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In underwater salvage operations, robotic grippers with high sensitivity and stable clamping performance
significantly enhance retrieval efficiency while ensuring the integrity of target objects. Octopuses can accurately
perceive information of grasped objects through their arms and dorsal membranes, utilizing suction cups for
precise object capture. Inspired by these sensing and grasping mechanisms, this paper proposes a bionic un-
derwater octopus tactile gripper (UOTG) based on the triboelectric nanogenerator. The UOTG mainly features a
network of suction cup-like structures and embedded triboelectric sensors, which enable it to sense external
stimuli in underwater low-visibility and noisy environments. Its fully soft structure facilitates adaptation to
varying object shapes and sizes. The triboelectric sensor array generates electrical signals through contact-
separation effects, providing tactile information regarding the pressure and deformation of objects being gras-
ped. Notably, the incorporation of MXene, a novel functional material, into the sensing unit of UOTG signifi-
cantly enhances charge transfer efficiency and sensor sensitivity while ensuring stable tactile perception
performance in complex underwater environments. The UOTG demonstrates a linear sensitivity to grasping force
and is capable of detecting object detachment, estimating object volume, and identifying object shape and
hardness. Experimental results reveal recognition accuracies of 98.3 % and 98.0 % for object shape and hardness,
respectively. These findings demonstrate that the UOTG enhances underwater sensing capabilities and holds
great potential for applications in underwater grasping and salvage operations.

conditions and strong interference noise in the marine environment,
which limits grasping efficiency. In this context, underwater tactile

1. Introduction

Remotely operated vehicles (ROVs) serve as essential tools in
advancing modern marine activities and research [1-7]. Compared to
traditional manual exploration methods, ROVs offer enhanced flexibility
and precision while significantly reducing the risk of underwater haz-
ards for divers [8]. ROVs equipped with grippers enable efficient
grasping and salvage operations, making them widely applicable in
various underwater fields, including underwater archaeology [9], sam-
ple acquisition [10], and underwater accident investigation [11].
Accurately obtaining information about the target object and precisely
controlling the grasping force are critical factors for achieving
non-destructive grasping [12]. Although optical sensors [13] and sonar
sensors [14] can assist grippers in performing underwater grasping
tasks, their effectiveness is hindered by challenges such as low-light
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sensing serves as a critical supplementary perception technology, of-
fering more reliable feedback and enhancing the perceptual dimensions
of underwater grasping [15,16]. This enables grippers to perform more
precise grasping operations in complex underwater environments [17].
Consequently, the integration of underwater tactile sensing with exist-
ing sensor technologies and the development of a tactile feedback sensor
specifically designed for underwater grasping have emerged as critical
challenges that required attention [18].

In the marine environment with low-light conditions and strong
interference noise, marine organisms can use tactile sensation to obtain
surrounding information [19]. For instance, the glowing sucker octopus
and vampire squid perform precise and non-destructive grasping with
their arms while also sensing the shape, hardness, texture and other
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properties of the grasped objects [20]. This ability greatly aids in tasks
such as foraging and avoiding predators in complex marine environ-
ments [21]. Further research has revealed that the behavior of the
glowing sucker octopus is facilitated by the unique soft tissue dorsal
membrane structure on its tentacles [22]. As illustrated in Fig. 1a, this
structure enhances the flexibility and adaptability of the suction cup
while enabling the tentacle to accurately detect subtle tactile signals
during contact with an object. The softness and elasticity of the dorsal
membrane allow the suction cup to efficiently grasp objects with varying
shapes and hardness. Additionally, it provides sensitive feedback on
surface details, enabling the optimization of grasping force and tech-
nique. Inspired by this, Wu’s team developed a bionic soft gripper in
2022 [23], compared to traditional finger-shaped grippers, this inno-
vative design enhances grasping stability through the incorporation of
suction cups and bionic octopus dorsal membranes, while also demon-
strating the ability to adapt to objects of varying shapes and properties.
These findings demonstrate that bionic design can effectively replicate
the intricate structures and functions of natural organisms, offering
more efficient and flexible solutions for the development of underwater
tactile sensors [24].

