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A B S T R A C T

The sustainable development of the ocean requires sensors capable of detecting objects in underwater or high 
humidity conditions. However, traditional sensors struggle in complex underwater environments due to signal 
attenuation, biofouling, and flow interference, which seriously affect their performance and reliability. Inspired 
by the tactile system of octopus suckers, we developed a tactile sensor that mimics the structure of octopus 
tentacle suckers, ingeniously harnessing triboelectric tactile receptors (TTRs) to emulate the mechanism of 
cephalopod-specific chemoreceptors (CRs), aiming to address the challenging problem of underwater object 
recognition. Additionally, the superhydrophobic treatment enhances the microstructure of the sensor surface, 
effectively mitigating environmental interference and improving underwater performance, leading to a 67 % 
increase in voltage output, a sensitivity of 0.195 V kPa− 1, and a remarkable response time of 85 ms. Most 
importantly, we have constructed an underwater material identification system (UMIS) to achieve 98 % accuracy 
by integrating machine learning, which enables precise identification and quantitative sensing of underwater 
objects, and offering novel insights and directions for the intelligence and autonomy of underwater robots.

1. Introduction

With the development of economy and technology, electronic 
products have been manufactured rapidly, we are now in a resource- 
dependent society. However, the fast growth has further exacerbated 
the depletion of resources and environmental pollution, especially in the 
ocean [1]. Due to the scarcity of oxygen in seawater and the improper 
discharge of garbage, substantial obstacles arise in marine environment 
health and seabed development, making the exploration of the ocean’s 
vast resources increasingly difficult [2–4].

In order to solve the above problems, it is essential to accurately 
detect and identify various objects in the underwater environment [5,6]. 
However, underwater object recognition remains challenging owing to 
the intricate underwater conditions and low visibility [7–9]. Therefore, 

the development of intelligent sensing technologies that embody both 
environmental friendliness and high sensitivity is paramount impor-
tance [10–13]. Up to now, various underwater detection methods, such 
as the vision imaging [14], thermal sensitivity principle [15], ultrasonic 
and tactile scheme [16], have been utilized in different underwater 
applications. Despite great advances in underwater material identifica-
tion, but always with limitations. Specifically, Visual scheme suffers 
from poor image quality given the light scattering and low visibility. For 
thermal detection, the rapid attenuation of thermal signals in water 
hinders the detection of temperature gradients. In addition, ultrasonic 
technology is susceptible to underwater noise and the multi-channel 
effect, resulting in echo delays and superposition that undermine the 
accuracy of material identification. Meanwhile, tactile sensors face 
challenges associated with the charge shielding effect, which reduces 
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the recognition ability of the sensor. Therefore, the design of a multi- 
channel tactile identification sensor remains unaffected characteristic 
by underwater environments, which is crucial for resource exploration 
and material identification [17–19], contributing to improved intelli-
gence and operational efficiency in underwater sensing devices [20–22].

Bionic tactile sensing emerges as a novel trend in material identifi-
cation [23–25], relying on widely distributed nervous systems to detect 
objects via chemotactile receptors, which not only sense force and shape 
[26], but also detect the material of the object, while effectively filtering 

out most external interference [27–29]. In the field of sensors, tribo-
electric nanogenerator (TENG) have a similar mechanism to convert 
mechanical signals into electrical signals acceptable to triboelectric re-
ceptors [30], based on triboelectrification and electrostatic coupling 
effects [31,32]. Due to its high sensitivity, real-time response, flexibility 
and signal stability, it has a significant advantages in the field of sensors 
[33,34], and has been widely applied in physiological information 
monitoring [35,36], energy harvesting sensing [37], sport analysis and 
alert [38]. However, it is susceptible to the environmental factors, 

