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Nanomaterial-enabled
hydrodynamic and infrastructure
monitoring in marine
aquaculture

Smruti R. Sahoo, Zhen-Hao Liao, Sofia P. Das
and Fan-Hua Nan*

Department of Aquaculture, National Taiwan Ocean University, Keelung, Taiwan

As the scale and complexity of the RAS (Recirculatory Aquaculture System) on
land is increasing, aquaculture is expanding into the more energetic offshore
environments. This shifting trend increases the requirement of continuous
monitoring of wave, current, cage depth, structural load, flow, pressure and
mesh level in cages, tanks and pipes. Use of conventional instruments is
constrained to the reliance on cables, high power, limited space coverage and
losses of performance due to biofouling and corrosion. As a result, they often
cannot provide the continuous data input required for modern operational
control. This review aims to highlight the recent progress in hydrodynamic and
infrastructure sensing by various types of nanomaterials in marine aquaculture.
Nanostructured coatings and functionalized optical fibers from nanomaterials
have increased anti-fouling resistance and have allowed distributed
measurements surrounding cages, tanks and reservoirs. Two-dimensional
materials, such as graphene, MXenes and laser-induced graphene support
conformal strains and pressure sensing devices that follow the geometry of the
structural components while monitoring isolated point devices. Triboelectric
nanogenerators (TENGs) allow self-sensing of wave energy, currents, flows and
levels by converting mechanical motion into electrical signals. Altogether, these
approaches point to a future of self-powered surveillance on infrastructure
surfaces and networks. We discuss the remaining gaps in validating these
nanomaterial-based devices on long-term uses, the robustness of packaging
and adhesion under immersion, and the selection of calibration and standardized
performance indicators on real farm operating conditions.
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1 Introduction

Aquaculture has moved from a fringe activity to the major
source of aquatic animal food globally (Golden et al., 2021). Global
aquaculture production values accounted for over 365 billion USD
in 2023, demonstrating their significance in solving global food
issues (Tacon et al., 2025). As terrestrial lands become more
congested globally, aquaculture farms move to offshore waters,
which are exposed and more energetic. At the same time, farms
face stringent environmental regulation, extreme events and
increasing pressure to reduce effluent discharges, benthic
disturbance and nutrient loads (Hamdhani et al., 2020; Somers
et al, 2018, Wang et al, 2004; Kennish, 2002). Meeting these
demands requires an infrastructure that is both bigger and safer,
smarter and continually monitored.

The core challenges, therefore, include hydrodynamics and
structural reliability (Mi et al., 2025). Flexible array of cages are
subject to disturbances from waves, currents, winds, and fish-
induced loads. When these loads are not managed properly,
they lead to net deformation, mooring fatigue, overtopping
and tearing, and triggers fishes escape (Wang et al,, 2024).
These risks, therefore, demand structural health monitoring,
oceanographic instrumentation, and digital-twin frameworks that
link environmental forcing to cage behavior and farm hydraulics
(Su et al., 2023). However, in practice, most sensing techniques are
still based on a limited number of rigid, fixed location, and often
cabled devices (Figure 1). These include acoustic Doppler profilers,
wave buoys, pressure gauges, and inertial sensors (Katsidoniotaki
et al., 2025; Pereiro et al., 2023; Abrahamsen et al., 2025).

Each of these instruments measures a local variable at
one specific location, often requires dedicated power and
communication, and is expensive to deploy on a large-scale
farming. Biofouling, corrosion, mechanical damage, and long
cables increase drag, complicate installation and add failure
points (Sahoo et al., 2025; Hopkins et al., 2021; Delgado et al.,
2021; Corredor, 2018; Parra et al., 2018; Heasman et al., 2024).
Therefore, many farms rely on a limited number of sets as
intermittently operated sensors (Parra et al., 2018). Such limited
number of sensors often cannot provide the continuous dataset
required for autonomous vehicles, as well as real-time control of
cage depth, aeration, and feeding (Oliveira et al., 2020). Model-
based monitoring frameworks in aquaculture carries immense
importance as it demonstrates the value of combining continuous
structural and environmental data with numerical models. But their
use is still constrained by the cost, energy requirements and the
durability of conventional sensing elements (Verma et al., 2024).

