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Abstract: Flexible pressure sensors have become pivotal in the advancement of wearable electronics and underwater monitoring, 
particularly when augmented by artificial intelligence. Nevertheless, the development of a unified sensing platform capable of 
seamless operation in both health monitoring and underwater communication remains a significant challenge. To address this 
issue, a highly sensitive flexible iontronic pressure sensor featuring a micro-pyramidal architecture was developed. The device 
is fabricated using molding involving a bespoke composite ink comprising carbon nanotubes (CNTs) and ionic liquid as the 
sensing layer. This layer is then sandwiched between screen-printed silver electrodes. The sensor demonstrated exceptional 
performance metrics, including high sensitivity (370 kPa−1), rapid response and recovery times (20 ms), and outstanding reliability 
(about 20000 cycles). In the domain of wearable health monitoring, the sensor demonstrated its capacity to discern faint human 
pulse signals, facilitating the acquisition of high-fidelity pulse waveforms. Concurrently, within the domain of underwater 
intelligent communication, the sensor was used to detect Morse code signals, which were then accurately classified by a deep 
learning algorithm. This work not only validates the sensor’s high performance but also demonstrates its dual functionality, 
seamlessly connecting human healthcare with intelligent underwater interaction and significantly broadening the scope of 
flexible sensing applications.
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1 Introduction 

Recent years have seen a significant advance‐
ment in the field of flexible sensors, largely driven 
by their extensive applications in human physiological 

monitoring (Yang ZK et al., 2023; Teng et al., 2024; 
Zhao YL et al., 2024b) and motion tracking (Ren 
et al., 2022; Liu et al., 2024; Zhang et al., 2024; Zhu 
et al., 2024; Liang et al., 2025). Concurrently, con‐
tinuous technological innovations have significantly 
enhanced their sensitivity and operational stability. In 
essence, flexible sensors substitute conventional rigid 
materials with compliant counterparts (Min et al., 2023; 
Lin et al., 2025), encompassing piezoresistive (Li ZW 
et al., 2025; Xiang QX et al., 2025), capacitive (Ma 
et al., 2024; Liu et al., 2026), and triboelectric princi‐
ples (Chang et al., 2026; Sun et al., 2026). Capacitive 
sensors have attracted particular attention due to their 
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structural simplicity, low power consumption, and ex‐
cellent stability. Li KX et al. (2025) proposed a flexi‐
ble capacitive sensor with a micro-pyramidal structure 
that can detect subtle physiological signals, such as 
heart rate, facial expressions, and joint movements. 
Liu et al. (2026) attained a substantial advancement in 
sensitivity by devising a hybrid system incorporating 
carbon nanotubes (CNTs) and thermally expandable 
microspheres. They reported a two-fold enhancement 
in sensitivity compared with systems that used CNTs 
alone. In addition, Kurup et al. (2022) advanced ma‐
terial design through the use of graphene-coated 
polydimethylsiloxane (PDMS) porous foam, thereby 
fabricating a sensor capable of detecting minute pres‐
sure variations. This finding underscores the sensor’s 
potential for wearable biomedical applications.

However, conventional parallel-plate capacitive 
sensors are subject to inherent limitations, including 
relatively low sensitivity (typically less than 1 kPa−1) 
and instability due to environmental factors such as 
humidity, temperature, and parasitic capacitance. To 
address these challenges, iontronic sensing has emerged 
as a transformative paradigm (Nie et al., 2012, 2015; 
Cheng et al., 2022; Guo et al., 2025). This approach 
facilitates the formation of electrical double layers 
(EDLs) at the interface, generating nanoscale double-
layer capacitances. This mechanism yields remarkably 
elevated capacitance per unit area (frequently more 
than 1 μF/cm2) and sensitivity (typically between 10 and 
100 kPa−1), demonstrating substantial superiority over 
conventional parallel-plate structures. Consequently, 
this mechanism has prompted many researchers to 
focus on the higher sensitivity of ion-based sensors and 
conduct related application research. For instance, 
Yang ZK et al. (2024) focused on enhancing the sen‐
sitivity of ion-based pressure sensors. They engineered 
an ultra-sensitive pressure sensor using thermally ex‐
pandable microspheres and constructed a flexible array 
capable of high-resolution radial artery pulse detection. 
Subsequent studies prompt a gradual shift in research 
focus from the initial emphasis on basic performance 
enhancements, such as sensitivity, to multifunctional 
integration and intelligent system applications. For in‐
stance, Yang QQ et al. (2023) initiated research on 
multifunctional integration and developed an ion-based 
sensor with temperature and pressure decoupling, 
which demonstrated significant application value in the 
field of human–machine interfaces (HMIs). In their 
subsequent research, they integrated intelligent system 

