine environments—including low frequencies, wide flow velocity ranges, and high humidity—
optimizing dielectric materials requires a systematic approach that balances multiple critical requirements: flexible
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adaptability, wear resistance, and energy conversion efficiency. To achieve this goal, a core technical pathway has
been established, centered on the sequence of “material selection—structural modification—performance
enhancement”. The specific mechanisms of action and related research progress within this pathway can be
systematically elaborated.

The fundamental principle guiding dielectric material selection is matching the triboelectric sequence to
optimize surface charge transfer. Contemporary mainstream flexible dielectric materials primarily include poly
(dichloroethylene methacrylate) (PDMS), polytetrafluoroethylene (PTFE), fluorinated ethylene propylene (FEP),
polyvinylidene fluoride (PVDF), and their copolymers. These materials exhibit not only exceptional mechanical
flexibility but also outstanding chemical stability, enabling them to withstand periodic bending and vibrational
deformation driven by ocean currents. Extensive research indicates that material combinations with greater
distance in the triboelectric sequence exhibit more pronounced charge transfer during contact charging. For
instance, Cui et al. [74] conducted an experimental study comparing charge transfer between acrylonitrile, Cu, PE,
and PTFE, finding that the acrylonitrile-PTFE pairing generated significantly higher charge transfer than other
combinations. This finding directly validates the importance of triboelectric sequence matching. To illustrate this,
consider the strongly negative material PTFE. When paired with metallic electrodes like aluminum (Al) or copper
(Cu), or positively charged materials such as nylon, it exhibits pronounced surface charge separation effects [75].
Similarly, the FEP-PET combination maintains a high and stable potential difference during dynamic contact
separation driven by ocean currents [68]. Furthermore, flexible dielectric materials must meet mechanical
compatibility requirements in marine environments. Polydimethylsiloxane (PDMS) and polyvinylidene fluoride
(PVDF) materials, owing to their low Young’s modulus and high elongation at break, possess the capacity to
accommodate deformation demands caused by fluctuations in ocean current velocity [68]. Within this velocity
range, the device’s output voltage and current gradually increase with flow speed, effectively preventing power
generation degradation due to material fatigue.

Modifying the surface of dielectric materials to optimize contact area is a key method for enhancing charge
generation. Topological structures at the micro- and nanoscale, including pores, nanowires, and regular arrays,
have been demonstrated to significantly increase surface roughness, thereby amplifying the strength of the
triboelectric effect. Researchers Xiao et al. [76] proposed a method utilizing sandpaper as a template to fabricate
irregular microporous structures on PDMS surfaces. Their experiments demonstrated that PDMS surfaces
patterned with sandpaper of varying grit sizes exhibited irregular pore structures. Pore density increased
proportionally with the number of particles, while pore size decreased. Structures formed by specific sandpaper
maximized the surface area of the dielectric layer (see Figure 12a), resulting in open-circuit peak voltage and short-
circuit current ratios for the corresponding TENG exceeding those of unpatterned samples by more than threefold.
Guo et al. [77] fabricated layered nanofiber membranes using electrospinning. The three-dimensional network
structure formed by nanoparticles was leveraged to significantly enhance surface roughness. The output voltage
of the TENG assembled from this membrane was three times that of a pure polymer membrane (see Figure 12b).
It should be noted that in solid-liquid contact-type FOCE-TEGs, excessive roughening of the solid dielectric
surface may induce excessive hydrophobicity, thereby reducing output performance for capturing low-frequency
ocean current energy [78]. Therefore, surface modification strategies must balance increasing contact area with
regulating interfacial wettability.
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Figure 12. Comparison of Surface Material Effects on Output Performance. (a) Surface area of dielectric layer
microstructure under different sandpaper grits [76]; (b) Surface potential comparison diagram [77].
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The optimization of the electrical properties of dielectric materials and the enhancement of their charge
storage capacity are imperative for the improvement of output stability. The prevailing contemporary strategy
entails the construction of composite dielectric layers through the incorporation of inorganic fillers, with the
underlying mechanism elucidated by the surface charge density relationship [77]:

_ EO‘Sthri

o= 3)

Here, o denotes the surface charge density, &, represents the relative permittivity, V,,.; indicates the
triboelectric voltage, and d signifies the thickness of the dielectric layer.

