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ABSTRACT

Marine organisms are known to rely on highly sensitive tactile organs to accurately perceive external disturbances, particularly in
low-light or completely dark underwater environments. These tactile perceptual mechanisms serve as ideal biological prototypes
for the development of advanced underwater sensing devices. This manuscript provides a comprehensive review of the perceptual
mechanisms of marine organisms and their technological translations. The intricate sensory systems of three representative
species are examined: the lateral line system of fish, featuring both superficial and canal neuromasts for precise fluid dynamic
detection; the undulating morphology of seal whiskers, specialized for hydrodynamic trail tracking; and the highly flexible
tentacles of certain marine organisms, capable of detecting underwater pressure and deformation with exceptional sensitivity.
Inspired by these biological mechanisms, biomimetic tactile sensors have been developed based on triboelectric, piezoelectric,
piezoresistive, capacitive, magnetic, and optical fiber principles. Their broad application potential has been highlighted in tasks
such as underwater flow velocity monitoring, vortex detection, and underwater object manipulation. Finally, current challenges,
including environmental interference and limited durability, are discussed, along with future directions such as multimodal
sensing integration and Al-assisted data processing, providing valuable insights for advancing next-generation underwater tactile
sensing technologies.

1 | Introduction marine environment. However, marine physical parameters and

chemical properties exhibit pronounced spatial heterogeneity

The oceans, as the Earth’s largest reservoir of resources and
the core of its ecosystem, store strategic energy resources such
as seabed minerals, crude oil, and natural gas [1]. They offer
irreplaceable strategic value for energy security, climate regu-
lation, and ecological stability [2-5]. The realization of these
benefits fundamentally relies on a precise understanding of the
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and temporal dynamics [6], posing multiple challenges to the
environmental adaptability of underwater sensing devices and
the precision control of engineering operations. For example,
deep-sea high pressure can induce structural deformation in
equipment [7]; seawater ion corrosion shortens sensor lifespan
[8]; and dynamic currents increase uncertainty in target detection
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[9]. Underwater sensing devices with high sensitivity, long-
term stability, and environmental robustness have become a
central focus in ocean science and engineering [10, 11]. Existing
sensors can acquire and analyze environmental parameters [12],
but they still suffer from significant limitations under complex
marine conditions. For example, Synchronous processing of
multidirectional flow signals remains vulnerable to interference;
algorithmic complexity and energy consumption are hard to bal-
ance in autonomous navigation [13-16]; and inadequate material
corrosion resistance leads to degraded sensing accuracy during
long-term monitoring [17].

The tactile perceptual mechanisms refined through marine evo-
lution have become a viable pathway to address the technical
bottlenecks outlined above. The sensory systems of marine
organisms are products of natural selection, which require pre-
cise environmental sensing to execute essential behaviors such
as foraging, predator avoidance, and migration [18, 19]. This
“survival-optimized” tactile sensing organ can maintain long-
term, high-precision perception in complex marine environments
[20, 21]. Moreover, these evolutionarily honed sensory features
provide ideal biological prototypes and design inspiration for
underwater biomimetic tactile sensors. By emulating the tac-
tile systems of marine life and extracting their evolutionary
advantages, engineers can translate these insights into practical
devices [22-24]. For example, Fish lateral lines offer exceptional
detection of weak flows and vortices [25]; coral tentacles perceive
local flow direction and velocity changes [26]; octopus arms
combine remarkable flexibility with high tactile sensitivity for
precise perception and manipulation in turbulent flows [27]; sea
otter palm skin delivers highly sensitive, adaptive sensing of
underwater pressure, vibration, and deformation [28]; and seal
whiskers can detect flow changes during self-motion and track
wake signatures [29]. These tactile perceptual mechanisms pro-
vide ideal biological prototypes for a next-generation underwater
sensing device.

Based on the evolutionary advantages of marine organisms’
innate tactile systems, flexible materials such as conductive
polymers [30] and liquid metals [31] are utilized to overcome
the limitations of silicon-based sensors with corrosion-prone,
brittle, and low-sensitivity in seawater [32]. Particularly, con-
ductive polymers resist chloride-ion corrosion; liquid metals
withstand high-pressure deformation; carbon nanotubes provide
both compressive strength and high sensitivity; and ion gels
stably respond to impact vibrations. In the aspect of structural
fabrication, the tactile sensors employ 3D-printing techniques
to replicate biological sensing architectures, thereby coupling
materials with structure while simplifying manufacturing and
conforming to curved substrates for efficient flow-field capture.
To further improve detection accuracy and spatial resolution,
flexible sensing units have been integrated into arrays [33],
enabling distributed real-time monitoring and fusion of multi-
modal signals (pressure, shear, vibration, temperature) through
multi-point collaborative sensing [34]. This arrayed approach
disperses the risk of individual unit failure and enhances system
robustness and reliability in complex marine environments [35].

Underwater biomimetic tactile sensors exhibit substantial
promise in marine engineering applications. On autonomous
underwater vehicles and submersible robots, biomimetic tactile

arrays can capture flow disturbances and contact-force signals
in real time to support intelligent obstacle avoidance and precise
grasping, markedly improving operational safety and mission
efficiency [36, 37]. For subsea pipeline and structural health
monitoring, flexible tactile patches exhibit extreme sensitivity
to minute pressure fluctuations and vibrations, enabling early
warning of leaks, cracks, and biofouling [38, 39]. Moreover, in
underwater archaeology and salvage operations, tactile feedback
effectively compensates for visual blind spots, guiding robotic
arms to perform delicate tasks in turbid environments [40,
41]. With ongoing advances in multimodal information fusion
and artificial intelligence algorithms, underwater biomimetic
tactile systems are poised to achieve breakthroughs in deep-sea
exploration, marine resource development, and environmental
monitoring.

As illustrated in Figure 1, this paper systematically analyzes
the development of underwater bionic tactile sensing. We begin
by introducing the tactile mechanisms of representative aquatic
organisms—f{ish lateral lines, marine organism tentacles, and
seal whiskers. The sensory structures and signal processing
strategies that have evolved over millennia serve as the primary
inspiration for biomimetic design. Building on this foundation,
we review recent advances in triboelectric, piezoelectric, and
piezoresistive tactile sensors and outline their operating princi-
ples and fabrication processes. The selection of each technical
pathway and manufacturing technique is precisely matched to
the performance requirements dictated by the corresponding
biological mechanism. We then explore the application potential
and technical challenges of these sensors in underwater flow-
field sensing and operational scenarios. Finally, by comparing
different biological prototypes and technological approaches, we
analyze emerging trends toward high-performance, multifunc-
tional, intelligent underwater sensing platforms.

2 | Biological Prototypes and Biomimetic
Mechanisms

This chapter focuses on several representative underwater tac-
tile systems—namely the fish lateral lines, marine organism
tentacles, and seal whiskers—to examine in depth how these evo-
lutionarily honed sensory organs leverage their unique structural
designs and functional mechanisms to achieve high-sensitivity
capture and multimodal integration of multidimensional cues
(flow, pressure, vibration, chemical signals, etc.) within dynamic
flow environments.

2.1 | Fish Lateral Line System

Fish are able to accurately probe and perceive their surrounding
fluid field even in dimly lit or turbid waters to perform essential
behaviors such as foraging [54], obstacle avoidance, navigation,
and schooling. This capability derives from the fish lateral line
system, a highly sensitive hydrodynamic sensor that responds to
flow along the body surface [55]. As shown in Figure 2a, the lateral
line is distributed along the fish body and comprises thousands
of neuromasts serving as the sensing units. It can transduce
mechanical stimuli, flow velocity, and pressure gradient into
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FIGURE 1 | Types and structures of underwater bionic tactile sensors. Reproduced with permission [29]. Copyright 2022, Wiley-VCH GmbH.
Reproduced with permission [42]. Copyright 2023, Wiley-VCH GmbH. Reproduced with permission [43]. Copyright 2025, Wiley-VCH GmbH.
Reproduced with permission [44]. Copyright 2022, SpringerOpen. Reproduced with permission [45, 46]. Copyright 2025, Elsevier. Reproduced with

permission [47]. Copyright 2025, Nano Energy. Reproduced with permission [48]. Copyright 2025, Wiley-VCH GmbH. Reproduced with permission
[49]. Copyright 2022, Springer Nature. Reproduced with permission [50]. Copyright 2024, Springer Nature. Reproduced with permission [51]. Copyright
2024, Wiley-VCH GmbH. Reproduced with permission [52]. Copyright 2022, Mary Ann Liebert, Inc. Reproduced with permission [53]. Copyright 2023,

Elsevier.

neural signals for navigation, locate prey, and coordinate group
movements in low-visibility environments [56, 57].

Neuromasts are classified into superficial neuromasts (SNs) and
canal neuromasts (CNs) [58]. SNs lie on the fish’s skin surface,
whereas CNs reside within subepidermal lateral-line canals in
Figure 2b(I),(IT). Superficial neuromasts, with small diameters
and tall bundles of stereocilia, function as micro-displacement
sensors that detect flow velocity and vertical flow direction.
When external currents move relative to the fish’s body, SNs
deflect under shear forces and generate neural signals transmitted
to the central nervous system [59]. In contrast, canal neuro-
masts are housed in mucus-filled canals with larger diameters
and greater hair-cell density. They are more sensitive to high-
frequency disturbances [59]. The velocity differences between
canal inlets induce internal flow, deflect CNs, and trigger neural
responses.

Neuromasts, as the basic sensing units of the fish lateral-line
system, are shown in Figure 2c. Their primary components
include hair cells, supporting cells, and mantle cells [60, 61]. Hair
cells, located within the neuromast, serve as the key structures
for converting mechanical stimuli into neural signals [59]. Their
apical stereociliary bundles (composed of kinocilia and multiple
stereocilia) are highly sensitive to fluid-induced deflection. When
water flow bends the neuromast’s cupula, these bundles deform
under hydrodynamic forces. This leads to opening ion channels at
the hair-cell apex, which induces membrane-potential changes,
and relays signals to the central nervous system via synaptic
transmission in Figure 2d [62]. Supporting cells, situated between
hair cells and mantle cells, maintain neuromast structural
integrity and regulate ionic homeostasis. Encasing the neuromast
is a bi-layered gelatinous cupula [63] that forms a cap over
clustered stereocilia [64]. This cupula deflects in response to flow
disturbances, enabling precise flow-field detection.
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FIGURE 2 |

Structure and Sensing Mechanism of the Fish Lateral Line System. (a) Distribution of the lateral line along both sides of the fish. (b)

Locations and structural features of Superficial Neuromasts. (I) and Canal Neuromasts. (II). (c) Core structural components of a neuromast. (d) Signal-
transduction mechanism of the neuromast’s stereociliary bundle in response to fluid flow. Reproduced with permission [43]. Copyright 2025, Wiley-VCH

GmbH.

Both SNs and CNs undergo two stages, including the conversion
of external flow into local flow and local flow triggering neuro-
mast response [65]. SN are better suited for detecting continuous,
uniform flows and low-frequency disturbances, whereas CNs are
more sensitive to high-frequency and non-uniform flows (e.g.,
vibrations or water waves generated by nearby fish) [66]. Thus,
SNs and CNs enable fish to comprehensively and sensitively per-
ceive a wide range of hydrodynamic stimuli in their surrounding
environment.

2.2 | Coral Tentacles Sensory System

Coral lacks a centralized nervous system, but its specialized
tentacle structures and multimodal signal processing enable
dynamic interaction with the environment. As the primary sen-
sory organs, Coral tentacles exhibit high flexibility and integrated
functionality. Each tentacle comprises ectodermal, mesogleal,
and endodermal layers enriched with specialized sensory and
effector cells [67] (see Figure 3a). Richard N. Mariscal [68]
employed scanning electron microscopy (SEM) to systematically
characterize the sensory architecture on the tentacle surface of
California sea ball coral. He identified abundant “ciliary cones,”

each formed by a central cilium surrounded by a ring of shorter
stereocilia located in regions rich in nematocysts and spirula
cells [69, 70]. These ciliary cones morphologically resemble the
hair-cell bundles of vertebrate lateral-line and auditory systems,
suggesting a mechanoreceptive role. In addition, single long cilia
and microvilli scattered between nematocyst-bearing and non-
nematocyst regions have been observed, likely contributing to the
detection of flow and vibration [71].