applications, developed a machine learning-enhanced 
modular ionic skin, and established a versatile frame‐
work for operator identification and robotic tactile rec‐
ognition in next-generation HMI applications (Yang 
et al., 2025). Zhao YL et al. (2024a) also conducted 
research on multifunctional integration and intelligent 
system applications based on high sensitivity. These 
applications integrate multi-channel active pressure for 
signal acquisition and perform personalized blood pres‐
sure prediction based on artificial intelligence (AI).

Concurrently, flexible pressure sensors have been 
increasingly adapted for underwater applications, pre‐
senting both unique opportunities and challenges 
within aquatic environments. The implementation of 
sensors in underwater environments requires high stan‐
dards of waterproofing, pressure resistance, signal 
fidelity, and associated properties. Notably, the ability 
to withstand submersion represents a pivotal challenge. 
At present, technical solutions that demonstrate effec‐
tive waterproof capabilities mainly encompass three 
methods: gels, mechanical structures, and waterproof 
materials. For instance, Yang CX et al. (2024) fabri‐
cated hydrogel electrodes composed of MXene and 
ionic liquid, integrating them into a sensor capable of 
continuous operation for a period of 60 d. Their de‐
vice offers novel pathways for flow-field monitoring 
and aquatic tagging. Zhao JW et al. (2024) proposed 
a capacitive hydrophone (CH) based on mechanical 
structure encapsulation, specifically designed for high-
sensitivity detection of low-frequency underwater 
acoustic signals, demonstrating the ability of a CH to 
detect ships and underwater sounds. In our previous 
research, we fabricated two types of underwater ca‐
pacitive pressure sensors based on waterproof material 
encapsulation. One of these sensors was designed for 
monitoring in shallow seas, while the other was de‐
signed for monitoring in deep seas (Wang et al., 2024; 
Xiang MH et al., 2025). A comparative analysis of the 
three underwater encapsulation methods revealed that 
the gel-based process is relatively cumbersome, while 
the mechanical structure-based approach necessitates 
the design of a tight waterproof structure and the pro‐
cessing of metal parts. The encapsulation of flexible 
and waterproof materials has seen a surge in popularity, 
owing to its numerous advantages, including ease of 
access and preparation. This method has been shown 
to achieve a balance between critical characteristics 
such as cost, pressure resistance, and signal fidelity. 
Nevertheless, research in this domain exhibits certain 
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deficiencies with respect to cross-media generalization 
and integrated land–sea intelligent sensing platforms. 
Most reported sensors can perform distinct functions 
in two distinct domains: underwater communication 
and physiological health monitoring. While these limi‐
tations do not significantly impact the fundamental ca‐
pabilities of sensors, they do impose constraints on 
their versatility and range of application. The sensor 
described in this paper represents a development of 
our previous research on underwater pressure sensors. 
On the one hand, it can be used in both air and under‐
water media after undergoing waterproof encapsula‐
tion. On the other hand, the concurrent implementa‐
tion of underwater communication and human physio‐
logical signal monitoring enables the sensor to assume 
a more pivotal role in swimming, diving, and under‐
water tasks, such as the timely provision of alerts to 
divers in cases of imminent peril.