The enhancement of the dielectric constant and the capacity for charge trapping directly boosts surface charge
accumulation and storage efficiency. First, the introduction of high-dielectric-constant inorganic fillers, such as
BaTiOs3, ZnSnO;, and CaCusTisO1,, has been demonstrated to significantly improve the dielectric properties of
composite materials. As demonstrated by Kang et al. [79], the dielectric constant of composite films increases with
rising filler volume fraction. This results in markedly higher open-circuit voltages for TENG devices compared to
pure polymer films. In a similar vein, Wang et al. [80] attained several-fold enhancements in both output current and
peak power by strategically incorporating specific nanoparticles into polymers. In addition, innovative fillers that
exhibit a combination of high dielectric properties and charge adsorption capabilities have the potential to enhance
the peak power density of composite materials by more than tenfold. The superior performance of these fillers is
validated by simulation of electric field distribution and output power testing (see Figure 13a) [77]. Secondly, the
incorporation of fillers with charge-trapping properties, such as two-dimensional materials including graphene, MoS,,
black phosphorus, and carbon nanotubes, has the potential to mitigate charge dissipation by capitalizing on their
abundant charge-trapping sites. As demonstrated by Xiao et al. [76], the optimal doping of the composite dielectric
layer with carbon nanotubes led to a substantial enhancement in capacitance, resulting in a notable increase in the
peak-to-peak open-circuit voltage and short-circuit current of the respective TENG (see Figure 13b).
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Figure 13. Optimizing the electrical properties of dielectric materials impacts TENG performance. (a) Actual
power density output of devices based on PDMS and PDMS@F-MOF films [77]; (b) Capacitance of micro
structured CNT/PDMS dielectric layers with 10 sets of different CNT doping concentrations [76]; (¢) Surface
potential decay curves of PVDF/mSiOz nanofibers with varying mSiO2 concentrations [77].

Kim et al. [81] and Cui et al. [74] have achieved multiple-fold increases in TENG power density by
incorporating two-dimensional materials into polymer composites. The incorporation of these fillers led to a
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simultaneous enhancement in the material’s mechanical flexibility, thereby enabling the composite film to
withstand tensile and bending deformations and adapt to complex motion patterns driven by ocean currents.
Additionally, the incorporation of electret fillers, such as modified SiO, nanospheres, facilitates the retention of
charge over extended periods and effectively mitigates the decline in surface charge dissipation. As demonstrated
by Huang et al. [82], composite nanofiber membranes exhibit a notable retention of their initial surface potential
over extended periods (see Figure 13b). In contrast, pure polymer membranes demonstrate a complete dissipation
of surface charge. Consequently, the TENG power density based on this composite material is significantly
enhanced. Organic-inorganic composite electret materials demonstrate the capacity to accumulate interfacial
charges over extensive periods, exhibiting a high degree of charge density retention even under conditions of
temperature and humidity fluctuation typical of marine environments. This provides crucial support for the long-
term stable operation of FOCE-TENG systems [83—87].

In the structural design of dielectric layers, it is imperative to comprehensively consider the low-frequency
and wide-flow-velocity characteristics of ocean current energy, thereby enhancing energy conversion efficiency
through structural optimization. The employment of flexible multilayer composite structures has been
demonstrated to enhance charge transfer through interlayer synergistic effects. Concurrently, the incorporation of
air gaps has been shown to effectively suppress capacitance increase and output voltage attenuation, which are
caused by the high dielectric constant of seawater. Zhang et al. [75] conducted an experiment that demonstrated
that devices without air gaps exhibited lower output voltages in water. Conversely, the introduction of air gaps
significantly boosted output voltage while maintaining stable performance in high-salinity aquatic environments.
The phenomenon can be explained by the relevant formula:

owl
Voc,max = C_O @)

Among these, V,;mqx denotes the maximum open-circuit voltage of the triboelectric nanogenerator when
no external load is applied and the electrodes are separated to the maximum distance from the dielectric layer. It
serves as the core metric characterizing the device’s output performance. ¢ represents the surface charge density
of the dielectric layer. w and ! denote the width and length of the dielectric layer, respectively, whose product
constitutes the effective triboelectric contact area S = w X [. C, denotes the intrinsic initial capacitance when
the device is at its initial position. The core logic of this formula is that the maximum open-circuit voltage is
determined by the ratio of the total charge on the dielectric surface (o X w X [) to the initial capacitance C,.
Therefore, increasing the charge surface density, expanding the effective contact area, or reducing the initial
capacitance can all enhance V. 4. This principle also serves as the key theoretical basis for designing the air
gap structure of FOCE-TENG in marine environments.

The implementation of an air gap results in a reduction of internal capacitance within the device, thereby
leading to a substantial increase in open-circuit voltage for an equivalent charge quantity. Furthermore, the
thickness and dimensions of the dielectric layer must align with ocean current dynamics. Thinner dielectric layers
have been shown to reduce mechanical losses and enhance response speed. The efficacy of multi-unit FOCE-
TENG systems is contingent upon the optimization of effective contact area, which can be achieved by integrating
multiple device units in parallel. A direct correlation has been demonstrated between the number of parallel units
and the output power of these systems, indicating a linear relationship [68]. For instance, under specific flow rate
conditions, the output power of a multi-unit parallel structure has been demonstrated to reach levels sufficient to
meet the low-power supply requirements of numerous marine sensors.