Coral tentacles adapt to complex marine environments through
multimodal sensing. Experimental studies have shown that the
tentacle’s intrinsic elasticity can oscillate out of phase with
ambient currents, increasing mass-transfer efficiency at the tip
by approximately 25% (Figure 3b(I)) [72]. Its mechanosensory
function depends on surface cilia and nematocysts, triggering
exploratory vibrations under weak flow and inducing defensive
nematocyst discharge under strong flow (Figure 3 b(ID)) [73, 74].
Moreover, tentacles optimize fluid mixing and sensing efficiency
according to flow conditions with the help of switching between
pinnate extension and finger-like contraction (Figure 3b(III))
[71]. Corals also detect dissolved amino acids to guide predation,
maintain symbiosis with zooxanthellae-derived metabolites, and
mount physiological responses to heavy-metal contamination
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FIGURE 3 | Structural composition and multimodal sensing mechanisms of coral tentacles. (a) Cross-sectional anatomy showing ectoderm,
mesoglea, and endoderm with embedded sensory cells. (b) Mechanical sensing modalities: I. Phase-lag oscillation of the tentacle’s elastic structure in
ambient flow. II. Ciliary cone and nematocyst-mediated exploratory vibration vs. defensive discharge under varying flow strengths. III. Morphological
switching between pinnate extension and finger-like contraction to optimize fluid mixing and signal capture. (c) Chemosensory and symbiotic
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and ocean acidification, thereby enabling feeding, symbiotic bal-
ance, and environmental adaptation (Figure 3c). Finally, photore-
ceptive proteins in the epidermis and tentacles mediate diurnal
contraction-extension rhythms—contracting during the day to
protect symbionts and enhance photosynthesis [75], extending
at night to improve prey capture [76]—while thermosensitive
channels (e.g., TRP) and heat-shock proteins initiate molecular
stress responses under thermal challenge, offering mechanisms
for bleaching warning and heat-tolerance regulation (Figure 3d)
[77].

The sensory signals of coral tentacles are processed in a dis-
tributed neural network [78], propagating rapidly to surrounding
cells via electrotonic spread to trigger coordinated responses.
Tactile stimulation can induce synchronous contraction of neigh-
boring tentacles as a defensive reflex [79]. Neural signals drive
antagonistic action between the ring and longitudinal muscles
within the tentacle to enact morphological adjustments, such as
contraction (to protect the oral region) or extension (to expand
the feeding range).

2.3 | Octopus Tentacle Sensory System

Octopuses, as soft-bodied marine organisms, exhibit exceptional
environmental sensing and manipulation capabilities via their
highly evolved arms. Each arm features a muscular-hydrostat
architecture composed of longitudinal, transverse, and oblique
muscle fibers, enabling extreme flexibility and multi-degree-of-
freedom motion. [80].The axial nerve cord within the arm is
segmented into multiple ganglia, where each ganglia interface
with a cluster of suckers, as shown in Figure 4a. This modular
architecture enables local sensing and reflexive response inde-
pendent of central brain control, forming a distributed tactile
perception system (Figure 4b) [81].

Two primary types of sensory cells, like chemoreceptors and
mechanoreceptors, form the basis of the arm’s multimodal
perception capabilities. Bellono and colleagues [82] identified
a population of chemoreceptors in the sensory epithelium of
each sucker using cell isolation, electrophysiology, and tran-
scriptomics methods. These cells feature long, slender dendritic
endings and specifically express cephalopod-unique chemical
receptor proteins (CRs) that assemble into homo- or heteromeric
ion-channel complexes. Upon binding hydrophobic terpene
compounds released by prey, these channels produce inward-
rectifying currents. The binding of terpenes to CRs induces
conformational changes that open the ion pore; because dif-
ferent CR subtypes vary in ion selectivity (some permitting
only monovalent cations, others also permeable to Ca?*). This
results in the ion flux altering the cell’s membrane potential,
and generates tonic electrical signals encoding stimulus intensity
and duration (Figure 4c(I,IT)). Mechanoreceptors are primarily
located at the rim epithelium of each sucker and possess short,
bulbous dendritic endings with high expression of the con-
served mechanosensitive channel protein NompC. Mechanical
deflection rapidly activates NompC, producing transient inward
currents and phase-locked action potentials that mediate swift
discrimination of object shape and stiffness (Figure 4c(IIl)).
The mechanical cues localize contact events, while chemical
cues characterize prey identity. This mechanism enables the

octopus to perform autonomous behaviors without central-
brain intervention. For example, mechanoreceptors first detect
contour and initiate a grasp, and subsequent terpene detection
by chemoreceptors reinforces edible-prey recognition, triggering
further suction-cup engagement [83].

Figure 4d,e shows the circumferential muscle at the sucker rim
detecting surface hardness through contraction force, while pres-
sure variations within the sucker chamber map the texture of the
contact interface [84]. This spatiotemporal encoding of tactile sig-
nals enables the octopus to discriminate prey species at the very
moment of encirclement. Moreover, the arm’s muscular flexibility
allows dynamic adjustment of contact pressure. When it handles
soft prey, the sucker modulates its negative-pressure gradient to
avoid tissue damage (Figure 4f). Against crustacean prey, the arm
applies localized high-frequency vibrations (~50 Hz) to exploit
resonant effects, locate shell weak points, and concentrate force to
fracture them (Figure 4g) [85]. In visually unassisted navigation,
octopus arms construct three-dimensional spatial maps via tactile
contact [86]. Figure 4h demonstrates helical muscle architecture
enables millimeter-scale conformance to irregular surfaces, while
the suction-cup array records environmental geometry through
the spatiotemporal pattern of pressure distribution [87, 88]. From
a bioinspired perspective, the octopus arm represents a model of
decentralized, highly adaptive tactile sensing. Its combination of
flexible actuation, local chemical-mechanical feedback, and dis-
tributed neural control offers powerful design inspiration for soft
robotic manipulators in unstructured underwater environments.

2.4 | Sea Otter Palm Sensory System

Sea otters only rely on forelimb tactile sensing to perform
fine manipulations. Strobel et al. employed a two-alternative
forced-choice paradigm to measure the texture-discrimination
thresholds of sea otter (Enhydra lutris) forepaws and whiskers
in air and underwater, finding that their decision times are
approximately 30 times faster than those of humans [89]. This
rapid and precise tactile processing derives from a specialized
fleshy palm pad evolved in the forelimb. Figure 5a shows that
surface micro-protrusions embed into crevices of prey shells
to create mechanical anchoring, while underlying multilayered
receptors decode key prey features from instantaneous contact,
enabling millimeter-scale localization even in turbid water or
with closed eyes [28]. Dynamic tactile feedback precisely con-
trols force and angle to avoid damaging prey during foraging,
which demonstrates seamless integration of tactile perception
and motor execution in Figure 5b.

The extraordinary tactile acuity of the sea otter palm derives
from its unique anatomical design. The palm pad’s epidermis is
composed of highly keratinized, stratified squamous epithelium
whose nipple-like protrusions amplify micro-strain signals at
the contact interface [28]. Pacinian corpuscles and Merkel discs
in the subcutaneous layer are distributed in a graded density
to form a multimodal mechanoreceptive network, as shown in
Figure 5c. The coordinated action of these two receptor types
across both temporal and spatial dimensions endows the sea
otter’s tactile system with exceptionally high sensitivity and a
broad dynamic range. For example, when the palm pad contacts
a shell, Merkel discs first record the initial contact pressure and
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contact area to estimate prey size. Pacinian corpuscles detect
the characteristic resonant frequency produced by internal cavity
vibrations during shell tapping, allowing assessment of shell
thickness and crack propagation. Neural signal integration occurs
at the level of peripheral ganglia rather than relying solely on the
central nervous system. This distributed processing mechanism
greatly reduces tactile feedback latency, with the interval from
contact stimulus to motor response measured at just 80-120 ms,
as illustrated in Figure 5d.

2.5 | Seal Whisker Sensory System

Seals are marine mammals endowed with exceptional underwa-
ter sensing abilities, efficiently executing foraging and navigation
tasks even in low-light or completely dark conditions [90-
92]. Early biological observations reported blind yet long-lived,
healthy individuals, indicating that seals do not rely solely
on vision when hunting [93, 94]. Subsequent research has
progressively revealed that the seal vibrissal system serves as
their underwater sensory organ, which is capable of detecting
extremely minute flow disturbances in the surrounding water.

As early as 1979, Renouf hypothesized that seals might rely on
their vibrissae to sense and track prey [95, 96]. Building on

Dehnhardt’s team’s foundational work [97, 98], Schulte-Pelkum
et al. refined the experimental design by having one seal swim
to generate a wake while training a second seal without vision
and hearing to follow that wake [99] (Figure 6a). They tracked the
wake along a near-straight path in about 63%, and they followed
a zigzag trajectory, intercepting the wake multiple times in 34%
of trials, which demonstrates exceptional vortex-sensing ability
(Figure 6b).

This exceptional underwater sensing capability is largely
attributable to the unique structural features of seal whiskers. In
2010, Hanke et al. [100] first demonstrated that the undulatory
geometry of harbor seal whiskers can effectively disrupt
the formation of regular Karman vortex streets in the flow,
thereby significantly suppressing vortex-induced vibrations
(VIV). The wavy contour inhibits such self-induced VIV at
its source through three core mechanisms: first, it disrupts
the regular generation and coherent motion of vortices—its
periodically varying thickness and cross-sectional shape shifts
fluid separation positions constantly, preventing synchronous
vortex formation along the vibrissa length, while inducing lateral
fluid flow to break the two-dimensional (2D) vortex street into
a fragmented three-dimensional (3D) structure where vortices
interfere, merge, or break apart, failing to sustain vibration;
second, it displaces the vortex generation region significantly
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FIGURE 6 | Underwatersensing mechanism of the seal vibrissal system. (a) Schematic of the experimental setup in which a seal tracks a wake under
visual and auditory deprivation. (b) Illustration of straight-line and zigzag tracking trajectories recorded during wake-following trials. (c) Diagram of the

undulatory ripple geometry on the whisker surface. Reproduced with permission [101]. Copyright 2017, Wiley. (d) Validation of vortex-induced vibration

suppression via particle image velocimetry (PIV) and computational fluid dynamics (CFD). Reproduced with permission [100]. Copyright 2022, The
Company of Biologists Ltd. (e) Cross-sectional view of the follicle-sinus complex and embedded mechanoreceptor network inside a seal whisker. (f)

Schematic of the seal whisker’s vortex detection and localization process.

downstream, creating a gap that attenuates the pressure effects
of vortices on the vibrissa and diminishes vortex strength as
they mix with surrounding fluid and dissipate energy; third, it
promotes uniform pressure distribution on the vibrissa surface,
as pressure extrema at different cross-sections are staggered to
cancel out periodic fluctuations, and lateral vortices disperse
pressure changes spatially. Notably, this wavy structure only
suppresses “self-induced vibration noise” without compromising
responsiveness to external useful signals, as these cues stem
from direct flow perturbations independent of the vibrissa’s
own vortex formation. Figure 6c¢ illustrates this wavy structure,

which attenuates vortex coherence in the wake. The structure
displaces self-generated hydrodynamic disturbances away from
the whisker shaft and restores pressure symmetry in the wake
region, resulting in enhancing signal-to-noise ratio and flow-
sensing accuracy. This mechanism has been further validated
via particle image velocimetry (PIV) and computational fluid
dynamics (CFD), as shown in Figure 6d.

Each whisker contains a hair follicle sinus complex, a dense
network of nerve endings, and multiple mechanoreceptors
(Figure 6e). Smodlaka et al. [102] used light and transmission
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electron microscopy to show that the Northern elephant seal
whisker follicle is enclosed by a dermal sheath of densely packed,
irregular connective tissue, with a capillary-rich dermal papilla
at its base. The follicle comprises an outer root sheath, an
inner root sheath, and a single-cell-layered keratinized layer.
Surrounding the follicle are multiple sinus chambers, including
the cavernous sinus, ring sinus, and lower cavernous sinus. When
underwater prey generates a wake, the whisker’s undulatory
surface geometry first suppresses self-induced vortex-induced
vibrations. Thereafter, the follicle’s mechanoreceptors and their
abundant afferent endings swiftly detect minute pressure and
velocity changes in the water. This information enables seals
to precisely identify and track vortex direction, strength, and
trajectory for highly efficient underwater target perception and
localization (Figure 6f).

2.6 | Other Biological Sensing Mechanisms

Water striders (Gerridae) are insects exquisitely adapted to the
water-surface niche, celebrated for their unique ability to walk
and skim across the water (Figure 7a). Their success in colonizing
the interface stems from a specialized body morphology, an
efficient locomotor mechanism, and a highly refined sensory
system. When a dragonfly crashes into the water and thrashes,
water striders rapidly detect the disturbance through surface-
mounted mechanoreceptors and initiate predatory strikes. Social
behaviors such as group signaling and mate recognition depend
on arrays of sensory hairs distributed over their body surface.