To endow the soft gripper with underwater tactile perception, the
tactile sensing framework based on triboelectric nanogenerator (TENG)
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Fig. 1. Design concept and working mechanism of UOTG. a Dorsal membrane. b Structure of UOTG. ¢ Schematic diagram of the effect of UOTG installed on ROV.
d Schematic diagram of the material layer structure of the sensing unit. e Contact-separation and charge transfer process of sensing unit under external force
stimulation.
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was optimized for the underwater environment. Novel functional ma-
terials were incorporated into the sensing units to enhance the tactile
sensing performance. TENG combines triboelectric and electrostatic
induction effects[25-27]. When two different materials come into con-
tact, the transfer of electrons will cause charge separation on the surface
of the materials, thereby forming a voltage difference [28]. This voltage
difference can drive electrons to flow in the external circuit, thereby
generating current. With its high sensitivity and simple structure, TENG
technology has found extensive applications in underwater self-powered
tactile sensing [29]. For instance, in 2022, Wang’s team developed a fish
motion behavior monitoring device based on TENG technology [30],
while in 2024, Li’s team introduced an underwater target shape recog-
nition device utilizing the same technology [31]. Furthermore,
self-powered triboelectric sensors are capable of detecting pressure
changes in catheter balloons within the body [32] and responding to
external variations in pressure, acceleration, force, and rotational mo-
tion [33]. The contact-separation TENG utilizing ink layers and FEP
layers as electrodes, can be fabricated into a highly sensitive flexible
sensor [34]. Furthermore, as an emerging functional material, MXene
(TisC2Tx) possesses abundant surface functional groups (-OH, -O, etc.),
which not only facilitate charge transfer but also enhance interfacial
bonding with the elastomer via hydrogen bonding—an essential factor
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in ensuring the long-term stability of the sensor in underwater envi-
ronments. Consequently, incorporating MXene into the ink layer of the
original sensing unit significantly enhances its sensing performance.
This new sensing unit is now integrated into the soft gripper, enabling a
more biomimetic replication of the octopus’s tactile perception.

Here, we integrated the contact-separation TENG with the dorsal
membrane and tentacle structures of octopus to develop a bionic un-
derwater octopus tactile gripper (UOTG). In addition to its ability to
stably grasp target objects, the gripper is capable of providing feedback
on grasping force, detecting object detachment, estimating object size,
and identifying the shape and hardness of the grasped object. As illus-
trated in Fig. 1b, the UOTG primarily consists of suction cup pipelines,
cylinders, support covers, silicone dampers, and a silicone dorsal
membrane embedded with four sensing units. Based on the soft gripper
developed by Xie’s team [23], the UOTG introduces structural in-
novations through several key enhancements: reduced air leakage in
suction cups, replaceable suction cup configuration, innovative
self-suction capability, and an optimized gripping mechanism. During
the gripping process, the UOTG wraps objects with the assistance of
suction force generated by a pump and deformation of the silicone
dorsal membrane. During this phase, the sensing unit undergoes
compression, inducing a contact-separation effect that generates an
electrical signal. The UOTG demonstrates a linear sensitivity to grasping
force (S = 0.0566 F — 0.1510 V/N) and its recognition accuracy for ob-
ject shape and hardness reaches 98.3 % and 98.0 % respectively. The
results demonstrate that the UOTG exhibits high-precision perception
and grasping capabilities in complex underwater environments, signif-
icantly enhancing the reliability and intelligence of underwater grasping
tasks. This innovative technology holds great potential for future ap-
plications in intelligent marine grasping operations.

2. Results and discussion
2.1. Basic structure and working mechanism of UOTG sensing unit

The UOTG can be integrated on ROVs to acquire detailed informa-
tion about the grasped object through direct contact. The specific
application is illustrated in Fig. 1c. The sensing functionality of UOTG is
primarily enabled by its specialized sensing unit, the structure of which
is depicted in Fig. 1d. This tactile sensing unit is composed of silicone,
cast polypropylene (CPP) films, MXene-enhanced conductive ink, and
fluorinated ethylene propylene (FEP) films. The MXene-enhanced ink
layer serves as the positive electrode, while the FEP layer acts as the
negative electrode. Both layers are encapsulated within a 1 mm thick
CPP shielding layer to mitigate underwater interference signals. Addi-
tionally, an outer silicone encapsulation further enhances the water-
proofing and interference resistance of the sensing unit. Notably, the
placement order of the ink and FEP layers is critical, as reversing them
would disrupt the electrode polarity, preventing the generation of
electrical signals. Ink and FEP materials were selected to form the pos-
itive and negative electrodes of the sensing unit due to their significant
difference in electronegativity, which generates a large potential dif-
ference, thereby enhancing signal output (Figure S7 in the supplemen-
tary material illustrates the electronegativity gap of common materials).
Furthermore, while ensuring long-term stable operation, the choice of
ink and FEP effectively reduces material costs and simplifies the
manufacturing process, making the sensing unit more economically
viable. Building on this, the incorporation of MXene (TisC.Tx) substan-
tially improves the conductivity and charge transfer efficiency of the
sensing unit, further enhancing both signal strength and sensing sensi-
tivity. This optimized design not only improves the overall performance
of the sensing unit but also balances cost control and manufacturability,
ensuring efficient signal output and providing a more reliable solution
for underwater tactile sensing applications.