In this study, sensor electrodes were fabricated 
using screen-printed conductive silver paste, while the 
ion-sensitive layer was mainly formulated from a com‐
posite ink comprising CNTs and ionic liquid. The 
sensor layered structure and simplified manufacturing 
method are shown in Fig. 1a. To enhance sensitivity, a 
micro-pyramidal architecture was engineered onto the 
sensing layer via a molding process, followed by laser 
cutting for device shaping. This fabrication strategy 
not only supports high customization but also facili‐
tates scalable batch production, significantly widen‐
ing the sensor’s potential adoption. The device dem‐
onstrates robust functionality across diverse environ‐
ments, leveraging its exceptional sensitivity. The 
sensor can effectively detect different signals when at‐
tached in different places (Figs. 1b and 1c). The appli‐
cation of principles derived from traditional Chinese 
medicine (TCM)—specifically the technique of using 
graduated pressure to ascertain the optimal detection 
pressure—has facilitated the acquisition of high-fidelity 
pulse waveforms. To extend the operational scope of 
the sensor to aquatic environments, the sensor was en‐
capsulated in an ultra-thin and medical-grade adhe‐
sive film. In subsequent experiments conducted under‐
water (Fig. 1d), the sensor showed the capacity to 
sense Morse code signals, which were accurately de‐
coded by means of a deep learning algorithm. The in‐
tegration of flexible sensing with intelligent signal 
processing has the potential to significantly expand 
the application scope of the sensor.

2 Methods 

2.1 Materials and equipment

The electrode material selected for the sensor was 
stretchable conductive silver paste (Shanghai Ouyi 
Organic Photoelectric Materials Co., Ltd., China). 
The composition of the sensor’s sensitive layer mate‐
rial included a blend of thermoplastic polyurethane 
(TPU) (Dongguan Zhangmutou Ruixiang Polymer 
Materials Operation Department, China), CNTs (Su‐
zhou Carbon Peak Graphene Technology Co., Ltd., 
China), and ionic liquid (1-ethyl-3-methylimidazolium
bis(trifluoromethylsulfonyl)imide, EMIM, obtained 
from Shanghai Aladdin Biochemical Technology Co., 
Ltd., China). The organic solvent used was N,N-
dimethylformamide (DMF, Shanghai Aladdin Bio‐
chemical Technology Co., Ltd., China).

A series of experiments was conducted to as‐
sess the mechanical and electrical properties of the 
sensor. The experimental apparatus included a digital 
inductance, capacitance, and resistance (LCR) meter 
(TH2840B, Changzhou Tonghui Electronic Co., Ltd., 
China) and a mechanical testing machine (ZQ-990B, 
Dongguan Zhiqu Precision Instrument Co., Ltd., China). 
The electrodes, sensitive layer structure, and element 
distribution were observed using a scanning electron 
microscopy (SEM, G300, Carl Zeiss AG, Germany).

2.2 Sensor fabrication

The simplified sensor fabrication process is illus‐
trated in Fig. 1a (for more details, refer to Fig. S1 of 
the electronic supplementary materials (ESM)). First, 
polyethylene terephthalate (PET) substrates were laser-
cut into the desired geometry and plasma-treated to 
enhance surface adhesion. Conductive silver paste was 
then deposited onto the substrates via screen print‐
ing, followed by curing in a vacuum oven at 80 ℃ for 
10 min to finalize the electrodes. The preparation of 
the ionic sensing membrane involved the dissolution 
of TPU pellets in DMF at a ratio of 1:5 under magnetic 
stirring (80 ℃; 220 r/min) for a duration of 30 min, 
with the objective of achieving a homogeneous solu‐
tion. Subsequently, 1.0 mL of the ionic liquid EMIM 
was added dropwise to prevent agglomeration. Finally, 
CNTs were introduced to the mixture. The slurry was 
stirred at a rate of 200 r/min for a period of 10 min, 
and then subjected to high-frequency ultrasonication 
to ensure a uniform dispersion of the conductive 
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fillers. The resulting ionic composite was cast into a 
prefabricated mold and subjected to a spin-coating 
process, which ensured uniform film thickness. Follow‐
ing a drying process in a vacuum oven at 80 ℃ for 
30 min, the freestanding ionic film was peeled from 
the mold. The sensor assembly was completed by the 
methodical placement of the ionic film between two 
silver electrodes, with the use of 3M double-sided 
adhesive tape functioning as a spacer to delineate the 
active sensing area and facilitate adhesion of the lay‐
ers. Fig. 1a provides an exploded view of the sensor 