David et al. [103] experimentally showed that water striders
rely on surface tension to support their weight and propel
themselves by rowing with their middle legs, which generates
hemispherical vortices rather than surface waves to transfer
momentum (Figure 7b). This discovery resolved Denny’s paradox
of juvenile striders’ inability to propel at low leg-beat speeds.
Perez Goodwyn et al. [104] then used optical, transmission-
electron, and scanning-electron microscopy to map the mor-
phology of tarsal-tip sensory hairs (Figure 7c), while recording
their neuro-electrophysiological responses to vibrational stimuli.
They found that the long tarsal hairs on the middle and hind
legs not only detect flow but also exhibit distinct vibration
sensitivity. Xin [105] proposed a hair-shaft-elastic-tissue biostruc-
ture (Figure 7d), comprising the hair shaft, elastic ligament,
exoskeleton, surrounding tissue, and embedded neurons. The
hair shaft deflects under fluid loading and transmits force to
the elastic tissue via arthroidal elastic proteins, deforming sub-
adjacent tissue and disrupting local ion balances to produce a
bioelectric signal. Periodic loading causes cyclic deformation of
the elastic tissue, and the hemolymph-filled cavity at the hair base
is rhythmically compressed and relaxed, driving ionic currents
that trigger action potentials in the sensory neurons. Intrinsic
damping then restores the shaft to its upright position. Through
this mechanism, water striders achieve rapid, sensitive detection
of external fluid disturbances.

Sea stars’ tube feet are key multifunctional organs enabling
locomotion, attachment, feeding, and environmental sensing in
benthic habitats; their tactile sensing mechanisms are closely tied
to unique structural and physiological features (see Figure 7e).
Theodora et al. [106], through experiments, mathematical mod-

eling, and robotic simulation, systematically investigated the
locomotion mechanism of sea stars. They found that, under
varying underwater load conditions, sea stars adapt by recruiting
more tube feet synchronously into their power stroke to form
a “jumping” gait. As load increases, the proportion of tube
feet engaged in propulsion rises significantly, while horizontal
speed decreases only slightly. These results indicate that sea
star movement relies on the distributed coordination of tube
feet, dynamically regulated via vertical body oscillations without
central-nervous-system control.

The structural basis of the tube foot is illustrated in Figure 7f.
Structurally, a tube foot is a hollow, tubular extension of the
body wall connected internally to the water-vascular system and
often terminating in a suction-cup-like structure [107]. Both the
surface of the tube foot and the suction disc are densely populated
with specialized sensory cells—including mechanoreceptors and
chemoreceptors—whose cilia or microvilli directly interface with
the environment to sensitively detect mechanical stimuli and
chemical cues. Mechanistically, when a tube foot contacts an
external object, mechanical deformation of these sensory cells
induces membrane-potential changes that generate neural sig-
nals [108], as depicted in Figure 7g. These signals are conducted
via neural fibers within the tube foot to the sea star’s radial
nerves and central nervous system, thereby controlling tube
foot contraction, extension, or suction-cup adhesion. Moreover,
tactile feedback works in concert with hydraulic regulation by the
water-vascular system: sensory input adjusts internal hydrostatic
pressure so that the suction disc can dynamically modulate
adhesion force according to substrate roughness, ensuring both
secure attachment and rapid release—an essential capability for
locomotion and survival on complex benthic terrain.

The neuromasts in the fish lateral line convert mechanical
stimuli of the flow field into neural signals to address the
challenge of flow field perception under low visibility; coral
tentacles achieve multimodal perception (mechanical, chemical,
optical, and thermal) to adapt to the multi-signal response
requirements of complex marine environments; octopus tentacles
rely on a distributed nerve-sucker system to solve the problem
of precise manipulation and sensing coupling in unstructured
environments; the micro-protrusions and graded receptors on
sea otter palm pads break through the bottleneck of millimeter-
scale texture recognition in turbid water; seal whiskers combine
vibration suppression via wavy structures with follicle nerves to
overcome the difficulties in extracting weak wake signals and
reducing noise; the elastic structures of water strider tarsal hairs
adapt to the demand for rapid detection of weak disturbances
on water surfaces; sea star tube feet realize the coordination of
hydraulics and sensing to meet the coupled needs of attachment
and environmental perception in complex substrates.

To clearly present the core tactile-sensing features of represen-
tative aquatic organisms—fish, coral, octopus, sea otter, seal,
water strider, and sea star—Table 1 systematically summarizes
their sensing mechanisms and key characteristics. The table
compares each species’ core sensory structures, primary sensing
capabilities, and functional traits, providing an intuitive overview
of the tactile specialization strategies shaped by evolution and
offering multidimensional biological prototypes for the design of
underwater biomimetic tactile sensors.
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FIGURE 7 | Sensory structures and mechanisms of water striders and sea stars. (a) Schematic of water strider morphology on the water surface. (b)
Hemispherical vortex generated by middle-leg rowing for propulsion [103]. (c) External architecture of a water strider’s tarsal sensory hair. Reproduced
with permission [104]. Copyright 2009, Elsevier. (d) “Hair-shaft-elastic tissue” biostructure of water strider sensory hairs. Reproduced with permission
[105]. Copyright 2022, Wiley-VCH GmbH. (e) Morphology of a sea star and its tube feet. (f) Structural basis of the sea star tube foot (hollow tube and
suction-cup end). (g) Mechanotransduction in the sea star tube foot: sensory-cell deflection and neural-signal conversion.

3 | Progress on Underwater Bionic Tactile Sensors

Based on in-depth analyses of marine organisms’ tactile sens-
ing mechanisms, researchers have translated these bio-inspired
principles into practical designs, yielding a suite of underwater
biomimetic tactile sensors. Addressing core needs such as hydro-
dynamic signal capture and multimodal perception, these devices
exploit triboelectric, piezoelectric, and piezoresistive mecha-
nisms and leverage fabrication techniques—including 3D print-
ing, micro-nano processing, and flexible composites—to produce
lateral-line-inspired sensors, whisker-inspired vortex detectors,
tentacle-inspired multimodal units, and more. Some enhance
sensitivity by replicating biological microstructures; others har-
ness novel material properties to boost environmental resilience;
and still others integrate multiple transduction principles for
synergistic signal interpretation—together driving underwater
tactile sensing from laboratory prototypes toward real-world
applications.

3.1 | Working Principles and Fabrication
Techniques

Different transduction principles serve as the core drivers of inno-
vation in underwater biomimetic tactile sensing, and the degree
to which they align with marine organisms’ sensory mechanisms
directly determines both the fidelity with which sensors replicate
biological functions and the scope of their extended capabilities
[109]. From energy-conversion schemes such as triboelectric
and piezoelectric to signal-modulation modes like piezoresistive
and capacitive, each mechanism mirrors a specific mechanical-
signal transduction pathway found in natural sensory systems.
Selecting and optimizing these principles requires not only a
deep adherence to the underlying logic of biological perception
but also careful consideration of manufacturing feasibility to
realize functional breakthroughs. Together, these efforts build
the critical bridge from biological mechanism to technological
implementation, laying a solid foundation for subsequent process
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TABLE 1 | Comparison of tactile-sensing structures and characteristics of representative aquatic organisms.

Biological
species Core sensory structure Primary sensing capability Sensory characteristics
Fish Superficial Neuromasts SN: flow velocity, vertical flow, SN suited for broad-scale flow
(Lateral-Line (SN), Canal Neuromasts low-frequency disturbancesCN: detection; CN sensitive to
System) (CN) pressure gradients, high-frequency high-frequency, non-uniform flows;
disturbances together enable comprehensive
hydrodynamic sensing
Coral Ciliary cones, nematocysts, Flow, vibration, chemical cues (e.g., Weak flows trigger exploratory
(Tentacles) photoreceptive proteins, amino acids), light intensity, vibrations; strong flows induce
thermosensitive receptors temperature defensive nematocyst discharge;
circadian control of
extension-contraction
Octopus Suction-cup Object shape, hardness, hydrophobic Chemical signals encode intensity
(Tentacles) chemoreceptors (CRs), metabolites (terpenes); multimodal and duration; mechanical signals
mechanoreceptors integration rapidly detect physical features;
(NompC), axial nerve cord distributed neural control enables
local autonomous response
Sea Otter Papillary protrusions, Rapid texture discrimination, pressure Decision speed ~30x faster than
(Palm Pad) Pacinian corpuscles, sensing, prey-feature analysis (e.g., humans; 80-120 ms sensory-motor
Merkel discs shell crevices, thickness) latency; combines high sensitivity
with wide dynamic range
Seal Undulating whiskers, Minute vortex (e.g., prey wake) Undulating geometry suppresses
(Whiskers) follicle-sinus complex, detection; flow velocity and direction VIV, enhances SNR; enables efficient
nerve-ending network wake-tracking under sensory
deprivation
Wates Strider Tarsal-tip sensory hairs Flow, vibration, water-surface Hair deflection triggers bioelectric
(Sensory (hair-shaft-elastic-tissue disturbance signals signals, enabling rapid detection of
Hairs) structure) prey-disturbance cues
Sea star (Tube Suction-disc sensory cells Mechanical stimuli (texture, pressure), Distributed tube-foot coordination
Feet) (mechanorecep- chemical cues; hydraulic adhesion for environment sensing; adjusts
tors/chemoreceptors), control suction force and locomotion

water-vascular system

without central control

innovations and performance leaps. As illustrated in Figure 8,
this section will highlight recent exemplary advances in material
design and fabrication techniques for tactile sensors.

3.1.1 | Triboelectric Nanogenerator

Triboelectric materials, by virtue of harvesting energy directly
from minute mechanical disturbances in the environment with-
out external power, show tremendous promise for self-powered
sensors. Based on the coupling of contact electrification and
electrostatic induction, the Triboelectric Nanogenerator (TENG)
can transfer charge under various mechanical modes—contact-
separation, sliding, rotation, etc.—and output measurable voltage
or current signals to achieve efficient mechanical-to-electrical
energy conversion [124]. The physical essence of a TENG can be
described in terms of the electric displacement field D and dis-
placement current in Maxwell’s equations. When two materials
come into contact, differences in their work functions generate
equal and opposite surface charge densities +o, which manifest as
apolarization P source. Under these conditions, the displacement
field satisfies Gauss’s law:

V'szfreesDZEOE+P ®

where D is the electric displacement field (C-m™2), oy, is the free
charge density (C-m~3), ¢, is the vacuum permittivity (F-m™!), E
is the electric field intensity (V-m™!), and P is the polarization
(C-m™2).

In the Absence of Free Current (J;,, = 0), the Ampere-Maxwell
Equation Becomes:

oD oD
VXHZJfree-i-E:}VXH:E (2)

Here, H is the magnetic field intensity (A-m™') and J, is the
free current density (A-m~2). This shows that the time-varying
displacement field 0D/at itself can be treated as a “displacement
current” flowing in the external circuit to deliver energy output.

Common triboelectric materials include polytetrafluoroethylene
(PTFE), polydimethylsiloxane (PDMS), polyimide (PI), and natu-
ral rubber. These materials typically exhibit excellent flexibility,
facile processability, and high surface electronegativity, all of
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FIGURE 8 | Schematic of principles and fabrication process innovations for underwater biomimetic tactile sensors. Reproduced with permission

[49]. Copyright 2022, Springer Nature. Reproduced with permission [53, 119]. Copyright 2023, Elsevier. Reproduced with permission [110]. Copyright 2022,

Royal Society of Chemistry. Reproduced with permission [111, 113, 121]. Copyright 2025, Springer Nature. Reproduced with permission [112,116]. Copyright
2020, Elsevier. Reproduced with permission [114, 122]. Copyright 2021, Wiley-VCH GmbH. Reproduced with permission [115, 117]. Copyright 2024, Wiley-
VCH GmbH. Reproduced with permission [118]. Copyright 2024, MDPI. Reproduced with permission [120]. Copyright 2022, MDPI. Reproduced with

permission [123]. Copyright 2024, Wiley-VCH GmbH.

which enhance triboelectric output performance. In particu-
lar, PTFE—due to its strong electronegativity—is often paired
with metals or other highly electropositive materials to achieve
greater charge density. PDMS offers outstanding compliance
and biocompatibility, making it ideal for flexible or wearable
sensor applications. Triboelectric induction can be realized in
various working modes, primarily including contact-separation,
sliding, single-electrode, and freestanding-layer modes [125].
The contact-separation mode is well suited for detecting ver-
tical micro-motions; the sliding mode excels at sensing shear-
direction disturbances; and the single-electrode mode simplifies
device structure. Each mode is tailored to specific mechanical-
disturbance characteristics in sensing tasks.

Xu et al. proposed a Triboelectric Nanogenerator-based, sea-otter-
palm-inspired triboelectric tactile sensor (TPTS) [49]. As shown
in Figure 9a, its design mimics the leathery micro-texture of the
otter’s palm: a strongly electronegative FEP film contacts and
separates from conductive ink, generating voltage and current
signals via contact electrification and electrostatic induction. Five

symmetrically arranged sensing units (four squares surrounding
one circle) enable differential signal analysis to precisely resolve
the magnitude, direction, and location of applied forces.