Fig. le shows the electron transfer process of the sensing unit
receiving external stimulation. The FEP film is in contact with the ink
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electrode, causing the electron cloud to overlap on the two layers. Since
FEP has a greater electronegativity than ink, the electrons of the ink
layer enter the deeper potential well of the FEP film. That is, the lowest
molecular orbital at the FEP interface acquires free electrons from the
ink surface. When the sensing unit removes the external load, the FEP
film separates from the ink electrode. Since the positive and negative
friction charges no longer coincide on the same plane, a dipole moment
and potential are generated between the two contact surfaces. There-
fore, to balance the local electric field, the free electrons are transferred
through the external circuit, thereby generating positive charges on the
conductive ink electrode. The flow of electrons continues until the dis-
tance between the two contact surfaces reaches a maximum value.
Simultaneously, the voltage difference decreases, and the free electrons
return through the external circuit. Finally, the charge distribution
returns to the initial state, completing the entire power generation cycle.
External force can be converted into deformation by the triboelectric
sensing unit. Charge transfer occurs during the deformation process.

2.2. Composition and fabrication method of the UOTG

Building upon the soft gripper designed by Xie’s team [23], the
UOTG has been upgraded with multiple improvements, including
reduced air leakage in the suction cups, a replaceable suction cup design,
an optimized gripping mechanism, innovative self-suction capability,
and significantly enhanced tactile sensing performance. Fig. 2a presents
a schematic of the physical experiment with the UOTG, which consists
primarily of an upper mechanical driver and a lower backing film.
Compared to the previous soft gripper, the UOTG optimizes the internal
air pipe structure, reducing the negative effects of air leakage on both
the grasping and sensing processes. Additionally, a replaceable suction
cup design has been incorporated, allowing for suction cups of varying
sizes and shapes to be swapped depending on the target object.
Furthermore, the driving mechanism of the UOTG differs significantly
from that of the previous soft gripper, utilizing a small cylinder for
actuation, which enhances grasping speed compared to the
bellows-driven system. Multiple silicone dampers are employed to
minimize the impact force of the cylinder, and by connecting the suction
pipe to the upper connector of the silicone damper, automatic suction
during the grasping process is achieved without the need for an external
suction source. The structure of the mechanical driver is shown in
Fig. 2b, it primarily consists of suction cup pipelines, cylinders, support
covers, silicone dampers, connecting rod and so on. The function of
mechanical driver is to adjust the angle of the connecting rod using an
external air pump, thereby controlling the opening and closing of the
dorsal membrane. Fig. 2¢ is the injection 3D mold of the silicone dorsal
membrane, it consists of eight combined and detachable parts. The four
bottom molds are used to make the bionic silicone dorsal membrane,
and the hollow joints for the replaceable suction cups, while the four top
molds are used to make the bionic arms and create the internal suction
cup airways. Fig. 2d shows the production process of UOTG. The as-
sembly process begins by integrating eight connecting rods with the
hollow column to form the mechanism driver. Subsequently, the lower
cover plate equipped with a damping suction cup is threaded through
the hollow column and secured to the connecting rod. Ultimately, the
upper cover plate is affixed to the damping suction cup apex, followed
by the installation of the cylinder, cylinder tube, and angle sensor onto
the hollow column assembly.