In this regard, nanomaterials provide important platforms for
sensing in marine aquaculture. These range from design of
individual electrodes to cage structures and structural pipework
(Figure 2). Nanostructured metallic, metal oxides, ceramic, and
polymer coatings have the potential to reduce biofouling and
degradation of surfaces of the sensors and instruments. This can
increase the lifespan and stability of the sensors. When applied to
optical fibers, nanostructures strengthen the interaction between
light and water. This can improve sensitivity for the measurements
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of depth, temperature, and immersion state. These advantages are
especially important in mariculture, where monitoring processing
systems must deliver stable measurements over long deployments
in biofouling-prone waters (Fajardo et al., 2022; Silvanir et al., 2024;
Sharjeel et al., 2024).

In addition, two-dimensional (2D) nanostructured materials
such as graphene, MXenes and conductive nanocomposites provide
a flexible basis for mechanical and process sensing. Patterned films
of these materials can act as strain and pressure sensors on cage
rings, moorings and pipe surfaces. More importantly, the developed
sensors follow the geometry of the structural components well.
When applied as thin coatings, they can register signals related to
changes in loading or motion while remaining lightweight and
mechanically robust. In marine aquaculture, these features make 2D
and nanocomposite conductors attractive candidates for a family of
sensors which can be deployed across cages, tanks and pipework
(Zhang et al., 2025; Wang et al., 2023; Jaffari et al., 2021).

Triboelectric nanogenerators (TENGs) provide another
complementary route by linking sensing directly to local energy
harvesting. They convert low-frequency mechanical motions, such
as winds, waves, currents, and mechanical vibrations into electrical
signals. Additionally, they generate usable power through contact
electrification between polymer and electrode surfaces (Fan et al.,
2016). So, in marine settings, TENG devices can be configured as
buoys, in-line harvesters, or current meters which can both track
motion and generate power for nearby electronics (Xia et al., 2023).
Several studies have reported that wave-driven TENGs can support
simple sensor nodes or indicators using the wave energy, thereby
with lesser dependency on shore-based power supplies or frequent
battery replacements (Radhakrishnan et al., 2022). Together with
nanomaterials and 2D conductors, TENGs support partially self-
powered monitoring surfaces integrated into cages, tanks, and
pipework (Cheng et al., 2023). The sections following herein
examine how these different techniques and materials are being
combined and where key gaps remain for robust large-
scale deployment.

2 Durable distributed sensing using
nanocoatings and optical fibers

2.1 Offshore aquaculture and recirculating
aquaculture systems

Sensor deployments for Hydrodynamic and infrastructure in
marine aquaculture environments must withstand the biofouling-
prone waters and demanding maintenance conditions (Hopkins
et al,, 2021). Nanostructured metals, ceramics, and polymer
coatings help address this durability barrier by reducing
biofouling and surface degradation (Liang et al., 2024). This can
enhance both the stability and lifespans of the sensors used. The
same can be applied to both oftshore cages and land-based RAS
(Recirculating Aquaculture System) infrastructure, where
conventional equipment often fails due to fouling, corrosion, and
mechanical stress.
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2.2 Nanomaterial enabled optical fiber
networks for smart cages

Nanomaterial decorated optical fiber sensors extend this
platform into distributed surveillance applications. Bare optical
fibers are highly resistant to electromagnetic interference and
support long-distance multiplexing as well (Wang et al., 2021).
Nanoscale coatings and structured films can expand sensing
coverage, and multi-parameter capability around the deployed
cages. Nanomaterial coatings, including metallic and
semiconductor nanoparticles and other nanostructured films, can
be applied to the selected fiber regions (Ielo et al., 2021). By
amplifying the evanescent field and localized surface plasmon
resonance effects, particularly from noble metal nanostructures,
these coatings can enhance the sensitivity to refractive index, and,
depending on the configuration, strain, and temperature (Li et al.,
2022; Urrutia et al,, 2015). As a result, nanocoated fiber loops
attached to cage rings and anchors can record a number of physical
parameters, such as, distributed strain, vibration, and pressure;
thereby complementing point measurements from wave and
current sensors.