Subsequently, Li et al. developed a sea-otter-palm-inspired under-
water triboelectric tactile sensor using liquid metal (UPTS)
[50]. Figure 9b depicts this device: hydrogel and a Ga-In-
Sn liquid-metal alloy serve as the positive and negative tri-
boelectric layers, respectively, with a silicone spacer forming
the contact-separation structure. Under external load, tribo-
electrification between hydrogel and liquid metal and subse-
quent electrostatic induction produce a self-powered potential
difference.

The fabrication process (Figure 9c) begins by mixing Dragon Skin
10 silicone parts A and B in a 1:1 ratio, casting them into a 3D-
printed mold, and curing at 45°C for at least 30 min to form a
flexible silicone support and cover. The five silicone covers are
then snapped onto the support, and Ga-In-Sn alloy is injected
via pre-formed holes and sealed with silicone caps. On the cover’s
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FIGURE 9 | Structure, fabrication process, and signal-generation mechanism of the sea-otter-palm-inspired triboelectric tactile sensor. (a)

Appearance and distribution of the five sensing units in the Triboelectric Nanogenerator-based, otter-palm mimic sensor (TPTS). Reproduced with
permission [49]. Copyright 2022, Springer Nature. (b) Structural schematic of the underwater, liquid-metal-based triboelectric tactile sensor (UPTS).
Reproduced with permission [50]. Copyright 2024, Springer Nature. (c) Fabrication workflow for the UPTS device: (i) silicone mold casting, (ii) liquid-
metal injection, (iii) hydrogel electrode integration, and (iv) final assembly. Reproduced with permission [50]. Copyright 2024, Springer Nature. (d)
“Crocodile-tooth” five-unit array signal-generation and force-perception mechanism in the UPTS sensor. Reproduced with permission [50]. Copyright

2024, Springer Nature.

reverse side, hydrogel electrode films and CPP polymer shielding
membranes are affixed in designated recesses before securing the
cured covers to the support and mounting the assembly.

Figure 9d illustrates the signal-generation process: the “crocodile-
tooth” five-unit array uses differential measurements to resolve
force magnitude, direction (error < 5°), and contact area. Com-
pared to Xu et al’s sensor, Li et al.’s UPTS incorporates a
liquid-metal/hydrogel electrode pairing, granting superior ten-
sile, compressive, and deformation resilience in harsh underwa-

ter conditions, and thereby enhancing the stability and durability
of mechanical-to-electrical signal conversion.

3.1.2 | Piezoelectric

With the advancement of sensing technology, piezoelectric
materials—owing to their self-powered operation and high
responsiveness—have been widely employed as sensing elements
in intelligent sensors [126]. The piezoelectric effect refers to
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the linear coupling between mechanical stress and electrical
properties in certain non-centrosymmetric crystals or ceramic
materials. It comprises both the direct piezoelectric effect and the
converse piezoelectric effect [127].

When a Mechanical Stress T Is Applied to a Piezoelectric
Material, an Electric Displacement Field D Is Generated across
Its Two Faces, Namely:

D; = d;T; 3)
Here, D; is the iiith component of the electric displacement, d;; is
the piezoelectric coefficient tensor (units: C-N~! or m-V~1) with

ij = 1...6 corresponding to different mechanical and electrical
directions, and T; is the jjjth stress component.

When an Electric Field E Is Applied to a Piezoelectric Material,
an Internal Strain S Is Generated within the Material, Given by:

S = duE, 4

where S, is the iiith component of strain, and E, is the jjjth
component of the electric field.

Common piezoelectric materials include piezoelectric ceram-
ics (PZT), polyvinylidene fluoride (PVDF), and piezoelectric
fiber composites (MFC). PZT offers a high piezoelectric strain
constant and energy-conversion efficiency, making it the top-
performing piezoelectric material, but its brittleness limits its
use in large-strain environments. PVDF is a flexible polymer
suitable for applications involving large deformations, though
its piezoelectric performance is relatively low. MFC strikes a
balance between flexibility and moderate piezoelectric response.
Additionally, piezoelectric thin-film materials such as ZnO and
AIN are employed in high-frequency and broadband devices, but
their fabrication typically requires complex processes like vapor
deposition or magnetron sputtering. The primary operational
modes of piezoelectric materials are d;, (bending), ds; (compres-
sion), and d,5 (shear). Generally, the d;; mode exhibits a stronger
response than the d;; mode—particularly in PZT—while the d,;
mode becomes significant only under combined bending and
torsional strains [128].

Shi et al. designed a four-unit array piezoelectric MEMS vector
hydrophone (FPVH), mimicking the hair-cell stereocilia of the
fish lateral-line system [129]. The core principle combines the
piezoelectric effect with arrayed cooperative gain: each sensing
unit consists of a polyvinyl chloride (PVC) “cilia” pillar—whose
density closely matches water—mounted on an intersecting-
beam inertial structure (Figure 10a). Under underwater acoustic
excitation, the PVC cilia oscillate, driving rotation of the central
inertia mass and vibration of the cantilever beams (Figure 10b). A
lead-zirconate-titanate (PZT) thin film coated on the cantilevers
generates charge separation upon deformation, producing an
electrical output. By summing the signals from all four units,
the array achieves a ~12 dB sensitivity gain, resolving the
usual trade-off between single-element sensitivity and band-
width. Fabrication uses standard MEMS processes: PZT thin-
film microstructures are deposited and patterned on a silicon
substrate; PVC cilia are then affixed to the inertial masses;
finally, the device is encapsulated with a polyurethane acoustic

window, stainless-steel housing, and silicone-oil coupling for
waterproofing.

Guo et al. proposed a seal-whisker-inspired piezoelectric wave-
whisker sensor [53]. This device comprises a wavy PDMS
substrate overlaid with screen-printed silver electrodes and
a PVDF piezoelectric film (Figure 10c). In vortex flows, the
PDMS geometry converts fluid disturbances into mechanical
strain, which the PVDF layer transduces into an electric signal
(Figure 10d). The undulatory profile effectively suppresses self-
induced vortex-induced vibrations, so only external vortices elicit
a response—dramatically improving signal-to-noise ratio. As
shown in Figure 10e, fabrication involves mixing PDMS base
and curing agent at a 9:1 ratio, degassing, and casting into
a 3D-printed mold; integrating prefabricated PVDF electrodes;
vacuum-degassing and heat curing; and finally encapsulating in
a PDMS shell with CPP tape for electrostatic shielding. These
two works, in the realms of miniaturized underwater acoustics
and hydrodynamic sensing, respectively, exemplify the innovative
integration of biomimetic structures with piezoelectric functional
materials.

3.1.3 | Piezoresistive

Piezoresistive materials occupy a key position in smart sensing
owing to their simple structure, low cost, and ease of integration
[130]. Under the piezoresistive effect, a material’s resistivity
changes with applied strain, allowing mechanical signals to be
detected by monitoring resistance variations without complex
energy-conversion mechanisms [131]. Common piezoresistive
materials include semiconductor silicon, metal strain gauges,
carbon-nanotube composites, and graphene. Silicon offers high
sensitivity and good linearity, making it the prototypical piezore-
sistive sensor material, but its temperature sensitivity requires
additional compensation circuitry. Metal strain gauges provide
strong stability and mature fabrication processes—suitable for
industrial environments—but their gauge factor is relatively low
(~2), limiting the detection of minute deformations. Carbon-
nanotube composites and graphene excel in flexible and wearable
devices due to their high compliance and large gauge factors
(>100), though their cost and scalability remain challenges.
Additionally, metal-ceramic composite thin films (e.g., NiCr
alloys) are employed for pressure sensing in high-temperature
environments, but their fabrication demands vacuum deposi-
tion techniques and entails greater process complexity. The
primary operational modes for piezoresistive sensors are axial
tension/compression and shear: the axial mode delivers a direct
response and is easy to model for most conventional stress
measurements [132], while the shear mode is sensitive to tan-
gential strain and is commonly used in multi-axis force sensor
designs [133]. Generally, carbon-based composites maintain sta-
ble responses at large strains (>10%) [134], whereas metal-based
materials are better suited for high-precision measurements at
small strains (<2%).

Liu et al. designed a biomimetic whisker sensor that mimics the
undulatory geometry of seal vibrissae, combining vortex-induced
vibration (VIV) suppression with piezoresistive sensing via
CNT/AgNPs-filled microchannels [52]. As shown in Figure 1la,
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MEMS vector hydrophone (FPVH), replicating fish lateral-line stereocilia with intersecting-beam “cilia” and central inertia masses. Reproduced with
permission [129]. Copyright 2022, MDPI. (b) Oscillation of PVC “cilia” and resulting cantilever-beam vibration under underwater acoustic excitation in

the FPVH device. Reproduced with permission [129]. Copyright 2022, MDPI. (c) Structural schematic of the seal-whisker-inspired piezoelectric wave-
whisker sensor, featuring a wavy PDMS substrate with screen-printed silver electrodes and PVDF film. Reproduced with permission [53]. Copyright
2023, Elsevier. (d) Signal-generation mechanism of the wave-whisker piezoelectric sensor in vortex flows. Reproduced with permission [53]. Copyright

2023, Sensors and Actuators A: Physical. (e) Fabrication process flow for the wave-whisker sensor. Reproduced with permission [53]. Copyright 2023,

Elsevier.

the sensor’s wavy whisker is 3D-printed in PDMS to disrupt
coherent vortex shedding and reduce self-induced flow noise.
Its PDMS base integrates four Q-shaped microchannels loaded
with a CNT/AgNPs ink: when flow-induced bending strains these
channels, their resistance changes, which is used to infer flow
parameters. Fabrication (Figure 11b) employs 3D printing of the
whisker and mold, casting PDMS (10:1 base to curing agent)
to form the microchanneled base, then using Directed Liquid
Spreading (DLS) to infill CNT/AgNPs ink—capillary action in
inclined grooves ensures uniform deposition (Figure 11c-f)—and
finally spraying a PDMS waterproof layer.

In parallel, Dusek et al. developed an underwater piezoresistive
pressure-sensor array based on closed-cell carbon-black-doped
PDMS (CBPDMS) foam [135]. Figure 11g depicts the array: when
compressed, the foam’s carbon particles make increased contact,
lowering resistance; a four-probe measurement captures this

change to sense pressure. Silver-carbon-black-PDMS composite
electrodes provide low-resistance pathways, while a pure PDMS
substrate ensures flexibility and waterproofing (Figure 11h,i). Fab-
rication involves molding composite electrodes (silver powder,
carbon black, PDMS) with embedded leads, casting carbon-
black-doped silicone foam into the inter-electrode gaps, and
sealing with a thin PDMS overcoat. This simple, low-cost process
yields an array capable of stable sensing over a wide dynamic
pressure range, demonstrating the promise of flexible, scalable
piezoresistive biomimetic sensors.

3.1.4 | Other Working Principles

Beyond the three major sensor types—triboelectric, piezoelectric,
and piezoresistive—there are several “other” tactile sensing
schemes, principally capacitive, fiber-optic speckle-imaging, and
magneto-sensitive methods.
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substrate preparation for the seal-whisker-inspired wavy piezoresistive sensor [52]. (b) Directed Liquid Spreading (DLS) technique for capillary infusion
of CNT/AgNPs ink into the Q-shaped microchannels [52]. (c-f) Sequential capillary-driven spreading of CNT/AgNPs ink within the microchannels, as
guided by inclined groove geometry [52]. (g) Underwater piezoresistive pressure-sensor array based on closed-cell carbon-black-doped PDMS (CBPDMS)
foam. Reproduced with permission [135]. Copyright 2016, Elsevier. (h, i) Conductive-pathway architectures in the CBPDMS foam sensor, showing silver—

carbon-PDMS composite electrodes and foam embedded percolation networks. Reproduced with permission [135]. Copyright 2016, Elsevier.

Kanhere et al. developed a flexible, hydrogel-based capacitive
pressure sensor [120], shown in Figure 12a. A self-crosslinked,
fully swollen DMAA hydrogel film is sandwiched between
Cr/Au electrodes. The hydrogel’s tunable microporous network
delivers high water retention, underwater stability, and acoustic-
impedance matching, yielding a linear, high-sensitivity capacitive
response. A patterned electrode array design further enables
large-area “smart skin” coverage for underwater vehicles. Fabri-

cation involves: (1) preparing the swollen DMAA hydrogel film;
(2) sputtering Cr/Au electrodes on a silicon substrate; (3) epoxy-
bonding connection wires; and (4) assembling and sealing the
hydrogel between the electrodes. This sensor is well suited for
pressure detection in underwater “smart skins” and soft robotics.