The octopus back membrane exhibits exceptional softness, with a
Shore hardness of approximately 10 A [35]. To replicate its mechanical
properties as accurately as possible, it is essential to select a soft material
with a comparable Shore hardness. Dragon Skin 10, a soft silicone
elastomer, offers an adjustable hardness ranging from 5A to 15A
depending on the mixing ratio, making it an ideal candidate for fabri-
cating biomimetic back membranes. Mix the appropriate amount of
liquid A and liquid B in a beaker, then place the mixture in a vacuum
environment for a period of time to remove any bubbles formed during
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the mixing and stirring process. When the mixture is pumped in vacuum,
pour the mixture into the mold manufactured by 3D printing. When the
soft gripper is made, the bottom four molds are combined, stop adding
silicone when it reaches a depth of 3 mm on the top surface of the mold.
After the silicone dries, place four sensor units at 90° intervals, and then
continue to add silicone until it reaches the top of the mold surface.
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Imitation of the octopus’s arms and body with high hardness, the air-
ways and connecting parts are made of Dragon skin 30 with high
hardness. Dragon Skin 30 is mixed with A and B, and the process is
consistent with Dragon Skin 10. In addition, the airway supporting parts
of Vaseline and the combination of bionic octopus arm mold combina-
tions are used to pour Dragon Skin 30. It should be noted that the top of
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the small pillar of the bottom mold needs to be closely fitted with the
bottom of the airway support mold to create a continuous and smooth
channel. When the silicone dries, cut off the top connectors of the airway
support mold separately. Using the characteristics of strong silicone
deformation capabilities, remove the separation support. Then eight
suction cup pipelines were laid out in the hollow where the supports
were removed, and finally the uppermost mold was filled with silicone
to secure the pipelines while creating a connection to the mechanical
drive. Finally, remove the mold, take out the soft gripper, and install the
small suction cup to connect to the suction cup connection port to
complete the production of the soft gripper. Soft gripper has a certain
degree of flexibility to achieve scalability and adaptive grabbing ability.
After the soft gripper is made, pass the pipelines through the hollow
column. Fix the top connector of the soft gripper and the four sym-
metrical square connectors on the outside to the drive device. Inject an
appropriate amount of Dragon Skin 30 into the central hollow pillar
from the top to make the connection between the soft gripper and the
drive device more stable. Once the silicone has cured, the UOTG is
complete. Fig. 2e is a simulation diagram of an ROV equipped with
UOTG for underwater grabbing applications.

2.3. The output characteristics of UOTG

Fig. 3a shows the onshore test bench of UOTG, which includes a
linear motor, an LZ-WL2 pressure sensor with an intelligent display in-
strument, a Keithley 6514 electrometer, and a computer for collecting
data. During the experiment, the UOTG was placed flat and fixed to
ensure its sensing unit was aligned with the linear motor. The linear
motion of the motor was then used to simulate the variations in external
pressure. Fig. 3b shows the electromechanical conversion principle of
UOTG, the linear motor strikes the sensing unit at a fixed frequency,
causing deformation due to applied force, which results in contact
separation and the generation of electrical signals. The Keithley 6514
electrometer is then used to collect these signals, with the data being
displayed in real-time on a computer. To ensure the stability and
repeatability of experimental results, a 30-minute collision test was
conducted on the UOTG sensing unit prior to the formal experiments.
The experiment maintained the operating frequency of the linear motor
at f =1 Hz and the impact pressure at F = 5 N , with the results shown
in Fig. 3c. The data demonstrate that the output signal of the UOTG
exhibits consistent characteristics and amplitude, confirming the sta-
bility of the sensing unit during continuous operation. Because of the
low-frequency operating conditions, the sensing unit fully returns to its
initial state after each contact-separation cycle, eliminating cumulative
effects. This ensures the reliability and accuracy of the subsequent
experimental data.

Fig. 3d presents the open-circuit voltage of the UOTG under different
frequencies ranging from 0.2 Hz to 5.5 Hz while maintaining a fixed
pressure of F =15 N. The data reveal that the output voltage remains
largely unchanged as the frequency varies. This is attributed to the fixed
degree of contact-separation within the sensing unit under a constant
external load. Since frequency variations do not alter the separation
distance between the electrodes, the open-circuit voltage remains stable.
In addition, a comparative analysis of the voltage output was conducted
between the sensing units with and without the incorporation of MXene.
The results clearly demonstrate that the addition of MXene significantly
enhances the output performance of the sensing unit. In contrast, Fig. 3e
illustrates the relationship between frequency and the short circuit
current of the UOTG under a constant external load. The results
demonstrate that as the frequency increases, the short-circuit current
rises correspondingly. This is because higher frequencies accelerate the
contact-separation process, leading to faster changes in the electric field
and, consequently, an increase in displacement current. Therefore,
under a fixed external load, the short circuit current of the UOTG in-
creases with frequency. Additionally, Fig. 3e also highlights the sensing
unit’s response time across different frequencies. The data confirm that
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the UOTG maintains its responsiveness even at higher frequencies,
establishing its potential for adapting to high-frequency underwater
operations. Fig. 3f presents the mathematical relationship between the
current I and the collision frequency f. The results indicate a linear
correlation described by the equation I = 0.00562 f - 0.00052, with a
high regression coefficient of R? = 0.98682, demonstrating the strong
predictive accuracy of the model.