Fig. 1. Structure design and schematic of OI-TENG. (a) Schematic diagram of the underwater material identification process of the OI-TENG. (b) Schematic diagram 
of biomimetic sucker structure information and function of each region. (c) Exploded view of structure design of the OI-TENG. (d) The surface treatment of 
triboelectric receptor SEM images and contact angle of receptor surface before and after surface treatment. (e) The output performance of the device with and 
without OI structure.
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Fig. 2. Mechanism of triboelectric sensing and sensor performance characterization. (a) The fundamental principle of triboelectricity explained by the overlapping 
electron cloud model. (b) 3D illustration of the working mechanisms of OI-TENG and strain simulation in the process for detecting objects. (c) Output voltage of the 
receptor to contact materials with different sizes. (d) The output performance of the device detecting the underwater object in different water depth. (e) The change 
in SNR of sensor with OI structure and without OI structure. (f) Response time and recovery time of the sensing signals. (g) Comparison of the sensitivity with other 
sensors. (h) Mechanical durability characterization of the TENG with over 3500 continuous working cycles. (i) The sensing signal of OI-TENG in different water 
environment.
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especially humidity and water [39–41]. According to the above princi-
ples, a signal analysis system was established to interpret the distinct 
electrical signals generated by different materials. By utilizing varied 
triboelectric receptors, it is possible to comprehensively analyze mate-
rial types based on the various signal characteristics. While optimizing 
the triboelectric receptors to diminish the impact from the environ-
mental factors. For quantifiable tactile response and material analysis 
[37,42].

Here, we develop a multichannel tactile sensing system inspired by 
octopus tentacles for real-time underwater materials identification 
based on triboelectric nanogenerator (OI-TENG). The sucker structure of 
OI-TENG mimics the tentacles of octopus, utilizing several typical ma-
terials placed at different positions in the triboelectric sequence as re-
ceptors [43], with superhydrophobic treatment on surface to receive the 
charges generated upon contact with materials underwater [41]. Even in 
different external environments, the proportion of signal remains 
consistent in a certain range. Through comprehensive multi-channel 
tactile analysis, the relevant information about the object material can 
be obtained. Moreover, to further reduce environmental interference 
and improve the identification accuracy, an underwater material iden-
tification system (UMIS) was established, which employs machine 
learning algorithms to validate and classify signals received via wireless 
communication module, and transmits to the terminal display in real 
time, achieving a material identification accuracy up to 98 %. The bionic 
tactile identification system is characterized by simple structure, high 
sensitivity, and low susceptibility to underwater environment interfer-
ence. The OI-TENG not only holds promise for applications in marine 
pollution detection and salvage rescue, but also bring a trustworthy 
strategy for underwater material analysis.

2. Results and discussion

2.1. Design and integration of the bioinspired tactile sensor

Cephalopods, represented by octopus, have a huge distributed ner-
vous system that enable advanced sensations such as touch and taste. 
Octopuses have evolved specialized CRs on the suckers of their arms, 
which are used to catch prey and explore unknown environments in the 
ocean. Inspired by the information transmission between object and 
receptors, the OI-TENG employs a bionic design, which can be inte-
grated with robotic arm for building a tactile perception system of un-
derwater material identification. Fig. 1a shows a conceptual schematic 
illustration comparing object recognition by organisms and triboelectric 
sensors. Both systems own the common is to analyze and identify the 
signals received by receptors based on neural network. When the 
octopus touches an object, the infundibular chamber on the sucker 
contracts, to create a vacuum environment inside, and the specific CRs 
receive the corresponding ligand and determine whether it is prey 
(Fig. 1b(i)). The tactile sensing function of octopus tentacles was 
simulated based on this characteristic. Due to the different ability of 
materials to attract charges, when various materials contact the tribo-
electric receptor, the voltage generated from each receptor is collected 
which can realize the object material identification through analyzing 
the instantaneous pulse signal. The bionic structure is shown in Fig. 1b 
(ii), when in contact with the object underwater, the water is quickly 
drained by the surrounding drain holes under the external force, 
creating a vacuum in the air chamber to minimize the external inter-
ference as much as possible. Due to the OI-TENG use the materials TPU, 
which own the characteristic of low compression modulus, initial 
deformation can be triggered by tiny forces, makes it easier to fit the 
sample surface. Meanwhile, the device has the characteristics of elas-
tomer material, the compression modulus further decreases with the 
increases temperature, resulting in better contact with the sample (Fig. 
S1). The overall design is not only simple in structure and small in size, 
but also optimizes the stability of the electrical signal upon contact, 
through plasma etching to process the surface of the receptors (Fig. 1b 