2.3 Distributed tank and sump sensing with
nanomaterial enabled optical fibers

Similar strategies can also be applied to tanks and reservoirs.
Optical fiber level sensors benefit from nanomaterial integration.
Coatings containing noble metal nanoparticles, or ITO (Indium Tin
Oxide), enhance plasmonic resonances and the evanescent field,
making spectral signals more sensitive to changes in the immersion
state (Urrutia et al., 2015; Lopez et al., 2021). Distributed Rayleigh-
backscattering approaches have demonstrated continuous level
detection along fibers in cryogenic systems (Chi et al.,, 2022;
Jauregui-Vazquez et al., 2021). The same design logic could
enable spatially resolved level profiles in aquaculture with no
moving parts. It could also provide a multiplexed backbone for
broader infrastructure monitoring.

3 2D-materials for flexible multi-point
pressure and strain sensing

Two-dimensional (2D) and related material platforms, such as
grapheme (Kong et al., 2023), MXenes (Lai et al., 2023), and laser-
induced grapheme (Zhang et al., 2023b) (LIG) offer a flexible base
for mechanical and process sensors that follows complex structures.
Their main advantage is geometric conformity. Patterned films can
be used as strain and pressure sensors on various elements, such as,
cage rings, moorings, and pipe surfaces. These allow sensors to track
the structure rather than being limited to single-point
sensor housings.
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3.1 Monitoring pressure and depth in cages

Depth and pressure measurements are important as they can
help operators keep cages at targeted depths which can limit
exposure to hypoxic or thermally stratified layers (Sievers et al.,
2022). Graphene, MXenes, and LIG can offer higher sensitivity, and
can be packaged for better signal stability, compared with
traditional rigid pressure elements (Sun et al., 2025; Wang et al,,
2022a). Graphene-based pressure sensors typically use atomically
thin, highly conductive films whose resistance or capacitance
changes under small deformations (Deshmukh et al., 2023).
Multilayer graphene foams, textiles, and patterned films can
detect pressures from a few pascals to hundreds of kilopascals,
while maintaining fast response and mechanical flexibility (Tian
et al,, 2015; Guo et al., 2024).

Laser-induced graphene (LIG) pressure sensors can be
patterned directly onto polymer substrates. This, in turn, can
create flexible and corrosion-tolerant devices. These sensors have
been tested as depth probes in seawater. Protective polymer
composite coatings can further improve the resistance to chemical
degradation and biofouling, thereby helping maintain long-term
stable performance (Volkenburg et al., 2023; Kaidarova et al., 2020).
When laminated onto cage frames, mooring lines, or submersible
collars, LIG sensors could provide information on spatially resolved
depth and pressure.

MZXenes, two-dimensional transition-metal carbides and
nitrides, also support flexible pressure and strain sensing (Huang
et al., 2018). Their conductivity, tunable surface terminations, and
lamellar structure enable sensitive piezoresistive responses across
wide ranges of pressure often along with good cycling stability
(Lu et al., 2020). Pressure-sensitive underwater fabrics coated with
nanocomposites have been reported to maintain stable performance
during submersion (Fan et al., 2022). This suggests that MXene or
MXene-hybrid sensors could be designed to conform to nets, bags,
or tank walls. In offshore cages, these approaches could enable
whole-cage, multi-point monitoring and finer control of
submergence during harmful algal blooms, surface warming, or
extreme wave events.

3.2 Monitoring structural strain in cages

Nanomaterial-based pressure and strain sensors can allow the
decorated structure itself to act as a distributed sensing surface.
MXene- and graphene-based strain gauges can be printed onto or
mounted on mooring chains, brackets, or composite beams. These
gauges can detect small deformations created by changes in drag
forces (Grabowski et al., 2022; Khalid et al., 2025). These signals can
be combined with the measurements from waves and currents by
TENG buoys or optical fiber arrays. This allows operators to
estimate the hydraulic resistance and drag buildup. This supports
predictive cleaning and properly timed schedules in changing
the net.
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3.3 Structural self-sensing and flow
monitoring in RAS

Process and infrastructure sensors in RAS were primarily
designed for rigid, bulk, cabled and single-point measurements.
Conventional flow meters and diaphragm pressure gauges with
wetted interfaces are vulnerable to fouling and scaling. Equally, they
are costly and complex to deploy at high densities (Delgado et al.,
2021). Two-dimensional materials offer an alternative path toward
conformal and distributed sensing surfaces.