In summary, the influence of dielectric materials on FOCE-TENG power generation performance follows a
three-dimensional synergistic regulation pattern: material properties, structural design, and environmental
adaptation. Surface microstructure modification primarily enhances charge generation by increasing contact area,
while the incorporation of high-dielectric-constant fillers and charge-trapping fillers optimizes electrical properties
to enhance charge storage. Electret modification and composite structural design are focused on ensuring long-
term operational stability under harsh ocean current conditions. The extant research conclusively demonstrates
that composite dielectric materials achieve significantly superior performance optimization compared to single-
material systems. The combination of two-dimensional materials with high-dielectric fillers in synergistic doping
strategies has been demonstrated to enhance device power density by up to tens of times. Following extended
periods of operation, FOCE-TENG exhibits consistent electrical parameter stability, thereby substantiating its
notable durability. Future research should concentrate on the development of seawater-resistant, durable, and
flexible composite dielectric materials while achieving a better balance between mechanical flexibility and energy
conversion efficiency. This will effectively advance the practical application of such generators in marine
distributed energy systems [88-92].
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3.2.3. Surface Micro-Nano Structure

The core of FOCE-TENG performance optimization lies in regulating the surface micro-nano structures of
its friction layer, which is a key approach to enhancing energy conversion efficiency. By precisely controlling
surface topography, the contact state, charge transfer, and mechanical compatibility at solid-solid/liquid interfaces
can be effectively optimized, thereby overcoming performance limitations in low-frequency ocean current
environments. Research indicates that micro/nano-structured surfaces significantly enhance device output
performance through mechanisms such as increasing effective contact area, regulating interfacial wettability, and
amplifying triboelectric effects. Furthermore, this approach endows devices with outstanding structural
compatibility, potential for large-scale fabrication, and adaptability to marine environments [93-97].

The preparation of surface micro- and nano-structures requires balancing the mechanical properties of
flexible substrates, corrosion resistance in marine environments, and scalability for mass production. Currently,
two primary technical approaches are employed: First, methods characterized by simple processes and stable
mechanical properties, such as the technique by Zhao et al. [98] that utilizes sandpaper of varying grit sizes to
polish linear microgrooves onto surfaces like aluminum foil and polyimide. This method offers advantages
including low cost, suitability for large-area fabrication, and potential for industrial implementation. The second
approach employs photolithography replication techniques. Zhao et al. [99] fabricated silicon templates via
photolithography and transferred them onto polymers like PDMS, achieving high-precision surface topography
suitable for optimizing solid-liquid interfaces.

In practical marine applications, the modified devices demonstrate significant performance enhancements:
for instance, the large-scale device in Zhao et al.’s [98] experiment achieved an output of 1500 V and 75 pA, with
a power density of 62.3 uW/cm?; the solid-liquid interface device in Zhao et al.’s [99] work saw its output voltage
increased to 27.2 V, capable of driving hundreds of LEDs. Simultaneously, the devices demonstrate excellent
environmental adaptability. For instance, Chen et al. [100] observed less than 8% performance degradation after
30 days of immersion for PTFE composite structures, while linear structures reduced biofouling rates by 40%.

Despite ongoing technological advancements, micro- and nano-structures still face several critical challenges,
primarily including [101]: insufficient mechanical stability under long-term erosion (typically with a service life
of less than one year), sensitivity of solid-liquid interface wettability to variations in seawater salinity and
temperature, and difficulty in controlling surface structural uniformity across large-area devices [102—106]. Future
research should focus on developing mechanically adaptive biomimetic structures, constructing multiscale
composite morphologies suited for wide-range ocean current environments, and advancing scalable continuous
manufacturing technologies to accelerate the engineering application of FOCE-TENG.

3.3. The Impact of Network Configuration on Power Generation Performance

Although a single FOCE-TENG unit has achieved power generation capability through component
optimization, its limited output power struggles to meet the energy demands of practical applications such as the
ocean Internet of Things [107-111]. Therefore, integrating multiple units into arrays or networks (Figure 14) is a
key strategy for realizing efficient, large-scale “blue energy” capture. It is important to note that the overall
performance of an array is not a simple summation of individual unit outputs [112-116]. Instead, it is
synergistically influenced by network topology, phase relationships between units, and energy management
strategies [117-121]. Consequently, in-depth research into network configurations is crucial for advancing the
practical application of FOCE-TENG systems.

The fundamental electrical connection topologies primarily include series and parallel configurations [122—-126].
Series connections enhance the total open-circuit voltage, theoretically summing the voltages of each cell, but the
total output current is limited by the cell with the lowest current in the network. Parallel connections aim to increase
the total output current, theoretically summing the total charge transfer across all cells, while the output voltage is
clamped to the level of a single cell [127]. He et al. systematically investigated the output characteristics of
series/parallel TENGs, confirming the gain effects of different configurations on voltage and current [128]. The
choice of connection method depends on the specific voltage or current requirements of the application.

In actual marine environments, the spatiotemporal inhomogeneity of ocean currents makes it difficult for
individual units within a FOCE-TENG array to maintain synchronized motion, resulting in phase differences among
alternating current signals [4]. If such out-of-phase units are directly connected in parallel, their positive and negative
voltages will cancel each other out. This not only hinders effective energy superposition but also causes significant
internal energy dissipation, substantially reducing the overall output efficiency of the network [127]. To address this
issue, the mainstream approach involves rectifying the AC output of each TENG unit before parallel connection,
converting it to DC to avoid phase cancellation and achieve stable energy accumulation [129-133]. Additionally,
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Liu et al. [127] proposed a large-scale wave energy harvesting grid structure based on optimized TENG network
topology, providing theoretical guidance for enhancing energy capture efficiency under complex ocean conditions.

Figure 14. Multiple FOCE-TENG units integrated into arrays or networks.