Inspired by electric fish’s active electrolocation, Zhou et al. cre-
ated a transparent, flexible electronic skin [121], whose architec-
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2017, MDPL. (b) Transparent, flexible electronic skin inspired by electric fish’s active electrolocation. Reproduced with permission [121]. Copyright 2024,
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2024, Springer Nature. (d) Biocompatible agarose-glycerol hydrogel “whisker” fiber-optic tactile sensor for speckle-based displacement and direction
sensing [136]. (e) 3D hydrodynamic magneto-sensitive sensor mimicking seal-whisker waves: Ecoflex “whisker” array with embedded NdFeB/silicone

film and 3D Hall-sensor readout. Reproduced with permission [122]. Copyright 2024, Wiley-VCH GmbH.

ture is shown in Figure 12b. Utilizing a biomimetic dual-electrode
system (Figure 12c)—with one electrode actively emitting a
100 kHz electric field and the other detecting field distortions
caused by nearby objects—it achieves non-contact 3D localiza-
tion. Fabrication comprises: (1) injecting a biogel into PDMS
microchannels to form stretchable electrodes; (2) integrating
laser-cut flexible circuitry and miniature electronic components;
and (3) encapsulating the assembly in a 1.4 mm-thick PDMS shell.
Electrode perforation and dielectric-layer porosity optimizations
boost sensitivity by over 40%, and the device supports real-
time wireless transmission of three-dimensional coordinates for
applications in robotic-arm control, UAV obstacle avoidance, and
underwater-robot exploration.

Fujiwara et al. developed a biocompatible agarose-glycerol
hydrogel “whisker” fiber-optic tactile sensor [136], as shown in
Figure 12d. A conical hydrogel probe is embedded within an
MMF-SMF-MMF optical path; when an external force bends

the probe, it induces mode coupling in the single-mode fiber
core, producing changes in the speckle pattern. Using a zero-
normalized cross-correlation (ZNCC) algorithm, both displace-
ment (~0.7 mm) and direction (#13°) can be determined. Fabrica-
tion involves molding and curing the agar-glycerol hydrogel into
conical whiskers, fusion-splicing multimode and single-mode
fibers to form the sensing optical path, and finally embedding the
fiber within the probe and sealing the device. This sensor com-
bines high resolution, arrayability, and excellent biocompatibility,
making it suitable for medical diagnostics and tactile perception
in soft robotics.

Dai et al. designed a three-dimensional hydrodynamic sensor
inspired by the wavy geometry of seal whiskers [122]. As shown in
Figure 12e, a radially magnetized NdFeB/silicone composite film
is embedded at the base of an Ecoflex wave-shaped “whisker”
array, with the wavy profile suppressing self-induced vortex-
induced vibrations. Flow impinges on the whisker array and
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TABLE 2 | Performance comparison and applicable sensor types for underwater biomimetic tactile sensors based on different transduction

principles.
Principle Advantages Disadvantages Applicable scenarios
Triboelectric Self-powered without External ~ Output Signals Easily Influenced  Suitable for Scenarios Requiring
Energy; Harvesting Energy from by Environmental Humidity; Self-powering and Detecting Subtle
Subtle Mechanical Disturbances; Long-term Stability Needs Vertical or Shear Movements, Such as
Flexible and Easy-to-process Improvement Force Sensing during Underwater
Materials Object Grasping
Piezoelectric High Sensitivity, no external Brittle Materials (e.g., PZT) Fish-inspired Lateral Line Vector
power required; High Energy Unsuitable for large-strain Hydrophones, Seal-whisker-inspired
Conversion Efficiency environments; Flexible Materials Vortex Sensors, Suitable for
(e.g., PVDF) Exhibit Lower Micro-scale Underwater Acoustic
Piezoelectric Performance Perception and Hydrodynamic
Disturbance Detection
Piezoresistive Simple structure, Low Cost; Easy Semiconductor Materials Sensitive Seal-whisker-inspired Wavy Sensors,
Integration; Straightforward to Temperature, Requiring Suitable for Cost-sensitive
Signal Processing Temperature Compensation; Metal Applications and Scenarios Requiring
Strain Gauges Have Low Gauge Regular Stress Detection or Large
Factors, Challenging to Detect Strains
Small Deformations
Capacitive Good Linear Response; High Susceptible to Environmental Underwater Smart Skins, Soft
Sensitivity; Flexible Structural Interference (e.g., temperature, Robotic Pressure Sensors, Suitable for
Design humidity); Demanding Waterproof — Large-area and Highly Sensitive
Encapsulation Pressure Sensing Scenarios
Optical fiber High Resolution; Relatively Complex Structure; Medical Detection, Soft Robotic
Array-compatible; Good Strict Optical Alignment Tactile Sensors, Suitable for Scenarios
Biocompatibility Requirements with High Biocompatibility
Requirements
magnetosensitive Strong Anti-interference Affected by Magnetic Field Seal-whisker-inspired 3D

Capability; High Measurement
Accuracy; no Complex
Calibration Needed

Environments; Relatively High ~ Hydrodynamic Sensors, Suitable for

Material Costs High-precision Detection of Flow
Speed, Direction, and Vortex

Frequency

magnetic film, producing tri-axial displacements that distort the
surrounding magnetic field. A 3D Hall-sensor array behind the
film captures these field changes, and a pre-established decou-
pling model—using parameters R,, Ry, and S, corresponding
to X, Y, and Z displacements—directly computes flow velocity,
direction, and vortex frequency without complex calibration.

Fabrication proceeds as follows: (1) mix NdFeB micro-powder
with silicone and cast into films, then pulse-magnetize; (2)
cast Ecoflex into a 3D-printed mold to form the wavy whisker
structures while embedding and curing the magnetic films; (3)
integrate the whisker array with the Hall sensors and encapsulate
the assembly in a waterproof housing. Under testing, the sensor
achieves accuracies better than 0.061 m/s for steady flow velocity,
0.05 Hz for vortex frequency, and 7° for flow-direction detection.

In summary, triboelectric, piezoelectric, piezoresistive, capaci-
tive, fiber-optic speckle-imaging, and magneto-sensitive princi-
ples each play distinct roles in the development of underwa-
ter biomimetic tactile sensors. Triboelectric and piezoelectric
approaches, with their self-powering capabilities, suit a wide
range of bioinspired sensing scenarios; piezoresistive sensors,
thanks to their structural simplicity, dominate cost-sensitive

applications; and other methods are deployed for specialized
needs such as biocompatibility and high-precision detection. By
integrating these transduction mechanisms with novel materi-
als and biomimetic architectures, sensor technology is moving
toward multimodal, highly integrated platforms. Their respective
strengths, limitations, and applicable sensor types are summa-
rized in Table 2.

3.2 | Biomimetic Tactile Sensor Types

Based on the unique sensory structures of various marine organ-
isms, underwater biomimetic tactile sensors can be categorized
into three main types: lateral-line-inspired sensors, tentacle-
inspired sensors, and whisker-inspired sensors. These sensor
types respectively replicate the flow-sensing logic of fish lateral
lines, the multimodal interaction mechanisms of octopus or
coral tentacles, and the vortex-capturing characteristics of seal
whiskers. Through targeted structural designs and principal
adaptations, they reproduce the biological sensing capabilities.
The following sections detail the design principles, perfor-
mance characteristics, and application scenarios of each sensor

type.
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FIGURE 13 | Design and Performance Validation Diagrams of Fish-Inspired Lateral Line Underwater Tactile Sensors. (a) Schematic of the canal
artificial lateral line (CALL) sensor array based on highly oriented P(VDF-TrFE) nanofibers [137]. (b) Diagram showing output voltage trends of the
CALL sensor under vibrations at different frequencies [137]. (c) Schematic of the deep-sea hydrodynamic pressure sensor (DSHPS) based on P(VDF-
TrFE)/BTO nanofibers. Reproduced with permission [138]. Copyright 2024, MDPI. (d) Diagram showing the stable operation of the DSHPS at various
water depths. Reproduced with permission [138]. Copyright 2024, MDPL. (e) Schematic of the biomimetic lateral line sensor based on PVDF film for
oscillatory flow sensing. Reproduced with permission [139]. Copyright 2022, IEEE. (f-g) Experimental results illustrating the oscillatory flow detection
performance of the PVDF-based lateral line sensor. Reproduced with permission [139]. Copyright 2022, IEEE.

3.2.1 | Fish-Inspired Lateral Line Sensors

In recent years, inspired by the lateral line system (LLS) of fish,
researchers have proposed various biomimetic artificial lateral
line sensors aimed at achieving highly sensitive detection of weak
disturbances in underwater environments.

Gong et al. developed a canal artificial lateral line (CALL) sensor
array based on highly oriented P(VDF-TrFE) nanofibers [137], as
illustrated in Figure 13a. They improved the conventional far-
field electrospinning process by combining a rotating drum and
parallel-electrode collector to produce highly oriented P(VDF-
TrFE) nanofibers, which were annealed at 140°C for 2 h to
enhance f-phase crystallinity. The sensor array mimicked the
structural design of the fish lateral line system. Experiments
demonstrated that, under a 0.6 mm displacement vibration, the
output voltage gradually increased as the frequency rose from
2.38 Hz to 5.13 Hz, as shown in Figure 13b. Electrodes A and B
produced opposite polarities, forming a differential signal that
improved the signal-to-noise ratio, validating its feasibility for
underwater pressure sensing.

Hu et al. developed a deep-sea hydrodynamic pressure sensor
(DSHPS) [138], as shown in Figure 13c. They used P(VDF-
TrFE)/BTO nanofibers as the sensing material and optimized the
electrode configuration, sensor element dimensions, and other
parameters. The sensor was encapsulated using a high Young’s
modulus packaging strategy inspired by fish skulls. Experimental
results showed that it could detect a minimum pressure difference
of approximately 0.11 Pa and had a pressure gradient detection

limit of 14 Pa/m. It maintained stable operation at water depths
of 0 m, 500 m, and 1000 m, as illustrated in Figure 13d,
and demonstrated consistent performance in locating spherical
targets, confirming its effectiveness in deep-sea dynamic pressure
sensing.

Tan et al. developed a biomimetic lateral line sensor based on
polyvinylidene fluoride (PVDF) films for oscillatory flow sensing
[139], as shown in Figure 13e. Through computational fluid
dynamics and piezoelectric analysis, they optimized the artificial
cupula shape (parabolic) and the cantilever beam length (60
mm), and fabricated the sensor using 3D printing along with
a waterproofing design. Figure 13f,g presents the experimental
results, indicating that the sensor had a flow velocity detection
threshold of 3.4 mm s~! at 30 Hz oscillatory flow, with a sensitivity
of 0.75 V/(m-s7!). It responded stably within the 10-50 Hz
frequency range and could operate at a water depth of 30 meters,
demonstrating its effectiveness.

Scott E and Hauert S developed a macroscopic biomimetic
lateral line sensor designed to detect vortices shed by upstream
robots or obstacles [140], as shown in Figure 14a. Inspired
by the fish lateral line system, they enhanced the sensor’s
performance through optimized design—such as adopting circu-
lar canals, backward-facing pores, and increased pore spacing.
Simulation analysis was conducted using openfoam, and the
sensor prototype was fabricated via 3D printing. Experimental
validations were carried out in still water and a custom flow
tank.
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macroscopic biomimetic lateral line sensor for vortex detection. Reproduced with permission [140]. Copyright 2022, IOP Publishing. (b) Simulation

error comparison diagram of the optimized design for the macroscopic biomimetic lateral line sensor. Reproduced with permission [140]. Copyright

2022, IOP Publishing. (c) Structural schematic of the biomimetic lateral line sensor (BLLS) based on a triboelectric nanogenerator. Reproduced with

permission [42]. Copyright 2023, Wiley-VCH GmbH. (d) Diagram showing dynamic pressure monitoring using the BLLS. Reproduced with permission
[42]. Copyright 2023, Wiley-VCH GmbH. (e) Diagram showing the BLLS’s capability in identifying underwater object types and motion parameters.

Reproduced with permission [42]. Copyright 2023, Wiley-VCH GmbH.

Simulation results showed that the optimized design reduced
residual errors by at least 20% compared to sensors lacking
key structural elements, with circular canals reducing errors
by nearly 40% compared to square canals. These findings are
illustrated in Figure 14b. Physical experiments confirmed that the
sensor could effectively filter out background flow generated by
its own motion. In still water, it successfully detected vortices
generated by a moving cylinder, and in the flow tank, it consis-
tently detected vortices at distances of 10 and 20 cm from the
cylinder, with the highest detection consistency observed near the
cylinder’s centerline. Furthermore, the sensor remained effective
across a flow velocity range of 0.1-1 m/s, with a 15 mm canal
diameter identified as the optimal dimension.