Nanomaterials enable electrodes monitoring chemistry and
hydraulics within the same flow environment. Graphene and
related 2D materials can be patterned onto flow cell surfaces to
detect trace pollutants or disinfectant residues. As such, scalable
graphene-based sensor arrays for the detection of toxins in running
water streams have been reported, along with an emphasis on
robust fabrication suitable for real-world deployment purposes
(Maity et al.,, 2023). The same could be extended to RAS by
employing flow-through cells measuring flow rates while enabling
graphene-based detection of core water-quality.

Nanomaterial-based pressure sensors provide alternatives to
rigid and diaphragm-based counterparts. A textile-based pressure
sensor made from multilayered graphene coated on polyester has
been reported (Lou et al., 2017). This could operate over a broad
range up to ~800 kPa while maintaining sub-kilopascal sensitivity.
Laser-scribed graphene foams and films also show high sensitivity
across wide pressure ranges (Gao et al, 2025; Tian et al.,, 2015).
When wrapped around filter housings or attached to structural pipe
sections, these devices could detect early pressure increases linked to
fouling or scaling.

MXenes extend pressure and strain sensing by combining
physical properties, such as metal-like conductivity along with
hydrophilic surfaces. Polymer-MXene and MXene-nanocarbon
composites show large signal changes under small loads as well as
fast response and often stable cycling (Yang et al., 2022; Qin et al,,
2024). When printed as conformal coatings on curved components,
they could turn filter lids, pipe elbows, or pump casings into active
sensing surfaces. This could help localize early signs of fouling
or cavitation.

Nanomaterials also support structural health monitoring of
aquaculture infrastructure. MXene-based strain sensors can be
embedded into composite laminates, beams, and shells (Yao et al.,
2025; Khadem et al., 2025). Self-sensing polymer composites
containing carbon nanotubes, graphene, or related fillers can
convert mechanical strain into measurable electrical changes,
thereby enabling distributed monitoring along structural elements
(Tao et al., 2025). Graphene-based strain and vibration sensors can
also be applied as thin conformal layers. Laser-patterned graphene
devices offer a wide dynamic range and can provide stable signal,
supporting their potential deployment on critical joints, flanges or
brackets in pump skids and tank stands (Miao et al., 2019;
Kaidarova et al., 2020).
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4 TENG-based self-powered sensing
for hydrodynamics and infrastructure
monitoring

Hydrodynamic and oceanographic sensing around mariculture
cages has traditionally relied on bulky, often cabled instruments that
face power limits, biofouling, mechanical stress, and restricted
spatial coverage. TENG-based systems help address these
constraints by converting mechanical motion into both sensing
signals and local energy supply (Dip et al., 2023). This is particularly
valuable at offshore sites where access is difficult and where wiring
adds drag, complexity, and additional failure points.

4.1 Monitoring wave dynamics around
cages

A major development in wave sensing is the triboelectric
nanogenerator (TENG). TENGs use nano- and microstructured
polymer and electrode surfaces to convert mechanical motion into
electrical signals and usable power. A self-powered triboelectric
ocean-wave spectrum sensor (TOSS) uses a tubular TENG housed
in a hollow-ball buoy. It measures wave height and frequency from
multi-directional motion while generating its own power, reducing
reliance on external batteries or cables (Zhang et al., 2020). Coral-
like and stackable TENG wave sensors use this concept through
modular and biomimetic designs supporting larger arrays. This can
improve their performance in more complex wave conditions.
Nanostructured triboelectric interfaces increase surface charge
density and strengthen the electrical output. This feature can
improve sensitivity to tiny variations in wave intensity that help
define safe operating limits and calibrate hydrodynamic models
near farms (Wang et al.,, 2022a, b). Disk-type TENG buoys and
stackable TENG modules also show that the harvested wave energy
can power sensors to monitor salinity, temperature, and other basic
parameters (e.g., pH), alongside motion sensing. These designs
create compact, self-powered sensor units and could support
sustained, high-density wave surveillance around marine
aquaculture sites (Jung et al., 2024, 2025).