In addition to optimizing fundamental electrical connection methods, more advanced network configurations
and management strategies have been extensively explored. On one hand, configuration innovations represented by
modular designs enable flexible integration of multiple TENG units, facilitating large-scale deployment and
maintenance, such as the O-ring modular TENG system [134]. On the other hand, the synergistic integration of
efficient power management circuits with TENG networks is indispensable [129,135]. These circuits are specifically
designed for the pulsed high-voltage, low-current output characteristics of TENGs, enabling efficient energy
harvesting, storage, and regulation. Their performance has been validated in multiple studies [136-140].
Developing universal passive power management strategies to ultimately construct “self-powered” TENG
networks capable of supplying power to their own management circuits and loads is a current research focus in
this field [135,136].

In summary, the networking of FOCE-TENG devices is a critical step in the process of expanding from
individual components to large-scale energy harvesting systems. Research in this field is continually progressing,
from fundamental series-parallel connections to addressing asynchronous excitation issues in real ocean
environments, and further to network topology optimization and modular design [127,134]. In the future, the
design of FOCE-TENG network architectures must evolve in tandem with efficient power management strategies.
It is imperative to recognize that the comprehensive optimization of this system is paramount to fully actualize its
considerable potential as a distributed marine energy solution. This will ensure the provision of sustainable power
support for ocean exploration and monitoring equipment [141-145].

4. Collaborative Testing System and Performance Validation

The FOCE-TENG performance control framework established in the preceding section encompasses theoretical
modeling, core component optimization, and network design. Its effectiveness requires validation through systematic
testing. Given the dynamic characteristics of ocean current environments, the complexity of flow-induced vibrations,
and the tight coupling among various performance parameters, it is imperative to construct an experimental system
capable of simultaneously monitoring flow field parameters, vibration responses, and electrical outputs. This chapter
details the core components and design strategy of this test system. Collaborative testing quantifies the performance
regulation effects, providing empirical evidence for technological optimization while demonstrating the adaptability
and stability of FOCE-TENG in real ocean environments.

4.1. Testing Core Components of the System

The overarching objective of the collaborative testing system is to achieve precise synchronous measurement
of three types of parameters: flow field, vibration, and electrical properties. The system’s overall performance is
contingent upon the selection and mutual compatibility of key modules [146—150]. The system is composed of
three modules: a flow field simulation module, a vibration monitoring module, and an electrical testing module. It
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is imperative that each module meet both high-precision and high-synchronization requirements. This is necessary
to ensure the reliability and repeatability of test results.

The flow field simulation module is principally employed to reproduce steady-state or dynamic water currents
under low-velocity conditions in marine environments. The core components of the system consist of a
recirculating water tank, water pumps, and a flow velocity calibration unit. The configuration and performance
parameters of this module have been validated through numerous experimental apparatus studies and publicly
available scientific facility information [151-155]. The recirculating water tank is a fundamental flow field
simulation platform that provides a continuous and stable flow environment. This capability has been explicitly
applied in marine engineering-related experiments, supporting long-term, multi-objective measurements of
hydrodynamics and detailed flow fields [156—160].

As demonstrated in Figure 15, Ni et al. [161] employed a standard flume as the experimental apparatus,
measuring 16 m in length, 0.4 m in width, and 0.4 m in height, with a flow velocity adjustment range of 0.2-0.7 m/s.
The findings indicated that this velocity range is consistent with the low-velocity simulation capabilities of existing
multifunctional wave-wind-current integrated flumes, thereby demonstrating its potential to meet the testing
requirements for vortex-induced vibration of marine structures within this velocity interval. Furthermore, the
repeatability error of this recirculating flume is less than 1.0%, indicating a high degree of stability. The velocity
deviation control standards for analogous research facilities further substantiate its aptitude for long-term stability testing.
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Figure 15. Schematic diagram of the experimental setup by Ni et al. [161].

In experimental scenarios necessitating precise measurement and control of lower flow velocities, Zhang et al. [162]
employed an SCP-180 programmable water pump to simulate real-world flow conditions. Concurrently, the flow
velocity within the pipeline was meticulously monitored and real-time feedback was systematically provided using
an advanced LS300-A high-precision flowmeter. The research team then systematically completed comprehensive
electrical output performance testing of the triboelectric soft fish tail device across a flow velocity range of 0.24
m/s to 0.89 m/s, building upon this precisely controlled flow field.

The data from Zhang et al. [162] show that as the flow velocity gradually increases from 0.24 m/s to 0.89 m/s,
the open-circuit voltage steadily rises from 200 V to 313 V. Correspondingly, the short-circuit current increases from
1.65 pA to 3.18 pA. Specifically, at a flow velocity of 0.89 m/s, researchers calculated the device’s volumetric power
density to be 5.56 W/m? using the power formula P = I?R (where P is instantaneous power, I is current, and R
is the matched load resistance;). The experimental system’s efficacy is evidenced by its ability to attain stable
regulation within the target flow velocity range and precise calibration of flow field parameters.

Furthermore, at a constant flow velocity of 0.89 m/s, the charge transferred per cycle by the triboelectric soft
fishtail device exhibited stability at 0.17 pC. The repeatability and stability of this electrical parameter further
corroborate the high reliability of the flow velocity measurement scheme and system calibration results.