layered architecture. To optimize pressure sensitivity, a 
micro-pyramidal structure was engineered within the 
sensing layer using a molding technique. An optical 
photograph of the fully fabricated sensor is presented 
in Fig. 2a. The microstructural details are highlighted 
in Fig. 2b, where a cross-sectional optical micrograph 
captures the well-defined pyramidal profile of the ionic 
membrane. SEM further elucidates this morphology 
in Fig. 2c, confirming the structural uniformity of the 
pyramids. After the morphological characterization, 
energy dispersive spectroscopy (EDS) was used to 

Fig. 1  Overall application and preparation process of the sensor: (a) sensor layered structure diagram and detailed 
manufacturing process; (b and c) schematic diagrams of sensor attached places; (d) schematic diagram of underwater 
communication
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evaluate the elemental composition. To eliminate 
potential topographic artefacts in the EDS mapping 
caused by the height variation of the micro-pyramids, 
a flat and microstructure-free film was synthesized for 
this analysis. The unique N and F elements present in 
the ionic liquid exhibit a uniform and dense distribu‐
tion throughout the sensitive layer matrix (Fig. S2 of 
the ESM), further verifying the uniform distribution 
of ionic liquid and CNTs in the matrix.

2.3 Analysis of sensing mechanism

The sensing mechanism was elucidated using a 
dual-perspective analysis, integrating microscopic inter‐
facial principles with macroscopic contact mechanics. 
Microscopically, the incorporation of ionic liquid fun‐
damentally transforms the device from a conventional 
parallel-plate capacitor into an iontronic sensor. Unlike 
in conventional architectures, the mobile ions present 
within the electrolyte facilitate the formation of EDLs 
at the electrode interfaces, with charge separation oc‐
curring on the nanometer scale. This mechanism yields 
an ultra-high specific capacitance (capacitance per unit 
area). Consequently, the total detected capacitance is 

contingent on the effective interfacial contact area. The 
sensor achieves baseline capacitance values in the nano-
Farad (nF) range because of the super-capacitive ef‐
fect. This is significantly higher than the pico-Farad 
(pF) range typical of parallel-plate counterparts. This 
high intrinsic capacitance has been shown to signifi‐
cantly reduce the device’s impedance, thereby mini‐
mizing its susceptibility to parasitic electromagnetic 
noise from the environment. Consequently, this results 
in a marked enhancement of both the signal-to-noise 
ratio and the resolution of the signal. Moreover, the 
tubular topology of the CNTs facilitates efficient load‐
ing and retention of the ionic liquid, ensuring robust 
ionic transport. For clarity, the schematic diagram has 
been simplified by depicting only CNTs, positive ions, 
and negative ions in the sensor sensitive layer (Fig. 2d). 
On a macroscopic level, the engineered pyramidal 
microstructure exerts a regulatory influence on the 
dynamic response of the contact area. The sensing prin‐
ciple is predicated on the modulation of the ion–electron 
interface under mechanical load. As the pressure in‐
creases, the contact area between the pyramidal micro‐
structure and the bottom electrode evolves through 

Fig. 2  (a) An optical photograph of the sensor; (b and c) microstructural details of sensitive layer; (d) schematic 
diagram of sensor micro-mechanism; (e) non-linear variation in contact area
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distinct regimes: initial apex contact, progressive 
sidewall deformation, and eventual structural saturation 
(Fig. 2e). This characteristic deformation behavior gives 
rise to a non-linear variation in contact area, which 
initially grows gradually, followed by a rapid expan‐
sion, and finally plateaus. This variation aligns pre‐
cisely with the measured sensitivity curve of the sen‐
sor. In the initial phase, the contact area between the 
pyramid microstructure and the electrode is compara‐
tively small, thus resulting in minimal alterations. The 
mid-term stage is characterized by the most signifi‐
cant changes in the contact area between the pyramid 
microstructure and the electrode, thereby optimizing 
sensitivity. The subsequent phase is known as the struc‐
tural saturation stage, during which the sensitivity is 
the least optimal.