(iii)). OI-TENG tactile sensor consists of four triboelectric receptors and 
a compressible air chamber. An exploded view of the device can 
demonstrate the structure clearly shown in Fig. 1c. Four acrylic columns 
serve as supports and links, with four materials occupying different 
positions in the triboelectric sequence and attached to the copper sub-
strate as triboelectric receptors. An air chamber made of thermoplastic 
polyurethane (TPU) by 3D printing process. Fig. 1d shows the contact 
angle and scanning electron microscopy (SEM) images of FEP film (re-
ceptor 1) before and after surface treatment. It can be observed that the 
surface of the film without ICP (inductively coupled plasma) treatment 
is relatively rough, with a contact angle of 83.65◦. However, after 40 s of 
ICP treatment, spines and holes appeared in SEM image, indicating the 
formation of a nanoforest similar to the surface of lotus leaf, and the 
contact angle also increases to 130◦, making the film nearly super-
hydrophobic, which means the triboelectric receptors less susceptible in 
underwater environment. The corresponding ICP etching result with 
different times of each receptor have been demonstrated as new Fig. S2. 
To further verify this conclusion, the output performance of the OI- 
TENG with and without surface treatment was measured under 
different pressures. The curve variation of voltage with pressure 
changing is shown in Fig. S3. In the applied force range of 5–60 N, the 
output performance of the surface treated OI-TENG was higher than 
non-surface treated OI-TENG. Compared to the sensor without such 
structure, the output performance of this device was significantly 
improved due to the reduced charge loss (Fig. 1e). The corresponding 
voltage waveforms and amplitudes are shown in Fig. S4. During the 
experimental period, a thin film sample was selected and fixed it on a 
rigid acrylic substrate. This could ignore the impact of inconsistent 
contact on receptors caused by different mechanical modulus. These 
results demonstrate that the structure effectively shields the interference 
from the complex underwater environment.

2.2. Sensing mechanism and signal characteristics analysis

Extensive evidence has confirmed that contact electrification be-
tween two solids is primarily caused by electron transfer. Theoretically, 
triboelectric sensors can identify any object through contact electrifi-
cation and charge transfer. Fig. 2a illustrates this principle through an 
overlapping electron cloud model. Before contact, the two materials 
possess independent electron clouds, with potential tightly binding 
electrons to specific orbits, preventing electron transfer. When the ma-
terials come into contact, the electron clouds of the contacting atoms 
overlap significantly, leading to the formation of new bonds. This phe-
nomenon reduces the barrier between atoms, causing electrons to move 
towards the lower potential of atom. This process shifts from an initial 
single-well potential to an asymmetric double-well potential. The elec-
tron cloud states of various materials are different, resulting in unique 
electrical signals during contact, which enables material identification. 
Furthermore, we discuss the working principle of OI-TENG to better 
analyze triboelectric signal characteristics. The detection of unknown 
objects by the sensor is based on the single electrode mode (Fig. S5). 
When the two materials are separate, they are in a state of charge bal-
ance (Fig. S5(i)). As the sensor gradually approaches the object, 
depending on the attraction of the material to the electrons (in the case 
of FEP), the negative charge accumulates on the surface of the FEP, 
repelling electrons toward the ground (Fig. S5 (ii)). The potential rea-
ches maximum value when in complete contact (Fig. S5 (iii)). As the 
sensor separates from the object, electrons flow back until the two ma-
terials are completely separated, a new charge balance is reached 
(Fig. S5 (iv)). A 3D schematic illustration demonstrates the operating 
state of the OI-TENG, when the device deformed by external force, the 
internal water is expelled through the drain holes. The air chamber is in 
a vacuum state as the device adheres to the object, triboelectric re-
ceptors contact the object and generate signals. The corresponding 
sectional stress distribution can be obtained through COMSOL finite 
element analysis, which proves the stability and feasibility of the 
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structure (Fig. 2b). Considering that the identification process always 
occurs in open environments with dynamic effects, exploring the 
optimal structure and operating conditions for the OI-TENG is essential. 
Fig. 2c shows different sizes of the triboelectric receptor under various 
pressure. With the larger triboelectric receptor area, the output signal 
also increases, indicating that a larger contact area results in better 
signal. Additionally, greater external force can further optimize contact 
by increasing the effective contact area. However, in the practical 
experiment, some test sample with limited size, larger contact area may 
lead to insufficient contact at the edge of the receptor, which effects the 
accuracy of the data. After comprehensive comparation, the receptor 
size of 8*8mm was selected. Fig. 2d describes the output of each tribo-
electric receptor at different depth. The output voltage does not change 