Inspired by the fish lateral line system, Liu et al. developed
a biomimetic lateral line sensor (BLLS) based on the prin-
ciple of a triboelectric nanogenerator (TENG) for underwater
dynamic pressure monitoring and trajectory perception [42], as
shown in Figure 14c. They fabricated the PLA substrate and
connecting disks using 3D printing, encapsulated the sensing
unit—composed of strongly electronegative fluorinated ethylene
propylene (FEP) and strongly electropositive conductive ink—
with Ecoflex20 silicone rubber, and incorporated an acrylic cover
plate to achieve waterproofing. The sensor’s performance was
experimentally validated.

Figure 14d shows the relevant experimental setup. The BLLS
achieved optimal sensing performance at a 90° angle of attack,
with an open-circuit voltage reaching 5.0 mV and exhibiting
a strong linear correlation with the effective diameter (R?> =
0.98944). The response to disturbance distance followed the
fitting equation U = —0.112D + 5.62 (R* = 0.99492), where
distances from 5.0 to 25.0 mm corresponded to voltages of 5.0 to

2.7 mV, as illustrated in Figure 14d. The response to disturbance
frequency in the 1.0-2.0 Hz range followed the fitting equation U
= 3.21622f - 1.4973 (R? = 0.99604).

Figure 14e demonstrates the sensor’s recognition capabilities: it
can identify types of underwater objects, measure robotic fish
speed (530-600 mm/s corresponding to 4.7-10.1 mV), and detect
the height of an ROV. The sensor array can monitor both linear
and angular trajectories. Moreover, the sensor maintained stable
performance underwater for six months, with no significant
decay in the initial 5.0 mV voltage output, making it a promising
supplement for sensing in complex underwater environments.

3.2.2 | Tentacle-Inspired Sensors

Bio-tentacle-inspired sensors are a class of biomimetic tactile
sensing devices designed by mimicking the structural features,
tactile perception mechanisms, and environmental adaptability
of natural biological tentacles. Typically integrating flexible,
stretchable, and multifunctional materials, these sensors repli-
cate the softness, dexterity, and high-sensitivity tactile perception
inherent to biological tentacles.

Wang et al. developed a self-powered biomimetic coral wave
sensor (BCWS) for ocean wave monitoring, based on the prin-
ciple of a triboelectric nanogenerator (TENG) and inspired by
coral structures [141], as shown in Figure 15a. They fabricated
components such as the polylactic acid (PLA) base using 3D
printing and encapsulated the friction-based sensing unit (60 X
10 X 1.5 mm)—composed of fluorinated ethylene propylene (FEP)
and conductive ink—with Ecoflex20 silicone rubber. The system
also integrates buoyancy trays and counterweight mechanisms, as
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Predict label

Tentacle-Inspired Underwater Biomimetic Tactile Sensors and Performance Test Diagrams (a) Structural schematic of the self-

powered biomimetic coral wave sensor (BCWS) based on the TENG principle. Reproduced with permission [141]. Copyright 2021, Wiley-VCH GmbH.

(b) Diagram of BCWS components, including the triboelectric sensing unit,

buoyancy tray, etc. Reproduced with permission [141]. Copyright 2021,

Wiley-VCH GmbH. (c), (d) Performance data diagrams of BCWS for wave height and frequency sensing. Reproduced with permission [141]. Copyright
2021, Wiley-VCH GmbH. (e) Structural schematic of the soft robotic gripper inspired by bioluminescent octopus suckers. Reproduced with permission
[142]. Copyright 2022, Wiley-VCH GmbH. (f) Performance data of the soft robotic gripper’s suction force and actuation force [142]. (g) Diagram of the
gripper grasping different objects in various scenarios. Reproduced with permission [142]. Copyright 2022, Wiley-VCH GmbH. (h) Structural schematic

of the octopus-inspired multi-channel tactile sensor (OI-TENG) based on TENG. Reproduced with permission [143]. Copyright 2025, Elsevier. (i) Output
voltage and sensitivity performance data diagram of the OI-TENG. Reproduced with permission [143]. Copyright 2025, Elsevier. (j) Underwater material
recognition accuracy of OI-TENG combined with CNN. Reproduced with permission [143]. Copyright 2025, Elsevier. (k) Schematic of the gesture
recognition glove (GRG) with integrated micro-pillar tactile sensors (MPTS), inspired by starfish tube feet. Reproduced with permission [144]. Copyright

2024, American Chemical Society. (1) Pressure response range and sensitivity performance data of MPTS. Reproduced with permission [144]. Copyright

2024, American Chemical Society. (m), (n) Diagrams of GRG gesture recognition accuracy and classification performance. Reproduced with permission

[144]. Copyright 2024, American Chemical Society.

illustrated in Figure 15b, and its performance was verified through
simulation and experiments.

Figure 15c,d shows that the BCWS produced output voltages
ranging from 0.3255 V to 0.8162 V in response to wave heights

between 25 and 125 mm, with a linear correlation coefficient
of R = 0.97132. For wave frequencies between 0.45 and 0.65
Hz, the output current increased from 3.2 to 4.78 nA, with a
linear correlation coefficient of R = 0.9906. The sensor demon-
strated millimeter-level precision in detecting wave height and
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period. The voltage and current signals from its four tentacle-
like structures varied symmetrically with angle, enabling accurate
wave direction recognition. In real ocean environments, the
sensor remained stable when anchored with a mooring chain
and successfully collected and wirelessly transmitted data via an
Arduino module, with a total power consumption of 4.26 W.

Wu et al., inspired by bioluminescent octopus suckers, developed
a soft robotic gripper for underwater adaptive grasping and
sensing [142], as shown in Figure 15e. They fabricated the linkage
mechanism using 3D printing and employed a modular silicone
molding technique to create soft suction cups. Tubular bellows
were integrated as actuators, and the gripper’s performance was
experimentally validated.

As shown in Figure 15f, the gripper achieved a maximum suction
force of approximately 100 N—three times greater than that
of a fingerless gripper of the same contact area. The tubular
bellows produced a maximum pulling force of 24.3 N and a
pushing force of 46.7 N, enabling the opening and closing
of the suction cups. The gripper was capable of grasping flat
objects, objects beyond its direct grasping range (e.g., a 2.5 kg
water bottle), and irregularly shaped items. It could also simul-
taneously pick up multiple dispersed objects, as illustrated in
Figure 15g.

In turbid underwater environments, the sensor function was
realized by monitoring flow variations inside the suction cups
using a turbine flow meter, allowing differentiation between
objects of different sizes (e.g., flat plates, knives, etc.). Further-
more, it was capable of gently and non-destructively grasping live
turtles and small fish, demonstrating its applicability in complex
environments. This gripper presents an effective solution for tasks
such as underwater manipulation.

Inspired by octopus suckers, Hao et al. developed an octopus-
inspired multi-channel tactile sensor (OI-TENG) based on tri-
boelectric nanogenerator (TENG) technology for underwater
material recognition [143], as shown in Figure 15h. They fabri-
cated the suction cup structure using 3D-printed thermoplastic
polyurethane (TPU) and integrated four types of triboelectric
materials—FEP, PE, and others—as sensory elements. These
were treated with inductively coupled plasma (ICP) to cre-
ate a superhydrophobic surface with a contact angle of 130°.
A machine learning-based underwater material identification
system (UMIS) was also constructed.

Experiments showed that the sensor’s voltage output increased
by 67%, achieving a sensitivity of 0.195 V/kPa. The relevant
performance data are presented in Figure 15i. The sensor had a
response time of 85 ms and maintained stable performance after
3,500 test cycles. It remained consistent under pressures ranging
from 5 to 60 N, with minimal output variation across different
water depths.

As shown in Figure 15j, a convolutional neural network (CNN)
was used to process sensor signals for 10 different materials,
achieving 100% accuracy on the training set and 98% on the
test set. The sensor functioned reliably in both freshwater and
seawater, offering an effective solution for intelligent perception
in underwater robotics.

Inspired by the flexible structure of starfish tube feet, Liu et al.
developed a gesture recognition glove (GRG) integrated with
micro-pillar tactile sensors (MPTS) for underwater immersive
communication via hand gesture recognition [144], as shown in
Figure 15k. They fabricated the PDMS micro-pillar substrate using
two-photon laser direct writing. After N, plasma treatment, a
layer of water-based polyurethane (WPU) was spray-coated, and
silver (Ag) was deposited via magnetron sputtering to form the
sensing structure. Ten MPTS units were sewn onto the glove at
corresponding finger joints, and a fully connected neural network
(FC-NN) algorithm was employed for gesture recognition.

As shown in Figure 151, the MPTS with an 8° tilt angle exhibited
optimal performance: its working range covered 5 Pa to 450 kPa,
with a sensitivity of 0.024 kPa~! in the 0-200 kPa range and 0.04
kPa~! from 200-450 kPa. It had a fast response time of 23 ms
and maintained stable signals after 10 000 test cycles. In the 20-
40 °C temperature range, the resistance variation was only 0.8%,
demonstrating excellent waterproof capability.

Figure 15m shows that the GRG captured resistance change
signals for 16 different hand gestures, and after processing by
the FC-NN model, achieved a recognition accuracy of 99.8%.
Figure 15n presents the recognition results. This system enables
stable underwater communication and offers a reliable techno-
logical solution for divers and other underwater operators.

3.2.3 | Whisker-Inspired Sensors

Based on the sensory mechanisms of seal whiskers, researchers
at home and abroad have developed various types of whisker-
inspired sensors. As early as 2010, Stocking et al. [145] proposed
a capacitive biomimetic sea otter whisker sensor that integrated a
rigid artificial whisker into a novel conical parallel-plate capacitor
covered with a PDMS film. Numerical simulations predicted a
capacitance change of approximately 1 pF under flow velocities
ranging from 0-1 m/s, but experimental differences between
the baseline and response indicated the need for structural
optimization.

In 2015, Beam et al. [146, 147] utilized 3D printing and stere-
olithography to construct a biomimetic sea otter whisker model,
upon which they designed a piezoelectric sensor. Through
whisker vibration, multidirectional strain gauges were actuated
to achieve multi-dimensional perception of flow disturbances.

In 2018, Gul et al. [148] achieved 360° displacement detection
and resistance response using a fully 3D-printed, multi-material
design composed of a polyurethane rod and graphene-patterned
circuitry.

Inspired by seal whiskers, Wang et al. developed an underwater
biomimetic whisker sensor (UBWS) based on a triboelectric nano-
generator (TENG) for passive vortex detection [149], as shown
in Figure 16a. They 3D-printed artificial whiskers using PDMS
and encapsulated the triboelectric sensing unit—comprising flu-
orinated ethylene propylene (FEP) and conductive ink—within
a silicone bubble structure. Experimental validation demon-
strated stable output under varying motion parameters: as the
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FIGURE 16 | Design and Performance Validation Diagrams of Seal Whisker-Inspired Underwater Biomimetic Tactile Sensors. (a) Structural
schematic of the underwater biomimetic whisker sensor (UBWS) based on a triboelectric nanogenerator (TENG). Reproduced with permission [149].

Copyright 2022, Elsevier. (b) Diagram showing output voltage variations of the UBWS under different dimensionless distances, oscillation angles,

and frequencies. Reproduced with permission [149]. Copyright 2022, Elsevier. (c) Application scenarios of UBWS, including external module control
and robotic fish target tracking. Reproduced with permission [149]. Copyright 2022, Elsevier. (d) Structural schematic of the 3D-printed graphene-
based piezoresistive MEMS whisker sensor. Reproduced with permission [150]. Copyright 2022, Wiley-VCH GmbH. (e), (f) Comparative diagrams of

experimental and simulated natural frequencies of whiskers from different seal species. Reproduced with permission [150]. Copyright 2022, Wiley-

VCH GmbH. (g) Vibration response diagram of the graphene piezoresistive sensor in long-distance wake detection. Reproduced with permission [150].

Copyright 2022, Wiley-VCH GmbH.

dimensionless distance (D/L) increased from 1 to 5, the output
voltage decreased linearly (correlation coefficient: 0.99459); as the
oscillation angle increased from 18° to 90°, the output voltage
followed a quadratic trend (correlation coefficient: 0.99815); and
a peak output was observed near the 2 Hz resonant frequency
(correlation coefficient: 0.99276), as shown in Figure 16b. The
sensor exhibited only a 10% performance drop underwater and
maintained stable performance over 30 days of durability testing.

As shown in Figure 16¢, the sensor can be used to control external
modules in real time, monitor target motion, and be integrated
into robotic fish for underwater target tracking, providing an
effective sensing solution for underwater robotics.