Fig. 3g illustrates the increase in the output voltage of the sensing
unit as the vertical external stimulus, applied at the frequency of 1 Hz,
increases from 1 N to 10 N. The relationship between the voltage V and
the pressure F is characterized by the quadratic equation V
=0.028311 F? - 0.150970 F + 0.3356787, with a regression coefficient
of R? = 0.98275, indicating a high degree of fit and reliability in the
model. It can be concluded that the voltage output of the sensing unit
exhibits a significant upward trend as the external pressure increases.
This phenomenon occurs because the higher external load reduces the
distance between the electrodes, leading to the more complete contact-
separation cycle and thereby enhancing the output voltage. By calcu-
lation, it is determined that when F< 10 N, the sensitivity of the sensing
unit is expressed as S=0.0566F-0.1510 V/N. The experimental results
demonstrate that the UOTG provides reliable mechanical feedback
during grasping, exhibiting high sensitivity and stability. These char-
acteristics enable the precise determination of parameters such as
grasping frequency, highlighting the gripper’s effectiveness in practical
applications.

To optimize the control of the UOTG’s gripping force, strength
calibration was conducted. The operational range of the UOTG is con-
strained to objects with diameters between 40 mm and 120 mm due to
the stroke limitations of the power cylinder. Hence, cylinders with di-
ameters ranging from 40 to 120 mm were selected, and pressure sensors
were mounted on them. The gripping force of the UOTG was measured
on cylinders of varying diameters under air compressor driving pres-
sures between 0.3 MPa and 0.5 MPa. The results of these measurements
are presented in Fig. 3h. The results show that when grabbing cylinders
of the same diameter, the greater air compressor pressure, the greater
the gripping force generated. Grasping an 80 mm cylinder under the
same air pressure provided by the air compressor will produce the
greatest gripping force. In addition, when grasping cylinders of different
diameters, the connecting rod angle a can be obtained through the angle
sensor installed on the connecting rod. From this, the gripping force
generated by different opening angles of the UOTG can be obtained
when the air pressure driving the air compressor is 0.3-0.5 MPa, the
specific results are shown in Fig. 3i. Fig. 3j presents a simulation analysis
of charge transfer during the separation process of the sensing unit,
conducted using COMSOL software, which illustrates the potential dis-
tribution and validates the working principle of the system. When the
external force acting on the sensor unit is removed, the distance between
its upper and lower electrodes gradually increases. The blue region
represents the transfer of negative charges, while the red region in-
dicates the transfer of positive charges. Initially, the charge transfer is
minimal; however, as the electrode separation increases, the overall
charge transfer progressively rises, illustrating the dynamic behavior of
the triboelectric effect during the separation process. This simulation
result aligns well with the theoretical principles of triboelectric nano-
generators, where charge transfer is influenced by the separation dis-
tance between contact surfaces and the strength of the electric field.
These findings further validate the sensitivity and reliability of the
sensor unit in detecting and quantifying mechanical stimuli, demon-
strating its effectiveness for practical applications.