significantly with increasing depth, indicating that the device ability of 
water pressure resistance. And the output of the device does not change 
with the various temperature (Fig. S6). Fig. S7 compares the output 
performance of devices with and without OI structure at various depths. 
The device without OI structure experiences more effects than OI-TENG 
as increasing depth. Which further confirms the potential for marine 
applications. To study the sensing characteristics of the OI-TENG, the 
signal–noise ratio (SNR) under different frequencies was analyzed. As 
shown in Fig. 2e, within the working frequency range of 0.5–5 Hz, SNR 
increases as the frequency decrease, regardless of whether the device has 
an OI structure, with the maximum value of 22 proves the low frequency 
signal stability of the OI-TENG as tactile sensor. With the fast response 
time of 85 ms, the triboelectric sensor can accurately recognize the 

Fig. 3. Sensing characteristics analysis and material type identification. (a) The sensing signals of OI-TENG identify the PE film, four-channel potential simulation 
diagram and corresponding detailed output waveforms. (b) Sensing signals of OI-TENG identify the Nylon film, four-channel potential simulation diagram and 
corresponding detailed output waveforms. (c) Sensing characteristic of the triboelectric receptor to identify the various material of FEP, PDMS, Glass, Acrylic, Cu, Al, 
Wood, PU. (d) The influence between different detectors when identifying objects. (e) Output performance of OI-TENG in different humidity conditions and un-
derwater operation times. (f) Relationship between the output voltage of OI-TENG and external pressure, and its linear fitting results (5–50 N).
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object even at rapid contact (Fig. 2f). The sensor is designed to operate in 
complex environments, demonstrating high sensitivity and ultra-wide 
pressure bandwidth. Which is superior to other triboelectric sensors 
reported in the literature (Fig. 2g) [44–49], making it particularly well- 
suited for handling various conditions. Subsequently, the long-term 
stability of the OI-TENG was investigated, after more than 3500 
testing cycles, the voltage maintained a consistent amplitude without 
obvious attenuation, proving the stability of the OI-TENG in marine 
detection (Fig. 2h). In order to compare the performance of the OI-TENG 
in different water environments and analyze the relationship between 
various material and the electrical signals of the triboelectric receptors, 
ten materials were selected for identification testing. Each sample was 
tested by receptors in both fresh water and seawater, connecting the two 
symbols of sample with short line to clearly distinguish the group. Re-
ceptor 1 and 2 with strong electronegativity, exhibit an upward trend in 
output, while receptor 3 and 4 with lower electronegativity show a 

downward trend. Which is aligns with the principle that materials with 
significant differences in triboelectric sequence transfer more electrons. 
It was also observed that the output of device in freshwater generally 
outperformed its output in seawater. This could be due to the presence of 
minerals and salts in seawater, which may prevent complete elimination 
the adhesion of water droplets during underwater detection. The re-
sidual electrolyte left on the surface can shield the charge on the 
triboelectric receptors, reducing the electrostatic induction and overall 
electrical output (Fig. 2i).

2.3. Signal characteristics analysis and sensing performance

According to the above work, we employed the optimized OI-TENG 
for material identification through tactile sensing. The materials of four 
triboelectric receptors are FEP, PE, Nylon and PU respectively, which 
based on their descending order of electronegativity. The signals 