Zheng et al. developed a 3D-printed graphene-based piezore-
sistive microelectromechanical system (MEMS) sensor, inspired
by the hypersensitive wake-tracking ability of seal whiskers
[150], as shown in Figure 16d. They fabricated the cantilever
structure using stereolithographic 3D printing technology and
formed high-gauge-factor piezoresistive elements by drop-casting
graphene nanosheets. The system integrates both real and 3D-
printed seal whisker structures and was validated through laser
Doppler vibrometry (LDV) and COMSOL simulations.

Experimental results showed that the natural frequency of gray
seal whiskers was measured to be 43 + 4 Hz, and that of harbor
seals was 27 + 4 Hz. These results, presented in Figure 16e.f,
aligned well with both LDV measurements and simulation data,
with errors ranging from 1 to 6 Hz. In angle-of-attack tests,

vortex-induced vibration (VIV) was minimal at 0°, but increased
significantly when the angle exceeded 30°.

During long-range wake detection, the sensor exhibited wake-
induced vibration (WIV) amplitudes 2 to 10 times higher than
its intrinsic VIV when placed at distances ranging from 2.5 to 10
times the whisker diameter. Moreover, the vibration frequency
was locked to the upstream vortex shedding frequency of 2.75
Hz, as illustrated in Figure 16g. This sensor provides an efficient
solution for long-range wake sensing in underwater robotics.

Glick et al. developed a fiber-optic seal-whisker-inspired sensor
array based on fiber Bragg gratings (FBG) for tracking hydrody-
namic disturbances [153], as shown in Figure 17a. They used 80
mm-long, 250 ym-diameter quartz optical fibers, embedding an
8 mm FBG at the base to serve as a strain sensor (monitoring
bending stress), and a second FBG at the tip to provide tem-
perature compensation (eliminating temperature interference).
A helical array layout was designed to reduce collinearity, and
the signals were processed using generalized cross-correlation
(GCC) and polygon-based localization algorithms, as illustrated
in Figure 17b.

Figure 17c-e shows that the sensor array performed effectively
under flow velocities ranging from 5 to 25 cm/s, with a wavelength
shift detection threshold of 0.012 nm (noise +0.006 nm). For
disturbances at distances of 200-300 mm, the root-mean-square
error (RMSE) in direction of arrival (DoA) estimation was 3.5°
and 3.7°, respectively. The helical array layout yielded the best
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FIGURE 17 | Design and Performance Validation Diagrams of Seal Whisker-Inspired Underwater Biomimetic Tactile Sensors. (a) Structural
schematic of the seal whisker-inspired sensor array based on fiber Bragg grating (FBG). Reproduced with permission [151]. Copyright 2024, University
of London Institutional Repository. (b) Diagram of the FBG sensor array’s helical layout and signal processing algorithm. Reproduced with permission

[151]. Copyright 2024, University of London Institutional Repository. (c)-(e) Diagrams illustrating the FBG sensor’s flow velocity response, disturbance

direction estimation error, and performance comparison of array configurations. Reproduced with permission [151]. Copyright 2024, University of
London Institutional Repository. (f) Structural schematic of the low-cost biomimetic seal whisker flow sensor [152]. (g) Experimental results showing
the flow velocity detection sensitivity and linear response of the whisker flow sensor [152]. (h) Layout and dimensions of the 9-element whisker sensor

array [152]. (i) Prediction results of underwater bipolar source positions using the sensor array [152].

performance, with an RMSE as low as 1.9°. The signal-to-noise
ratio (SNR) was approximately 2 dB, and the computational
efficiency was 40% higher than that of conventional visual
tracking methods. This sensor reliably identifies vortex rings and
cylinder wakes, providing a robust solution for environmental
perception in underwater robotics.

Geng et al. proposed a low-cost, easily mass-producible
biomimetic seal whisker flow sensor for passive underwater
sensing of flow velocity and direction [152], as shown in
Figure 17f. The device was fabricated by first precisely replicating
the geometry of a seal whisker using 3D printing, then embedding
two adjacent and perpendicular metal foil strain gauges within a
flexible PDMS substrate to enable bidirectional measurement of
both bending amplitude and direction during whisker deflection.

Experimental results, shown in Figure 17g, indicated that the
sensor exhibited extremely low self-noise in still water and was
capable of reliably detecting flow velocities as low as 0.5 mm/s—
approaching the sensitivity of biological whiskers (~0.25 mm/s).
Within the low-frequency range (<35 Hz), the output signal
maintained a high degree of linearity with flow velocity (R* >

0.99), had a response time under 100 ms, and demonstrated
excellent repeatability and fatigue resistance after thousands of
test cycles.

To validate its applicability in arrayed configurations, the research
team built a 9-element sensor array and employed an artificial
neural network for data interpretation. Figure 17h shows the
layout and dimensions of the array, which successfully achieved
accurate localization of underwater bipolar sources, as illustrated
in Figure 17i.

4 | Applications of Underwater Bionic Tactile
Sensing

Building upon the continuous evolution of material systems and
sensor types, biomimetic underwater tactile sensors are gradually
transitioning from laboratory research to real-world applications.
Their flexibility, high sensitivity, and strong anti-interference
capabilities grant them unique advantages in complex underwa-
ter environments. With the advancement of marine technology—
particularly the rise of intelligent underwater systems—these
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sensors have not only expanded the boundaries of traditional
sensing methods but also provided new technological pathways
for various critical scenarios. The following sections will focus
on their specific applications in representative areas such as
underwater robotics, marine scientific monitoring, and military
and emergency rescue operations.

4.1 | Underwater Flow Field Sensing

Underwater flow field sensing is fundamental to enabling critical
tasks such as autonomous navigation, obstacle avoidance, and
target tracking [154-156]. Inspired by the highly sensitive tactile
systems of marine organisms like seal whiskers, fish lateral
lines, and coral tentacles, researchers are developing a range
of flexible biomimetic sensors capable of high-resolution, mul-
tidimensional, and real-time detection of subtle flow velocities,
vortices, and flow directions.

Liu et al. developed a deep learning-assisted triboelectric whisker
sensor array (TWSA) for underwater applications [51], as shown
in Figure 18a. Inspired by seal whiskers, the sensor features a high
aspect-ratio elliptical whisker shaft, four sensing units at the base,
and a flexible corrugated joint. Based on the triboelectric nano-
generator principle, it converts micro-disturbances into electrical
signals. The sensor exhibits a response time of 19 ms, sensitivity
of 0.2 V/ms, and a signal-to-noise ratio of 58 dB. It can identify
3D flow velocity and direction in underwater environments, track
upstream vortex shedding frequencies, and achieve a minimum
detection accuracy of 81.2%. When integrated into remotely
operated vehicles (ROVs) and combined with a hybrid model
of convolutional neural networks (CNNs) and long short-term
memory networks (LSTMs), it enables 3D trajectory estimation.
Figure 18b-d shows the trajectory estimation process and results,
achieving a root-mean-square error (RMSE) of approximately
0.02, while also detecting nearby obstacles. This technology
provides effective support for near-field sensing and autonomous
navigation of underwater vehicles. Figure 18e illustrates its
application scenarios, showing significant potential in marine
research, underwater search and rescue, and environmental
monitoring.

Wang et al. developed a seal-whisker-inspired flow sensor using
a mechanical-to-magnetic signal conversion mechanism, which
physically separates the whisker drag element from the electronic
components, ensuring good waterproofing and corrosion resis-
tance [157], as shown in Figure 18f. Its modular design allows
for optimization of sensitivity and sensing range by adjusting
the shape of the drag element (e.g., rod, plate, cross-shaped). An
analytical model was used to quantify the impact of whisker shape
and cross-sectional area on sensor performance. This sensor can
be integrated into surface robots such as commercial remote-
controlled boats, as shown in Figure 18g,h. In field tests, when
installed on a remote-controlled boat for speed estimation, it
successfully captured various speed changes. Compared to the
ground truth measured by a laser prism system, the sensor
achieved a minimum RMSE of 0.06 m s™!, as shown in Figure 18i.
This provides an effective solution for flow sensing and speed
estimation in underwater robotics, enhancing their perception
and navigation capabilities.

Liu et al. also developed a triboelectric biomimetic lateral line sen-
sor (TBLS), inspired by the neuromasts in fish lateral line systems.
The sensor consists of a flexible sensing unit and a biomimetic
canal and operates based on the triboelectric nanogenerator
principle [43], as shown in Figure 18]. In propeller wake thickness
measurements, it achieved only 5.7% error, and demonstrated a
pressure gradient sensitivity of 2.1 mV-Pa~!-m~!. When paired
with the H,O Auto-ML algorithm, the sensor achieved 100%
accuracy in identifying oscillatory flow signals, as shown in
Figure 18k. It can be integrated into underwater robots (e.g.,
ROVs) to assist in flow field sensing under low-light or complex
conditions, such as detecting propeller wakes and oscillatory
flows—filling the gap left by visual sensors. Additionally, the
sensor was combined with an unmanned surface vehicle (USV)
to build a monitoring platform, as illustrated in Figure 18l. In
real marine environments, the system transmitted underwater
disturbance data wirelessly to a receiving terminal 117 meters
away, as shown in Figure 18m. This technology offers a new
approach to enhancing flow field perception and operational
capabilities of underwater robots.

4.2 | Underwater Operations

In underwater operations, robotic manipulators, grippers, and
inspection platforms must obtain accurate force and flow field
information under complex hydrodynamic and contact con-
ditions. The use of biomimetic flexible tactile sensors can
significantly enhance operational stability, safety, and efficiency.

Xu et al. developed a self-powered underwater tactile sensor
(TPTS) based on a contact-separation-type triboelectric nanogen-
erator (TENG) and inspired by the structure of sea otter paw pads.
They successfully integrated the sensor into various underwater
operation platforms, demonstrating broad application potential
[49], as shown in Figure 19a. In pipeline non-destructive testing,
the sensor was used to collect clamping force signals in real
time to identify cracks and corrosion defects, as illustrated in
Figure 19b. In closed-loop grasping experiments, the system
precisely adjusted gripping force based on the hardness and shape
of the target, enabling high-accuracy classification of soft spheres
and geometric objects while avoiding damage, as shown in
Figure 19c-f. In autonomous grasping demonstrations, the sensor
guided obstacle avoidance and navigation via LED indicators and
a deep learning model. Its high-frequency stability and excellent
directional resolution also make it suitable for providing real-
time tactile feedback for underwater monitoring, sampling, and
remote manipulation by AUVs/ROVs, making it an ideal low-cost
and self-powered solution.

Chen et al. developed a biomimetic underwater octopus tactile
gripper (UOTG) based on the triboelectric nanogenerator princi-
ple. Inspired by octopus sensing and grasping mechanisms, the
gripper consists mainly of a suction cup-like structural network
and embedded triboelectric sensors [47], as shown in Figure 19g.
Its fully flexible structure adapts to objects of various shapes
and sizes, and generates electrical signals through contact-
separation effects to provide tactile information such as pressure
and deformation. Figure 19h,i shows the integration of the gripper
with a remotely operated underwater vehicle (ROV). It is capable
of sensing grip force, detecting object slippage, estimating object
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FIGURE 18 | Diagrams of biomimetic underwater flow field sensing sensors and their applications. (a) Structural schematic of the deep learning-
assisted triboelectric underwater whisker sensor array (TWSA). Reproduced with permission [51]. Copyright 2024, Wiley-VCH GmbH. (b)-(d) Diagrams
showing the 3D trajectory estimation process and results of TWSA integrated into an unmanned underwater vehicle. Reproduced with permission [51].
Copyright 2024, Wiley-VCH GmbH. (e) Application scenario of TWSA for near-field perception and autonomous navigation of an unmanned underwater
vehicle. Reproduced with permission [51]. Copyright 2024, Wiley-VCH GmbH. (f) Structural schematic of the seal-whisker-inspired flow sensor based
on a mechanical-to-magnetic signal conversion mechanism [152]. (g), (h) Diagrams showing integration of the seal-whisker-inspired flow sensor into
a commercial remote-controlled boat [152]. (i) Diagram comparing sensor-based speed estimation results with ground-truth measurements [157]. (j)
Structural schematic of the triboelectric biomimetic lateral line sensor (TBLS). Reproduced with permission [43]. Copyright 2025, Wiley-VCH GmbH.
(k) Performance data diagram of TBLS, including propeller wake measurement error and oscillatory flow identification accuracy. Reproduced with
permission [43]. Copyright 2025, Wiley-VCH GmbH. (1) Schematic of a monitoring platform combining TBLS with an unmanned surface vehicle (USV).
Copyright 2025, Wiley-VCH GmbH. (m) Diagram of TBLS wireless data transmission in real marine environments. Reproduced with permission [43].
Copyright 2025, Wiley-VCH GmbH.

volume, and recognizing object shape and hardness. Figure 19j,k
presents the corresponding recognition results, with accuracies
of 98.3% for shape and 98.0% for hardness. Furthermore, the
gripper generated distinctive signals when grasping underwater
biological models such as crabs and sea cucumbers, indicating
its significant potential for applications in underwater salvage,
archaeology, and marine debris removal.