Moreover, in select studies that emphasize the mechanisms of cross-medium energy conversion, open-loop
wind tunnels are frequently utilized to simulate stable airflow environments. For instance, Kim et al. [163] explicitly
defined the wind tunnel test section geometry as 0.6 m wide, 0.6 m high, and 1.4 m long, with wind speed adjustable
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from 2.9 to 9.1 m per second. This standardized configuration provides an effective experimental platform for
systematically investigating flow-induced vibration phenomena and conducting comparative analyses.

The research team employed this wind tunnel system to conduct a systematic investigation into the unique
rapid flipping flow-induced vibration behavior exhibited by buckling elastic thin plates under aerodynamic
loading. The fundamental experimental configuration and testing methodology are illustrated in Figure 16. This
schematic illustrates the dynamic process of the elastic plate switching between two stable configurations under
aerodynamic loading, thereby validating the wind tunnel platform’s precise simulation capability for such complex
fluid-structure interaction phenomena. The validity of the wind speed range is further substantiated by experimental
data from Figure 16b,c. The horizontal axes of both figures explicitly indicate that the primary wind speed range
examined in the experiment’s spans from 6.2 to 9.1 m per second. The figures also include reliable test data from the
low-wind-speed segment, comprehensively covering the core range of 2.9 to 9.1 m per second. This finding
substantiates the practical utility of this wind tunnel configuration in real-world research applications.
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Figure 16. (a) Schematic diagram of flow-induced periodic snap-through; (b) Relationship between external load
output power and wind speed; (¢) Oscillation frequency versus free-stream velocity at five wall distances. Data
sourced from [163].

From an intrinsic mechanism perspective, the wind tunnel simulation experiments in this study are grounded
in the principles of fluid-structure interaction dynamics. By employing modified static equilibrium equations to
describe the buckling behavior of thin plates, this work theoretically elucidates the multi-force equilibrium
relationship among aerodynamic forces, internal bending restoring forces, axial forces, boundary constraint forces,
and contact forces. Notably, this fundamental principle shares essential commonalities with the interaction laws
between fluids and flexible structures in aquatic environments: both involve periodic or non-periodic structural
vibrations induced by fluid driving forces, and their dynamic equilibrium mechanisms can be described through
models coupling structural mechanics and fluid mechanics. Therefore, the open-loop wind tunnel test
configuration, key parameter settings, and fluid-structure interaction simulation framework adopted in this study
provide direct reference and basis for the design and optimization of water flow environment testing systems for
marine energy harvesting [163—167].
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4.2. Collaborative Test Design Strategy

In order to accomplish the primary objective of unveiling the multiphysics coupling mechanisms among flow
field, vibration, and electrical properties through collaborative testing, it is essential to methodically arrange and
construct the formulation and implementation of the overall design strategy around three fundamental aspects:
parameter control, synchronous data acquisition, and environmental adaptation.

At the level of parameter control, the testing system must possess the capability to implement high-precision
regulation of multiple categories of parameters to support multidimensional collaborative performance evaluation
and analysis. Specifically, flow field parameter control is achieved by adjusting water flow velocity or wind speed.
This adjustment enables the simulation of ocean wave energy environments with varying energy intensities. The
flow velocity control range for the TE-SFT device testing spans from 0.24 to 0.89 m per second (m/s), while for
the VMG-TENG device testing, the range is from 0.3 to 0.6 m/s. A minimum trigger velocity of 0.2 m/s is required.
The corresponding output performance has been experimentally validated in Figure 17a—d [42,162]. Conversely,
wind speed regulation primarily targets the range of 2.9-7.8 m/s, encompassing various wind conditions from light
breezes to strong winds. The voltage, current, and charge output characteristics of the FIV-TENG device within this
wind speed range are intuitively illustrated in Figure 17e—g. The theoretical foundation of this model is
predominantly derived from the rotational kinetic energy formula (Equation (5)) and the oscillator motion equation
(Equation (4)).
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Figure 17. (a—d) Power-load relationship of VMG-TENG at different flow velocities [42]. (e—g) Output
comparison at different cantilever lengths [64].

With respect to structural parameter regulation, research is chiefly concentrated on modifying the physical
configuration of energy harvesting devices themselves to explore the intrinsic relationship between structural
optimization and system synergistic performance. Specifically, Li et al. [42] modulated flow field interactions by
systematically varying the number of gratings (2—16); Zeng et al. [64] concentrated on optimizing cantilever beam
length parameters (30-60 mm); Zhang et al. [162] innovatively designed the inclination angle of an inertial
pendulum (0—8°); while Ni et al. [162] altered the internal structure by controlling the packing density of particulate
matter (26.3—100%). The performance impacts of these parameter adjustments have been thoroughly validated
through corresponding experimental data. As demonstrated in Figure 17, the impact of grid count on MG-TENG
output performance is evident. The 8-grid structure is observed to exhibit optimal overall performance. The
optimization results for cantilever length are substantiated in Figure 17e—g, where a 45 mm length simultaneously
achieves linear output response and high stability.