4.2 Hydrodynamic current sensing around
aquaculture cages

The triboelectric approach has also been extended to act as
current sensors. TENG-based current meters make use of the fluid
motion around a rotor or vibrating element, which can generate
electrical signals reporting flow speed and variability. A self-
powered, speed-adjustable TENG-based ocean-current sensor has
been developed for abyssal operation, where battery replacement is
nearly impossible (Pan et al., 2024). Tailored triboelectric films and

frontiersin.org


https://doi.org/10.3389/fmars.2025.1763089
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org

Sahoo et al.

flexible electrodes can further improve sensitivity to changes in
current speed while harvesting energy from the flow.

In marine aquaculture, current meters could be deployed
around and beneath cages to provide continuous information on
the strength and direction of flow without extensive power lines
(Zhang et al.,, 2023a). This would support cage-deformation
analysis, waste-plume dispersion modelling, and feed-plume
tracking. At present, many farms rely on a small number of fixed-
site. Doppler Current Profilers/sensors or rotor current meters,
which require external power for signal transduction. In contrast,
networks of smaller, self-powered nodes could deliver denser and
more resilient coverage, including at the relatively low current
velocities typical of farm sites.

4.3 Flow and water level sensing in RAS
using TENG technology

In RAS, maintaining spatially distributed flow measurements
accurately across multiple loops and side streams remains a core
challenge. Conventional approaches can require extensive wiring
and multiple power supplies, which creates complex and costly
infrastructure that is difficult to maintain and prone to failure.
TENGs based on nano-microstructured polymers allow flow to
serve as both energy source and a sensing signal (Choi et al., 2023).
In single-electrode and tubular TENG flow sensors, the inner wall of
a pipe is lined or coated with nanostructured triboelectric materials
such as PTFE (Polytetrafluoroethylene) or related fluoropolymers.
As water moves through the pipe, contact electrification generates

10.3389/fmars.2025.1763089

voltage or current pulses whose amplitude and/or frequency
correlate with flow rate. Micro- and nanoscale interface
engineering can increase surface charge density, while surface
texturing, hydrophobic coatings, and layered dielectrics help
improve signal stability (Tang et al., 2021; Jiang et al., 2019; Cui
et al, 2022). Hybrid triboelectric-electromagnetic devices can
extend the measurable range in large pipelines. The triboelectric
component supports sensitivity at low flow speeds, while the
electromagnetic unit broadens the upper range. Both elements
can be powered by the motion of the fluid.

Level sensing in tanks and sumps can also benefit from self-
powered approaches. In a liquid-solid tubular TENG, a PTFE tube
with distributed copper electrodes converts water-column motion
into position-dependent electrical signals. Bubble-driven variants
offer a similar route to self-powered level detection (Li et al., 2022).
Some TENG architectures integrate energy harvesting and level
sensing in the same structures and can maintain measurable output
across a wide range of immersion conditions (Cui et al., 2022; Xu
etal,, 2022). When mounted inside wells, these sensors can continue
generating level signals during brief power outages.

4.4 Cross-system integration between
offshore and land-based platforms

Across cages and RAS infrastructure, TENG-based devices
enable sensing that can be partially powered by the same physical
processes that are being measured. This can overcome some
shortcomings in reliance on cables and frequent battery

AN
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OFFSHORE CAGES

Structural

Hardware

4

Process

Electricity

FIGURE 1

robust, and deployment-ready monitoring solutions.