Fig. 4. Accuracy enhanced model for material identification based on machine learning. (a) Recognition results of glass and nylon film under different applied forces. 
(b) 3D plots of the OI-TENG underwater outputs corresponding to six random unknown materials. (c) OI-TENG schematic diagram of collecting signals from un-
derwater materials and conceptual diagram of the machine learning training process. (d) t-SNE dimension reduction analysis of different material clusters. (e) 
Confusion matrix of the training set (accuracy of 100%). (f) Confusion matrix of the prediction set (accuracy of 98%).
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collected from the integrated receptors can be cross-verified from 
multidimensional characteristics, significantly improving identification 
accuracy. Various test materials were selected to investigate the per-
formance of the sensor. Fig. 3a shows the test of sensor on PE, revealing 
the reason for higher output performance for Nylon and PU, which is 
attributed to stronger electronegativity of PE compared to these mate-
rials. While the output of FEP was lower due to the similar electroneg-
ativity to PE, resulting in minimal output when PE is used as both the 
receptor and test material because the electron affinities are the same 
(Fig. 3a(i)). The corresponding simulation diagram provides a sensitive 
and salient visual potential distribution image, also confirm this result 
(Fig. 3a(ii)). The specific waveform detected is shown in Fig. 3a(iii), 
producing a waveform similar to a sine wave which contains a lot of 
information. When the triboelectric receptor is in contact with object, if 
the receptor material has stronger electronegativity than the test ma-
terial, the voltage signal will show a trend of initially rising and then 
falling. Here, the symbol “+” represents the rising trend and the symbol 
“-” represents the falling trend. Conversely, the receptor material has 
lower electronegativity, the waveform will exhibit the opposite pattern. 
Based on this identification strategy, the data correctness and accuracy 
when testing Nylon can be verified. Due to the high electronegativity of 
FEP and PE, output performance is relatively high, with the waveform 
exhibiting an initial rising and then falling trend, denoted as “+ and − ”. 
Meanwhile, the electronegativity of PU is slightly lower than Nylon, 
resulting in lower output performance and an inverse waveform pattern 
“- and +”. In particular, when receptor 3 contacts Nylon, the signal first 
rises and then falls, it can be concluded that the signal trend of “+ and 
− ” is generated when tow same materials come into contact. The con-
sistency between the detected signal amplitude and the simulated results 
both validates the accuracy of the result (Fig. 3b). This conclusion is 
drawn based on the relative positions of the materials within the 
triboelectric sequence, and the applicability of the sensor can be further 
extended to a variety of common materials, including Fluorinated 
Ethylene Propylene (FEP), Polydimethylsiloxane (PDMS), Glass, acrylic, 
Cu, Al, Wood and polyurethane (PU). Fig. 3c illustrates the unique 
amplitude and waveform trend of each receptor generated by OI-TENG 
when detecting the above materials. While the signal fluctuates within a 
certain range due to different external environment, the relative rela-
tionship between the receptors remains consistent. In addition to 
interference from touch pressure and contact area, the independence of 
signals in different receptors also influences sensor accuracy. To test 
whether different receptors interfere with each other (Fig. 3d). We 
observed that when receptor 1 receives an external stimulus, an output 
voltage about 2 V is generated, while receptors 2 to 4 show no significant 
fluctuations. As shown in Fig. S8, each receptor was tested individually 
and demonstrated excellent independence. When an additional stimulus 
is applied to receptor 4, adjacent receptor 2 and 3 exhibited stability 
similarly, indicating that the OI-TENG effectively minimizes potential 
interference from tactile stimuli on other receptors. This further vali-
dates that each receptor not only possesses high sensitivity but also 
exhibits strong anti-interference performance. Humidity and underwa-
ter environments are critical factors affecting output performance. In 
order to verify the stability of the OI-TENG, the performance of device 
was tested under various relative humidity and different underwater 
operation time. When the applied pressure is 10 kPa, the output per-
formance slightly decreased from 4.3 V at 50 % relative humidity to 4 V 
at 100 % relative humidity, attributed to a decrease in charge density. 
The sensor operates continuously under the lower voltage, attributed to 
water interfering with electron transfer at the interface. (Fig. 3e). 
However, the sensitivity remains above 0.35 V kPa− 1, by collecting and 
optimizing the parameters, we can further calibrate the recognition 
ability of the sensor. When the sample reached the dew point temper-
ature, dew is appeared on the surface of the sample, which simulates the 
droplets adhering to it. We investigated the sensitivity of the sensor in 
this situation, it can be seen that the dew point temperature is calculated 
according to the relative humidity, and the sensor sensitivity remains at 

about 0.28, which further proves the effectiveness of the operational 
mechanism (Fig. S9). When the OI-TENG is operating underwater the 
output performance remains stable, the surface microstructure and long- 
term stability are described in Fig. S10. Four receptors operate contin-
uously within 3000 cycles without any obvious fluctuation on the signal, 
and surface microstructure did not change. demonstrating the strong 
environmental adaptability. Fig. 3f shows the voltage response under 
different pressures range, revealing a positive correlation. In the low- 
pressure range (< 50 N), the OI-TENG illustrates a strong linear 
response. However, in the high-pressure range (50–160 N), the effective 
contact area no longer increases linearly with increasing pressure, 
reaching a maximum of 7.4 V at 160 N (Fig. S11). Demonstrates the 
ability of OI-TENG to operate under extreme conditions.