2.4. Recognition of underwater target hardness and shape

Fig. 4a shows the underwater experimental platform of UOTG, which
includes an optical plate, a fixed bracket, a vacuum pump, an air
compressor, a signal collection box, and a computer for data processing.
This experiment utilized three silicone balls with varying hardness:
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Dragon Skin 30, Dragon Skin PX, and Ecoflex, with hardness decreasing
progressively. The hardness of Dragon Skin 30 is approximately Shore
30 A, while Dragon Skin PX ranges from Shore 10 A to 15 A, and Ecoflex
has a Shore hardness of around 5 A (specific parameters is in Supple-
mentary Materials Figure S6) For three silicone balls of the same
diameter, under the same driving pressure from the air compressor, the
gripping force generated by the UOTG remains constant. Therefore, a
harder target object will cause a greater deformation of the sensing unit.
This enables more complete contact and separation of the sensing unit,
resulting in a larger electrical signal output. Based on this, we can pre-
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identification experiment: Dragon Skin 30 should have the highest
voltage output signal, followed by Dragon Skin PX, with Ecoflex
generating the lowest voltage output signal. Fig. 4b presents the voltage
output from the grasping experiment conducted under the same air
compressor driving pressure of 0.5 MPa. The experimental results align
with the previous predictions, confirming the expected trend.

Fig. 4c illustrates the time-frequency diagram of the voltage signal
generated by the sensing unit when the UOTG grasps objects of varying
hardness. The color gradient, from blue to yellow, represents signal
strength, with blue indicating low signal strength and yellow indicating
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primary vibration frequency band of the sensing unit is concentrated
around 0-2 Hz, demonstrating that the sensor’s signal is predominantly
distributed in the low-frequency range, a pattern consistent with the
inherent characteristics of TENG. As the material hardness decreases,
the overall energy level experiences a slight reduction (Fig. 4c i-iii),
which can be attributed to the fact that harder materials induce greater
friction or deformation of the sensing unit during the grasping process,
leading to stronger signals. Additionally, slight variations in response
intensity across different sensing units are observed, likely due to
manufacturing tolerances, positional differences of the object, or envi-
ronmental factors. However, the overall trend remains consistent,
indicating the stable performance of the TENG sensor across various
grasping scenarios. These findings further confirm that the TENG
sensing unit effectively distinguishes the grasping interactions of ma-
terials with different hardness levels, with harder materials producing
relatively higher energy signals. The time-frequency characteristics
presented here offer a potential method for identifying object hardness,
which can aid in optimizing soft grippers for enhanced tactile perception
and adaptive grasping strategies.

Relying solely on the voltage value to distinguish the hardness of an
object is clearly unreliable. To validate the UOTG’s capability in object
hardness identification, a deep learning-based model incorporating a
convolutional neural network (CNN) architecture was developed [36,
37]. The model inputs eight-channel signals, with each channel con-
taining 1200 sampling points. A total of 100 samples are collected for
each of the three hardness levels, with 70 % used for training and 30 %
for validation. The training process utilizes MATLAB’s deep learning
toolbox. Fig. 5a shows the basic structure of the CNN training model
used in the experiments. The CNN model comprises an image input
layer, three convolutional layers, three pooling layers, one fully con-
nected layer, and one output layer. The output layer selects the softmax
function as the activation function. As shown in Fig. 5b, after 40 rounds
of training, the model achieved the highest accuracy and demonstrated
excellent generalization ability. The confusion matrix in Fig. 5S¢ indicates
that the model’s recognition accuracy reached 98.0 %.

Additionally, experiments on detecting object detachment and re-
grasping were conducted when UOTG grasped the silicone ball. Since
the grasping experiment target is a symmetrical object and the sensing
units of the device are symmetrically distributed, the output signals of
the four sensing units are similar. The sensing unit signal 2 is presented
as an example, as shown in Fig. 5d. UOTG is first in a stable gripping
state. The signal fluctuates due to the influence of the external envi-
ronment, but is generally stable. After that, the silicone ball is loosened
by external force, resulting in a decrease in the force on the sensing unit,
causing its signal to have an obvious falling edge. Then, UOTG re-grips
the target when it detects that it is loose. Since UOTG re-grasps the
object, the sensing unit is under pressure, resulting in an obvious rising
edge. Finally, UOTG remains stable after grasping the object. Since the
sensing unit no longer experiences new pressure stimulation after
grasping the object, the output signal falls back to the signal range of the
stable state.