Signal synchronous acquisition serves as the critical technological foundation for collaborative testing, with
its core objective being the strict temporal synchronization of flow fields, vibrations, and electrical signals.
Existing systems typically employ a combination of hardware triggering and software coordination to ensure
precise temporal alignment. On the hardware side, a single trigger source synchronously controls flow field drivers,
displacement sensors, and electrical measurement equipment, adjusting inter-channel trigger delays to within 1
millisecond. Software-wise, unified acquisition programs developed on integrated platforms like LabVIEW or
MATLAB enable simultaneous collection, timestamp alignment, and storage of vibration displacement, contact
force, and electrical signals. The sampling frequency is uniformly set to 2000 Hz, providing a reliable data
foundation for subsequent multi-parameter correlation and mechanism analysis [162].
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Taking the FIV-TENG test as an example, the synchronous acquisition of wind speed, vibration frequency, and
open-circuit voltage, combined with the correlation formula between system vibration and fluid forces (Equation (4)),
reveals the regulatory mechanism of flow field parameters on vibration behavior. Furthermore, experiments by Zeng
et al. [64] demonstrated that increasing wind speed from 2.9 m/s to 7.8 m/s correspondingly raised the vibration frequency,
boosting output power from 0.9 mW to 1.3 mW (as shown in Figure 18). This result directly validates the prevailing
hypothesis of strong coupling between flow field, vibration, and electrical performance.
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Figure 18. Output performance of the FIV-TENG. (a) Voltage, current, and corresponding output power of the
FIV-TENG under different external load resistances at a wind speed of 2.9 m/s; (b) Voltage, current, and
corresponding output power of the FIV-TENG under different external load resistances at a wind speed of 7.8 m/s.
The data comes from [64].

In experimental studies of VC-TENG, Yu et al. [168] established a theoretical model based on classical
vortex-induced vibration dynamics equations and obtained crucial experimental evidence by simultaneously
monitoring vortex shedding intensity, structural amplitude, and charge transfer rate. The study demonstrated that
after adopting an optimized curved wind plate design, the charge transferred per cycle increased significantly from
0.01 pC to 0.47 pC—a 47-fold increase—while the structural vibration amplitude also markedly intensified. This
comparative experimental result clearly reveals the intrinsic mechanism whereby flow field structural regulation
can effectively enhance vibration behavior, thereby synergistically improving power generation performance.

Given the extreme complexity and harshness of the actual marine environment, the design and validation of
the testing system must prioritize environmental adaptability as a core evaluation criterion. The verification
framework under consideration is comprised of two primary dimensions: waterproof sealing performance and
long-term operational stability.

In order to assess the waterproof performance of a product, researchers generally establish controlled
simulated rainfall test platforms or conduct long-term continuous immersion tests. By means of these tests, they
are able to systematically evaluate the protective efficacy of device packaging and sealing structures in humid
environments. Specifically, Zeng et al. [64] conducted simulated rainfall tests on FIV-TENG devices featuring a
trapezoidal cylindrical shell sealing structure. The edges were reinforced with waterproof tape to effectively
prevent liquid water from penetrating the structure. The device’s open-circuit voltage output demonstrated no
substantial deviation when subjected to heavy rainfall conditions, with a maximum recorded intensity of 33.9 mm
per hour. This performance retention rate of 96.8% is noteworthy, particularly when considering the potential
impact of severe weather conditions on the device’s functionality. Concurrently, Zhang et al. [162] exposed TE-
SFT devices to a 30-day continuous immersion test. The integrated sealing structure, fabricated using advanced
soft material synthesis technology, demonstrated outstanding resistance to long-term water environment erosion.
As shown in Figure 19, following a 30-day period of immersion, the device exhibited an open-circuit voltage
retention rate of 96.81%, thereby substantiating the reliability of its sealing design.

With regard to the evaluation of long-term operational stability, the study undertook a comprehensive
assessment of durability. This was achieved by meticulously monitoring the attenuation trends of vibration
response and electrical output performance over extended periods or cycles. These observations were made while
the device was operated under strictly controlled conditions. For instance, Yu et al. [168] conducted a continuous
operation test of VC-TENG devices for 6.9 h at a wind speed of 4.1 m/s. After undergoing 11,200 operational
cycles, the retained charge transfer efficiency remained at 97.9%, with overall electrical performance degradation
below 5%. Zhang L et al. [43] conducted a 7000-s continuous operation of VIV-TENG devices at a wind speed of
3.68 m/s, accumulating approximately 98,000 cycles. As demonstrated in Figure 20, the device’s open-circuit
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voltage waveform exhibited remarkable stability throughout the testing period, with no substantial degradation
observed. This exceptional stability is attributable to the establishment of a stable coupling mechanism between
internal vibrations and electrical output within the device. Zhang et al. [43] elucidated the synergistic relationship
among hydrodynamic forces, structural vibration, and charge transfer through the use of coupled dynamic
equations. Yu et al. [168] optimized structural parameters based on models of vortex-induced vibrations. This
ensured stable vibration excitation intensity and energy conversion efficiency during long-term operation. This
provides fundamental assurance for reliable application in real marine environments.
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Figure 19. Water immersion durability of TE-SFT at v = 0.89 m/s. (a) Voltage; (b) Current. Data from [162].