This section focuses on the development and application of
biomimetic underwater tactile sensors, introducing a variety of
sensors inspired by marine organisms such as seal whiskers, fish
lateral lines, sea otter paw pads, and octopus tentacles. These
sensors, utilizing principles such as triboelectric nanogenera-
tor and mechanical-to-magnetic conversion, have demonstrated
excellent performance in flow field sensing and underwater
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with permission [49]. Copyright 2022, Springer Nature. (b) Diagram showing the use of TPTS to collect clamping force signals for defect detection
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2022, Springer Nature. (g) Structural schematic of the biomimetic underwater octopus tactile gripper (UOTG) based on a triboelectric nanogenerator.
Reproduced with permission [47]. Copyright 2025, Elsevier. (h,i) Diagrams showing the integration of UOTG into a remotely operated underwater
vehicle (ROV). Reproduced with permission [47]. Copyright 2025, Elsevier. (j,k) Diagrams showing UOTG’s recognition performance for object shape
and hardness. Reproduced with permission [47]. Copyright 2025, Elsevier.
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TABLE 3 | Comparison table of performance metrics and application scenarios of biomimetic underwater tactile sensors.
Biological
Sensor name inspiration Performance metrics Application scenarios
Underwater Triboelectric Seal whiskers Response Time: 19 Ms; Sensitivity: Near-field Sensing and
Whisker Sensor Array 0.2 V/Ms; SNR: 58 dB; Flow Autonomous Navigation for
(TWSA) Velocity and Direction Accuracy: AUVs; Marine Research;
81.2%; Trajectory Estimation Underwater Rescue;

RMSE: ~0.02 Environmental Monitoring

Seal-Whisker-Inspired Seal whiskers Minimum RMSE: 0.06 M/s; Flow Sensing and Speed

Flow Sensor

Triboelectric Biomimetic
Lateral Line Sensor
(TBLS)

Self-Powered Underwater
Tactile Sensor (TPTS)

Biomimetic Underwater
Octopus Tactile Gripper

Fish lateral line
neuromasts

Sea otter paw pads

Octopus tentacles

Performance Tunable by
Adjusting Whisker Shape

Propeller Wake Thickness Error:
5.7%; Pressure Gradient
Sensitivity: 2.1 mV-Pa~1-M1;
Oscillatory Flow Recognition
Accuracy: 100%; Transmission
Range: 117 M
High-frequency Stability;
Excellent Directional Resolution;
Precise Grip Force Adjustment

Shape Recognition Accuracy:
98.3%; Hardness Recognition

Estimation for
Surface/Underwater Robots;
Enhanced Navigation and
Perception

Flow Field Sensing (propeller
wakes, oscillatory flows) in
Low-light Environments for

Underwater Robots; Integrated
with USVs for Monitoring
Platforms

Pipeline Non-destructive Testing;

Object Classification, Monitoring,

Sampling, and Remote Operation
for Underwater Robots

Underwater Salvage, Archaeology,
Debris Removal; Grasping of

(UOTG)

Accuracy: 98.0%; Detects Gripping
Force, Slippage, and Volume

Marine Biological Models (e.g.,
crabs, sea cucumbers)

operations, addressing diverse needs such as autonomous nav-
igation and object manipulation. Detailed information and
application scenarios of these sensors are summarized in Table 3.

5 | Challenges and Future Trends

Although Underwater Biomimetic Tactile Sensors Show Great
Promise in the Field of Marine Perception, Current Technological
Development Still Faces Multiple Challenges, Which Limit Their
Widespread Deployment in Complex Ocean Environments.

51 | Current Technological Bottlenecks

As shown in Figure 20, material performance represents the most
challenging corein the underwater biomimetic tactile sensing
technology. Material characterized by excellent flexibility, bio-
compatibility, and corrosion resistance simultaneously remains
difficult. Surrounding this core are four interrelated layers of
technical barriers, including sensing performance, interference
coupling, structural replication, and signal processing. These four
modules are both independent and intertwined. For example,
the microstructure of materials determines the upper limit of
sensitivity, and environmental disturbances amplify signal noise.
Thus, any breakthrough in one aspect may trigger new compli-
cations, resulting in an interconnected system of technological
obstacles.

Material performance is the cornerstone of underwater
biomimetic tactile sensing technology. The simultaneous
optimization of functional properties, biocompatibility, and
environmental resilience remains an unresolved triadic dilemma.
For instance, triboelectric tactile sensors inspired by sea otter
paw pads can replicate the unique surface texture of otter palms,
allowing real-time detection and differentiation of normal and
shear loads, but their sensitivity and reliability are limited in
high-temperature environments [158]. Humidity sensors with
highly biocompatible materials based on Zn electrodes and
biodegradable hydrogels are prone to structural breakdown in
extreme pH or high-salinity underwater environments, such as
swelling or rupture. This characteristic makes them unsuitable
for long-term operation in harsh conditions [159]. Tonic polymer—
metal composites, which exhibit good biocompatibility in
aquatic environments, can achieve large bending deformations
(>220%) under 3V activation in hydrated states, but suffer
from low output force (only 1-5 MPa) and efficiency loss over
repeated use [160]. These examples illustrate how the functional
properties optimization, biocompatibility, and environmental
resistance form the central node of the technological bottleneck
network. Around this node, challenges related to sensing
performance, interference coupling, structural replication, and
signal processing further evolve into derivative technical layers.

Sensing performance in dynamic underwater environments
involves inherent trade-offs among sensitivity, dynamic range,
response speed, and multimodal decoupling capability. To detect
weak signals such as biological wakes, sensors must be designed
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FIGURE 20 | The current challenge network faced by biomimetic underwater tactile sensing technology.

with extremely high gain to ensure high sensitivity [161]. More-
over, multimodal coupling introduces signal confusion. Physical
quantities, such as pressure, vibration, and temperature, often act
on the sensing elements through similar mechanisms, causing
their signals to overlap and become indistinguishable at the
sensor output, which significantly reduces signal resolvability
[162].

Underwater environments are inherently unstable, where exter-
nal and internal noise sources interact in ways that degrade sensor
performance and reliability. For instance, Biological wakes and
turbulence can have overlapping frequency spectra, especially
in the low-frequency domain. This means that it is difficult to
distinguish between fish swimming or crustacean motion and
ambient flow using frequency-based identification algorithms
[163].

Microstructures in biological tactile organs are key to their
superior sensing capabilities. However, current fabrication tech-
nologies cannot precisely replicate such microstructures, leading
to a bottleneck in structural replication. Mainstream manufactur-
ing methods, such as photolithography, microfabrication, and 3D
printing, face physical limitations when attempting to reproduce
high aspect ratios, complex surfaces, and nanoscale features [164].

Signal processing faces significant algorithmic bottlenecks. Exist-
ing algorithms are often ill-equipped to handle compound
disturbances from water flow, biofouling, and electromagnetic
interference [165]. Moreover, the absence of standardized multi-
source interference datasets leads to insufficient training, making
it difficult to distinguish target signals from environmental
noise [166]. This results in limiting the reliability of perception
and hindering robustness improvements through algorithmic
optimization [167].

These bottlenecks interact and amplify each other, forming a
tightly coupled, self-reinforcing network of technical challenges.
This systemic difficulty continues to constrain the advance-
ment of biomimetic underwater tactile sensing technologies and
hinders their path toward engineering-scale application.

5.2 | Future Research Directions

The Future Research of Underwater Biomimetic Tactile Sensing
Technology Can Follow a Progressive Pathway of Materials
Innovation, System Integration, Application Expansion,
Gradually Overcoming the Material-centered Network of
Challenges.
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Materials innovation is the primary breakthrough point. For
example, in the case of hydrogel materials, introducing rein-
forcing phases such as cellulose nanocrystals can optimize the
crosslinking network, which enhances mechanical properties
and reduces the risks of swelling and degradation under extreme
pH or salinity conditions [168, 169]. Additionally, specific mate-
rial design strategies have been proposed to enhance sensor
performance: Wang et al. prepared TPU/MOFs-801 composite
nanofiber films via electrospinning, utilizing the porous structure
and carboxyl groups of MOFs-801 to construct ion transport chan-
nels; combined with the sensing mechanism of “pressure-driven
difference in ion migration rate” to amplify signal response, the
sensitivity of the sensor was improved [170]. Liu et al. developed a
seawater-resistant conductive hydrogel with ultra-high sensitivity
and self-healing ability by introducing a skin-like heterogeneous
structure, which was specifically constructed through surface
hydrophobic modification via confined N-alkylation reaction;
an underwater strain sensor fabricated based on this hydrogel
further enhanced the sensitivity and pressure resistance of the
sensor [171].

On the other hand, biomimetic micro/nano surfaces inspired
by the structures of deep-sea organisms can be designed. For
instance, mimicking the densely packed yet flexible arrangement
of deep-sea fish scales, ordered microstructures can be fabricated
on material surfaces using photolithography and 3D printing
techniques. These structures can reduce lower water flow resis-
tance, as well as improve the sensor’s sensitivity to slight pressure
changes. Alternatively, based on the drag-reduction mechanism
of dolphin skin, adaptive surface materials can be developed
that automatically adjust their surface morphology in response
to variations in water flow and pressure [172, 173].

In response to high underwater pressure, special encapsulation
structures made of pressure-resistant materials can be designed
to isolate internal sensing components from the external envi-
ronment. In terms of material algorithm coupling, dedicated
signal processing algorithms should be developed for the char-
acteristics of novel materials. For example, specific filtering
algorithms of the nanocomposite sensors can be designed to
remove intrinsic material noise and underwater environmen-
tal interference [174]. Machine learning algorithms can also
be employed to build adaptive models based on the sensing
data features of materials under different underwater envi-
ronments, enabling real-time adjustment of signal processing
parameters.

Material performance should be expanded toward application-
oriented goals. In terms of multi-scenario customization, mate-
rials that are sensitive to bioelectrical and chemical signals and
possess good biocompatibility should be developed to precisely
monitor the behavior and physiological states of marine organ-
isms. In the field of underwater archaeology and cultural heritage
conservation, materials that are sensitive to subtle pressure and
temperature changes and exhibit good anti-aging performance
should be developed for the detection and protection of under-
water artifacts [175]. In marine resource exploration, materials
should be designed to withstand high temperature and high
pressure, with selective responsiveness to specific minerals or
chemicals, in order to improve the efficiency and accuracy of
resource detection.

From the perspective of sustainable development, research
should focus on biodegradable and recyclable sensing materials,
such as degradable hydrogels based on natural biopolymers,
which can naturally decompose in the marine environment
after completing their sensing function [176]. Moreover, material
recycling and reuse strategies should be explored to reduce costs.
The strategies ensure that biomimetic underwater tactile sensing
technology not only meets performance demands in long-term
applications but also aligns with environmental protection and
economic viability.

6 | Conclusion

The Deep Integration of Marine Biological Inspiration and Engi-
neering Techniques Has Driven Remarkable Advancements in
Biomimetic Underwater Tactile Sensing, Yielding Diverse Solu-
tions to Address Key Challenges in Underwater Environmental
Perception.

The core bottleneck limiting further development lies in the
material-centered technical network, where balancing mechan-
ical strength, sensing precision, and environmental adaptability
remains unresolved. Future efforts should prioritize devel-
oping novel biomimetic composite materials: emulating the
micro/nano surface structures and functional mechanisms of
deep-sea organisms, and optimizing material interfacial prop-
erties to enhance anti-interference capability and tolerance to
extreme conditions like high pressure and corrosion. A specific
step involves incorporating cellulose nanocrystals into hydrogel
matrices to reinforce mechanical stability while retaining flexi-
bility, enabling long-term deployment in high-salinity or extreme
pH environments.

Guided by material innovation, integrating miniaturized, low-
power hardware with intelligent algorithms will enable precise
filtering of multi-source interference, constructing integrated
systems that balance environmental robustness and sensing
resolution. These systems can be iteratively refined through
real-scenario applications in deep-sea exploration, marine engi-
neering, and biological observation—validating material perfor-
mance, exposing weaknesses, and optimizing solutions.

Looking ahead, the coordinated advancement of multifunctional
materials, micro/nano structural simulation, integrated module
design, and data-driven intelligent signal processing will col-
lectively overcome bottlenecks such as insufficient sensitivity,
limited noise suppression, and inadequate structural precision.
This holistic approach will equip marine engineering and under-
water intelligent robotics with high-reliability, precision tactile
sensing capabilities, unlocking new potentials for ocean resource
development and environmental monitoring.
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