2.4. Machine learning supported material identification system

By evaluating the feedback of triboelectric receptors under various 
touch conditions, the consistency of recognition by the OI-TENG across 
different external pressures was assessed by detecting materials through 
gentle and heavy touches respectively. When in contact with glass 
(Fig. 4a(i)), the receptors exhibited the same signal waveform trend as in 
Fig. 3c. The overall amplitude of the signal under heavy pressure is 
larger than under gentle touch, but the increase was approximately 
proportional. The same result can be found when testing Nylon (Fig. 4a 
(ii)). The signal obtained by heavy touch is proportional to the gentle 
touch, due to the larger effective contact area. Even under heavy pres-
sure, the signals remain clear and undistorted, proving that the water 
has been drained by the sucker structure. These results further support 
the stability of the sensor in tactile recognition processes. To assess the 
performance of the sensor underwater, six materials were randomly 
selected for testing. The receptor array exhibits different trend of 
waveform and varying voltage amplitude (Fig. 4b). Specific materials 
could be identified through their unique waveforms and corresponding 
output. These results demonstrate the ability of the triboelectric receptor 
to identify material types based on triboelectric signal characteristics. 
Machine learning has been proven to be an effective auxiliary tool to 
improve recognition accuracy, which can automatically extract and 
process features from existing data. Before model training, 120 voltage 
signals were collected for each material to serve as samples, which were 
randomly divided into training dataset and test dataset. A convolutional 
neural network (CNN) was employed to analyze and identify the 
multidimensional data. The CNN can automatically extract features 
layer by layer from input signals to predict multiple response variables. 
In this study, various features of the data that have the greatest impact 
on the accuracy of machine learning predictions were selected, 
including absolute value of amplitude, numerical order and contact 
peak/valley to train the model. As the amount of training data increases, 
the machine learning model gradually approaches the true value 
(Fig. 4c). To enhance the visualization of data prediction and classifi-
cation, the t-Distributed Stochastic Neighbor Embedding (t-SNE) algo-
rithm was used for nonlinear dimensionality reduction of the data, 
representing the similarity between the samples. Through four-channel 
data acquisition, the clustering of samples is clearly observed, with 
sample points of each material clustered together. Although some data 
points overlapped the other, the clustering of data points remained 
distinguishable with obvious boundaries. This demonstrates the excel-
lent classification performance of the model and proves the validity of 
the prediction (Fig. 4d). After extensive training, the CNN-based model 
reached a 100 % accuracy in identifying 10 different materials, with a 
98 % accuracy on the prediction set, as shown in the confusion matrix 
(Fig. 4e-f). This effectively minimizing overfitting and demonstrating 
high generalization capabilities. The results confirm the potential of the 
prediction model to improve the accuracy and reliability of material 
identification, representing a crucial advancement for the development 
of underwater tactile sensing technology.
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Fig. 5. Demonstration of intelligent detection system for underwater material identification through OI-TENG. (a) Schematic illustration of the OI-TENG application 
scenario. (b) Concept of the OI-TENG involved in an underwater unknown materials identification system. (c) Photographs of ten sorts test materials. (d-e) The 
voltage performance and signal characteristic of OI-TENG when identified glass and wood. The results were displayed on the wireless terminal. (f-g) The material of 
Al and PU detection period waveform of OI-TENG in different water environment (freshwater and sea water) and corresponding output performance.
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2.5. Tactile sensing of various situation with underwater material 
identification system