2.5 |
e []=2.778 M/
— ]=5.34 m/s

Watch working

S 1.5
by
&
S 1.0

0.5

0.0 M M M M

0 50 100 150 200
Time (s)

Figure 20. Charging performance and application demonstration of T-VIV-TENG for powering digital watches.
Data sourced from [43].

Furthermore, certain test systems incorporate ambient temperature and humidity as pivotal variables to validate
the performance robustness of devices under more extensive environmental conditions [169—173]. Test results by
Zhang et al. [162] for TE-SFT devices (as shown in Figure 21) indicate that no significant fluctuations were observed
in open-circuit voltage, short-circuit current, or charge transfer within the temperature range of 10-35°C and relative
humidity range of 35-85% RH. This finding suggests that the material system and structural design of the device
can effectively withstand the dynamic temperature and humidity variations commonly encountered in marine
environments [174—178], further expanding its potential application scenarios.
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Existing studies have reported performance data for FOCE-TENG devices across various structural and
material configurations. However, direct comparisons are significantly limited due to factors such as the test fluid
medium (seawater/air), flow velocity range, and device dimensions. Table 4 summarizes the normalized
performance metrics of mainstream FOCE-TENG devices, uniformly normalized based on device area/volume,
with key test conditions noted. Results indicate that triangular-section oscillators and biomimetic flexible
structures exhibit superior power density at low flow velocities, providing quantitative references for subsequent
device structural optimization. Future research should establish unified performance evaluation standards and
testing protocols to advance this technology from laboratory development to engineering applications.

Table 4. Standardized performance comparison table for FOCE-TENG and similar ocean current energy

conversion technologies.

Configuration Flag-Type [45] Thin-Film Type [68] Bionic Fish Tail [162]Fully Encapsulated [64] Trapezoidal Vibrator [66]

Structure Blunt Body— Multilayer Thin Sealed Trapezoidal Triangular-section
Flexible Flag Film Array Oscillating Structure  Oscillato—Cantilever blunt body
Operating conditions Low seawater Flow Field— Long-term soaking Airflow Simulation Equivalent flow velocity

flow velocity  Frequency Modulation

Amplitude/Efficiency
(Characteristic
Dimensions)

Power density
(windward area)

Power Density Charge/Efficiency

Normalization Basis (Arca) (per unit arca)

Volume power density

5. Limitations and Prospects

The theoretical foundation, control technology, and testing methods of FOCE-TENG have formed a
comprehensive technical system, with its feasibility in capturing low-velocity ocean currents experimentally
validated. However, transitioning from laboratory research to large-scale engineering applications still faces
practical challenges such as extreme environmental adaptability, technical bottlenecks in scaling up, and balancing
material costs.

5.1. Technical Limitations
5.1.1. Insufficient Adaptability to Extreme Marine Environments

The impact of deep-sea high-pressure environments on the charge transfer mechanism of FOCE-TENG
remains unclear. It is hypothesized that high pressure may degrade the dielectric properties of the friction layer
and exacerbate charge dissipation, thus limiting its application potential in deep-sea environments. Marine
biofouling has been shown to compromise the integrity of friction surfaces and disrupt mechanical motion, while
existing antifouling coatings have been found to struggle to maintain long-term protective efficacy. Furthermore,
ocean currents demonstrate wide velocity fluctuations (0.5-3.6 m/s) and complex flow directions, resulting in a
significant reduction in energy capture efficiency in non-resonant states. Existing devices encounter difficulties in
achieving stable output across the entire velocity range.
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5.1.2. Scalable Deployment Faces Technical Bottlenecks

Large-scale FOCE-TENG arrays encounter challenges in terms of synchronization control. Spatial
inhomogeneity in ocean currents gives rise to varying vibration phases across individual units, rendering direct
parallel connection susceptible to mutual energy cancellation. Existing energy management systems demonstrate
an inadequate alignment with the high-voltage, pulsed, low-current output characteristics of TENGs, resulting in
suboptimal energy conversion and storage efficiency. Moreover, the deployment of arrays is associated with
considerable installation expenses and challenges related to maintenance. The absence of modular integrated
designs that are well-suited to marine environments contributes to the limited adoption of this technology on a
large scale.

5.1.3. The Trade-Off between Material Properties and Cost

The elevated expense of large-scale manufacturing for contemporary high-performance materials (e.g.,
graphene composites and fluoropolymers) continues to be a significant barrier, constraining their engineering
applications. The optimization of both long-term corrosion resistance and mechanical stability is a challenging
undertaking, particularly when considering their synergistic relationship. Metal electrodes are susceptible to corrosion
caused by seawater, while flexible polymers tend to fatigue and fail under sustained dynamic loads. Additionally,
poor interface compatibility between high-dielectric-constant fillers and flexible substrates prevents simultaneous
enhancement of charge storage capacity and mechanical flexibility in composite dielectric materials.