An overview of the monitoring equipment used in offshore cages and land-based RAS: The figure groups the requirements into three primary
domains, namely hydrodynamic, structural, and operational monitoring. In practice, these functions still rely on bulky conventional instrumentation
and supporting infrastructure. These require frequent maintenance and remain vulnerable to biofouling and other durability challenges, including in
offshore cage environments. These shortcomings require the development of novel materials and technologies that can create more compact,
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FIGURE 2

Sensors in
Marine
Aquaculture

Overview of nanomaterial-enabled sensing technologies in marine aquaculture: The schematic highlights major enabling platforms, including (a)
triboelectric nanogenerators (TENGs) as self-powering interfaces and representative nanomaterial building blocks such as (b) graphene and other 2D
materials, (c) carbon nanotubes, (d) MXenes, and (e) nanoparticle and nanocomposite assemblies. These platforms support a broad sensor toolbox
for farm and facility monitoring, including (f) biofouling surveillance, (g) core water-quality parameters, (h) water level and depth, (i) pipe and
hydraulic process variables such as flow, pressure, and leakage, (j) structural condition tracking such as strain, cracking, or component malfunction,
and (k) real-time signal processing and data transmission through integrated hardware and loT-ready architectures. The figure summarizes how
material choice, device design, and power strategy converge to enable more compact, robust, and field-deployable monitoring systems for offshore

cages and land-based RAS.

replacement. When combined with conformal 2D sensing layers
and durability-focused nanocoatings, these systems can enable
denser and more resilient monitoring networks for both
hydrodynamic and infrastructure conditions.

5 Conclusion and discussion

This review describes how nanomaterial-based platforms can
shape hydrodynamic and infrastructure sensing in marine
aquaculture. Offshore cages and expanding RAS facilities require
more stable and continuous data streams compared with
conventionally obtained single-point and cable-dependent
instruments. Power requirements, biofouling, corrosion, and
mechanical stress limit spatial coverage and long-term reliability
of these sensors. These constraints are practical problems to be
overcome for safer offshore operations, finer cage-depth control,
and more resilient hydraulic management in RAS.

We limit our focus to three technological innovations that are
promising for various applications in marine aquaculture. First,
nanostructured coatings and nanomaterial-functionalized optical-

Frontiers in Marine Science

fiber platforms address the gaps in durability and distributed
measurement. They can reduce surface degradation and
biofouling-driven drift. In addition, they support long and
multiplexed sensing lines around the cages and within tanks and
sumps. This can improve the real-world application scenario of
monitoring by extending their operational lifetime and robustness
in deployment.

Second, 2D materials, such as graphene, MXenes, and laser-
induced graphene provide conformal pressure and strain platforms
that can follow infrastructure geometry. These materials can enable
sensing for cage rings, moorings, pipes, and structural units. This
shifts the measurement from isolated point sensor housings toward
structure-integrated maps of load, deformation, and pressure.

Third, TENG-based systems address the energy issues by
converting low-frequency hydrodynamic or hydraulic motion into
both sensing signals and power. This is especially valuable where
structural cables add drag and failure points, or where battery
replacement is impractical.

The broader implication could be a paradigm shift in sensor
technology in marine aquaculture. It can turn the various
infrastructure used in marine aquaculture, such as cages,
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moorings, pipes, tanks, and collars into distributed, partially self-
powered sensing environments. In offshore farms, this approach
can link hydrodynamic forces to structural responses and enable
earlier detection of drag buildup and deformation. In RAS, it can
support spatially resolved flow, pressure, and level monitoring.
These can reveal early fouling, flow maldistribution, and pump
degradation before the onset of water-quality or mechanical failures
that spread through the system.

Despite such promises, several gaps remain to be addressed
upon. Long-term field validation under realistic biofouling and
mechanical cycling is still the critical test for both optical-fiber
platforms and 2D sensors. Coating adhesion and calibration
stability under immersion will determine whether these
distributed surfaces can outperform conventional point
instruments over months. For TENG-based architectures, the key
questions involve reliable output performance under variable
conditions. These include conditions such as variable waves,
robust encapsulation, and stable integration with low-power
devices. Performance reporting should prioritize operational
metrics that matter in practice; including drift, lifetime, fouling
resistance, and maintenance burden, as well as sensitivity.

Overall, the near-term route to large-scale farm adoption
should be co-integration of different aspects. Nanocoatings can
protect and stabilize both optical fibers and the surfaces of 2D
materials. 2D sensing layers can provide spatially rich datasets.
TENG architectures can reduce dependence on power cables and
frequent battery replacement for distributed nodes. If treated as a
coordinated material system, these can serve as multifunctional
platforms, offering coherent frameworks for advancing practical
hydrodynamic and infrastructure sensing in marine aquaculture.
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