To effectively demonstrate the performance of the OI-TENG in un-
derwater environments, the device can be integrated into robotic arms 
or underwater robots, and the information was transmitted back to the 
terminal in real time through a wireless communication module 
(Fig. 5a). We developed an UMIS based on the OI-TENG to improve the 
accuracy and practicability of material identification as depicted in 
Fig. 5b. When the triboelectric receptors detect an object, the signal is 
calculated and analyzed simultaneously based on the preset parameters 
through multi-channel data acquisition, and the result is displayed on 
the terminal device in real time. As shown in Fig. 5c, we selected ten 
materials: FEP, PDMS, PE, Glass, Acrylic, Cu, Al, Wood, Nylon and PU to 
validate the feasibility of the UMIS. It is worth noting that these mate-
rials are difficult to distinguish completely through human touch. 
Fig. 5d demonstrates the real-environmental application of underwater 
material identification. The detection data is exhibited in Fig. 5d(i), 
where the positive value represents the “+ − ” trend, and the negative 
value represents the “- +” trend of voltage signal. The triboelectric 
sequence of the material was identified between PE and Nylon, ac-
cording to the correlation of voltage amplitude, the material was iden-
tified as glass. The corresponding test scenario and identification result 
are shown in Fig. 5d (ii) and (iii), while the Fig. 5d (iv) is the corre-
sponding real-time voltage data. Fig. 5e shows the data of wood detec-
tion and the results were displayed on the terminal interface. 
Meanwhile, the category of material was classified according to preset 
parameters. Movie S1 demonstrates the UMIS based OI-TENG is 
continuously identifies multiple objects and obtaining results in real- 
time, proving the good accuracy and timeliness performance. Mean-
while, it can be seen that bubbles are generated during the test, the air 
and water inside are expelled, which indicates that the inside of the 
structure has reached an airtight state, the effectiveness of the device 
operating mechanism has been further verified. Fig. 5 f-g show the re-
sults of OI-TENG detecting materials in seawater and fresh water 
respectively, the data reveals that the same material was distinguished 
identified in different water environments. According to the previous 
signal characteristics, it can be identified that Fig. 5f is Al and Fig. 5g is 
PU. Although the signal amplitude is different, the other characteristics 
and proportions of the signal remain consistent, the identification results 
were not affected by the environment. The process of simulating tactile 
perception in different water environment is shown in detail in Movie 
S2.

3. Conclusion

In this work, we developed a bionic tactile sensor for material 
identification in underwater environments. Benefit from flexible sucker 
structure and optimized triboelectric receptor of OI-TENG, the device 
effectively eliminates underwater interference and identify objects ma-
terial in various complex environments. The device demonstrates 
excellent performance as a sensor, which possesses an average sensi-
tivity of 0.195 V kPa− 1, durability of over 3500 testing cycles and the 
rapid response time of 85 ms. Utilizing the machine learning algorithm 
established a CNN-based model to analyzed and identify signals from 
different materials in diverse environments by optimized algorithm, 
with an accuracy of 98 %. We also constructed the UMIS to visually 
verify results in real-time by analyzing the signal characteristics, 
achieving high integration and accuracy, exceeding human capabilities 
in materials identification through the integration of multiple percep-
tions. Taking these compelling advantages into account, the UMIS sys-
tem holds significant potential for applications in underbed exploration, 
search and rescue, with important guidance for the development of 
intelligent sensing and bionic design in the next stage.

4. Experimental section

4.1. Fabrication of the OI-TENG: The bionic tactile sensor is composed of 
two main parts.

A flexible arc-shaped sucker which can adsorb on the object, use the 
TPU material with Shore hardness of 70 A. There are four square holes of 
8*8 mm at the top integrating the receptors. 54 mm diameter in the 
bottom and 5 mm in height, and four drain holes evenly distributed at 
the bottom to expel water. Subsequently, four acrylic rods with a contact 
area of 8*8 are used as triboelectric receptors covered with Cu electrodes 
of the same size. Four different materials (FEP, PE, Nylon, PU) are 
adhered to the electrode, the film cover all areas of the copper electrode 
to avoid electrical interference and chemical corrosion caused by the 
underwater environment to the triboelectric receptor.

4.2. Characterization and measurement

ICP reactive ion etching (SENTECH/SI-500) was applied to fabricate 
nanostructures on the receptor material surface. The images of the 
treated receptor surface were obtained using a SEM (HITACHI SU8020). 
The contact angle of the film was measured by CA100C from Shanghai 
INNUO. The electric signal of the OI-TENG in various parameters were 
tested by a programmable electrometer (Keithley Instruments model 
6514). A linear motor (Linmot E1100) was applied to drive the OI-TENG 
under different parameters. The hardness of TPU was characterized by 
shore hardness tester (LX-TECLOCK GS-706 N). The data and graph were 
processed by using Origin 2021.
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