5.1.4. Failure Modes and Reliability Shortcomings in Extreme Marine Environments

In deep-sea high-pressure environments, dielectric materials experience reduced charge trapping capacity
due to pore compression, leading to charge dissipation and output attenuation. Simultaneously, high pressure
exacerbates fatigue in flexible structures, causing unstable friction contact. Marine biofouling covers the friction
layer surface, reducing its roughness and hindering charge transfer. Concurrently, microbial metabolites
synergistically accelerate electrode corrosion, collectively resulting in sustained output performance degradation.
Moreover, wide-amplitude ocean current fluctuations readily displace energy harvesters from their resonant
operating range. Traditional passive tuning structures struggle to adapt to sudden velocity changes, often causing
“resonance loss” and power supply interruptions. The coupled effects of high pressure, biofouling corrosion, and
dynamic flow fields severely limit the long-term reliability and environmental adaptability of marine energy
harvesting devices.

The transition of FOCE-TENG from laboratory research to large-scale engineering applications is
constrained by three core technical bottlenecks: insufficient extreme environmental adaptability, scalable
deployment challenges, and the trade-off between material properties and cost. To address these bottlenecks in a
targeted and actionable manner, next section reorganizes future research directions into short-term, medium-term,
and long-term priorities, establishing clear connections between each priority and specific technical pain points.

5.2. Future Priorities

To advance flow-induced vibration triboelectric nanogenerators from proof-of-concept to practical
application, a systematic phased research plan must be established. The following outlines the core objectives,
implementation pathways, and anticipated contributions for short-term, medium-term, and long-term phases. Each
phase builds upon the preceding one, forming a progressive R&D trajectory.

5.2.1. Short-Term Priorities

This phase aims to address the core bottlenecks constraining the field validation and initial application of the
technology, focusing on enhancing device performance in real ocean environments, establishing a comparable
evaluation system, and improving short-term environmental reliability. First, to address the low energy capture
efficiency and unstable output across wide flow velocity ranges in existing devices, it is imperative to refine
multiphysics-coupled flow-induced vibration theoretical models. Based on this, optimize key structural parameters
and introduce passive flow velocity adaptation mechanisms to significantly broaden the efficient operating range.
This will ultimately lead to the development of practical devices capable of stable power output at low flow
velocities. Second, to overcome the challenges of inconsistent testing platforms and evaluation standards that
hinder research comparability and slow technological iteration, efforts should focus on establishing standardized
testing environments and procedures. This includes defining key performance indicators and developing integrated
universal testing platforms to create universally recognized performance testing and evaluation norms, thereby
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providing benchmarks for technological advancement. Finally, to address the challenge of short-term performance
degradation caused by marine biofouling and corrosion, advanced anti-fouling coating technologies should be
applied, sealing and encapsulation processes optimized, and accelerated aging tests conducted for validation. These
measures will substantially enhance the short-term durability and reliability of devices in marine environments.

5.2.2. Mid-Term Research Priorities

Mid-term research will shift its focus to laying the groundwork for large-scale application, centered on
overcoming cost constraints of high-performance materials, developing efficient modular integration strategies, and
introducing intelligent design tools. Currently, the conflict between material cost and performance is prominent.
Therefore, it is necessary to explore new low-cost, high-durability composite dielectric materials and flexible
electrode systems, while developing corresponding large-scale fabrication processes to achieve practical materials
with an optimal balance between cost and comprehensive performance. Simultaneously, to bridge the gap from single
devices to array systems, solutions must address energy cancellation within array cells caused by uneven flow field
distribution and the mismatch between pulsed outputs and energy management circuits. This requires designing
standardized modular units, adopting advanced array topologies and power management architectures, and
developing modular array systems with significantly enhanced output power that are easy to deploy and maintain.
Furthermore, to overcome the limitations of inefficient traditional empirical design approaches, a multi-parameter
design database should be established. Machine learning methods should be employed to train performance prediction
models, enabling the development of intelligent design-aids. This will facilitate rapid structural optimization and
performance forecasting for devices, substantially shortening the R&D cycle.

5.2.3. Long-Term Research Focus

The long-term goal is to advance this technology toward deep-sea and large-scale engineering applications while
expanding its functional boundaries. The primary challenge lies in adapting devices to extreme high-pressure
environments in the deep sea. This requires in-depth exploration of charge dynamics under multi-field coupling
effects such as high pressure and low temperature. Based on these findings, high-pressure-resistant devices with
specialized structures and packaging designs must be developed to ultimately enable reliable application in fields like
deep-sea observation. Second, to address engineering bottlenecks in large-scale array deployment—such as high
costs, maintenance difficulties, and complex energy management—floating modular array systems must be
developed. These systems should integrate IoT and edge computing technologies for intelligent monitoring and
dynamic energy allocation, while exploring self-powered energy management solutions. This approach will establish
large-scale ocean energy harvesting networks that deliver sufficient power output for practical needs while ensuring
economic viability and maintainability. Finally, to enhance the technology’s comprehensive value, it should transcend
single-function energy harvesting by exploring integration with sensing technologies to develop self-powered multi-
parameter ocean environment sensors. Concurrently, research should focus on complementary advantages with other
energy harvesting mechanisms like piezoelectric and electromagnetic technologies to construct broadband, high-
efficiency hybrid energy harvesting systems. This will enable multifunctional integrated applications within the
marine Internet of Things.
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