UOTG can be used to identify the hardness characteristics and shape
characteristics of target objects. The shape of the object affects the
contact area between the object and the four sensing units, resulting in
different voltage signals being generated by each sensing unit during the
grasping process. To ensure that the UOTG maintains a constant grip-
ping force when grabbing an object, the pressure of the compressor
needs to remain constant. Under this consistent force, the surface pres-
sure is determined by the contact area, causing the UOTG sensing unit to
produce distinct signal characteristics when grasping objects of different
shapes. By analyzing the signals output by the four sensing units, the
shape of the object can be identified. In this experiment, ball, cube, cone,
vertical cylinder, and horizontal cylinder (shown as Fig. 6a-c) were
selected as the test objects. Under the conditions of a cylinder input
pressure of 5 MPa and a grasping frequency of 1 Hz, each object was
grasped 12 times consecutively. Fig. 6d illustrates a complete grasping
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cycle of the UOTG, which includes the preparation for grasping, the
grasping process, and the release phase. Fig. 6e-h display the voltage
signals from the four sensing units during the grasping of five different
objects at the corresponding time intervals. The results show that the
same sensing unit produces signals with distinct characteristics when
grasping different objects. Notably, for the same object, varying
grasping techniques also result in different output signals.

Since the signal manifestations differ when grasping the cylinder
vertically and horizontally, separate grasping experiments were con-
ducted for each orientation. In practical applications, by collecting the
output signals of the UOTG when grasping different objects, a signal
database of object shapes can be established. During grasping tasks, the
object’s shape can be identified by comparing the signal characteristics
of various shapes in the database. The same training model used for
hardness recognition is applied for shape recognition. After obtaining
the input signal, the corresponding shape of the object can be accurately
determined. As shown in Fig. 6i, UOTG achieves an accuracy of 98.3 %
in recognizing spheres, cubes, cones, cylinders (vertical), and cylinders
(horizontal). This provides a solid foundation for future advancements
in underwater intelligent grasping.

Moreover, grasping experiments were conducted on five common
underwater creature models, including crabs, sea cucumbers, starfish,
pufferfish, and conchs, to evaluate the performance of the UOTG. Under
a constant cylinder pressure of 0.3 MPa, the voltage signals generated by
sensing unit 1 during the grasping of different creature models are
illustrated in Fig. 6j (Detailed photos are in Supplementary Materials
Figure S8 - Figure S12). The results demonstrate significant variations in
the magnitude and waveform characteristics of the voltage signals
across different creature models. These distinct signals indicate that the
UOTG exhibits substantial potential for applications in the grasping and
identification of diverse underwater creature models.

3. Conclusions

Inspired by the octopus structure, this paper introduces an innova-
tive underwater bionic octopus tactile soft gripper that based on contact-
separation triboelectric nanogenerator sensing technology. Through
systematic experimental verification and data analysis, the gripper
demonstrates the ability to achieve highly sensitive tactile information
perception. The gripper can be mounted on ROVs to enhance its ability
to detect information about salvaged objects in marine environments
characterized by low light conditions and strong interference noise. The
key research findings of this paper can be condensed into the following
points: 1) Building upon the previous-generation soft gripper [23], the
UOTG incorporates structural innovations through multiple improve-
ments, including minimized air leakage in suction cups, a modular and
replaceable suction cup design, an optimized gripping mechanism, and
significantly enhanced tactile sensing performance. 2) The incorpora-
tion of MXene into the ink represents an innovative advancement in
TENG materials, significantly enhancing the sensing unit’s output per-
formance. 3) UOTG has the ability to distinguish the hardness and shape
characteristics of underwater target objects. The recognition accuracy
for experimental samples with three different hardness levels is 98.0 %,
while the accuracy for experimental samples with five different shapes is
98.3 %. The UOTG exhibits multifunctional performance in both soft
grasping and accurate sensing of five common underwater creature
models. Distinct waveform signals are generated during interactions
with different objects, enabling the establishment of a comprehensive
reference database for precise identification. This capability signifi-
cantly broadens its potential applications in marine environments. 5)
The UOTG’s recognition capability is fundamentally built on its
CNN-driven waveform analysis system, which features an image input
layer, three convolutional layers, three pooling layers, one fully con-
nected layer, and one output layer. During a single grasping action, the
sensing units generate distinctive waveform electrical signals that
encapsulate comprehensive information about the target object.
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Through CNN-based pattern recognition, these unique waveforms are
analyzed to simultaneously determine the hardness and shape charac-
teristics of the object with high accuracy. When combined with deep
learning algorithms, it offers more accurate data support for underwater
exploration, enhancing the ability of ROVs to perform underwater
grasping and salvage tasks. The research findings demonstrate that
UOTG effectively provides underwater robots with perceptual infor-
mation about grasped targets, highlighting its significant potential in
underwater salvage, underwater archaeology, and cleaning up under-
water debris.
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