3 Results and discussion 

3.1 Sensor performance

The final sensor architecture was established 
through a series of comparative experiments aimed at 
optimizing the design. Initially, conductive silver paste 
was selected for the electrodes due to its excellent rhe‐
ological properties for screen printing and scalability 
for mass production. To enhance performance, a hy‐
brid composite ink of ionic liquid and CNTs was 
used. This formulation transformed the device from a 
conventional parallel-plate capacitor into an iontronic 
sensor, thereby significantly enhancing sensitivity and 
immunity to environmental interference. To identify 
the optimum compromise between cost and perfor‐
mance, composites with various concentrations of 
CNTs were evaluated. The sensor attained optimal 
functionality with a CNT loading of 0.10 g (3.8%, 
mass fraction) (Fig. 3a). This effect can be attributed 
to two main factors. Firstly, an increase in the content 
of CNTs will lead to a continuous increase in the con‐
ductivity of the ion-sensitive layer, which may result 
in a larger initial capacitance of the sensor. Conse‐
quently, a higher requirement is placed on the large 
capacitance change required for the sensor’s high sen‐
sitivity. Conversely, an increased quantity of CNTs 
may result in their disparate dispersion within the ion 
slurry, which may, in turn, diminish the deformability 
and mechanical stability of the ion-sensitive layer. Fol‐
lowing confirmation of the optimal content of CNTs, 
an investigation was conducted into the content of the 

ionic liquid in the sensitive layer. With a constant 
CNT content, sensitive layer slurries were prepared 
using 0.5, 1.0, or 2.0 mL of ionic liquid. A compre‐
hensive array of experimental findings is given in 
Fig. S3 of the ESM. The results showed that 1.0 mL of 
ionic liquid was the optimal volume within the experi‐
mental parameters delineated in this study. Two po‐
tential explanations for this phenomenon are posited. 
First, an increase in the amount of ionic liquid may 
increase the initial capacitance of the sensor. This, in 
turn, necessitates a greater change in capacitance to 
achieve high sensitivity. Second, an increase in the 
amount of ionic liquid may result in a decrease of the 
elastic modulus of the composite material. This de‐
crease has the potential to narrow the high sensitivity 
range of the material and facilitate the attainment of 
saturation. The sensitivity profile of the sensor exhib‐
its three distinct regimes, up to 370 kPa−1 (Fig. 3b) 
(for more details of the sensitivity mechanism, please 
refer to Section 2.3). In addition, the transient charac‐
teristics of the sensor were evaluated, which are criti‐
cal components for effective real-time monitoring. The 
device exhibits rapid response and recovery times, 
with both measuring about 20 ms (Fig. 3c). The limit 
of detection (LOD) was determined through the appli‐
cation of subtle pressure using lightweight aluminum 
weights. The sensor demonstrated its capability to cap‐
ture weak physiological signals, resolving a pressure 
as low as 40 Pa (Fig. 3d). Furthermore, an assessment 
was conducted on the sensor’s dynamic range and 
stability. Step-loading tests (Fig. 3e and Fig. S4 of the 
ESM) confirmed the robustness of the signal stability 
across various pressure gradients. A comparison with 
other published sensors (Fig. 3f) showed that our sen‐
sor achieves a superior balance between high sensi‐
tivity and a broad detection range. Finally, the long-
term durability of the sensor was validated through 
the implementation of cyclic loading tests (Fig. 3g); 
the sensor showed stable performance with negligible 
signal drift after about 20000 cycles at 60 kPa, thereby 
indicating excellent operational reliability. The capaci‐
tive response of the sensor degraded after a certain 
number of cycles. The main cause of this degradation 
presumably is fatigue in the sensitive layer. Due to the 
relatively high velocity and substantial pressure applied 
during testing, the sensor was subjected to extreme 
and harsh conditions that it would rarely encounter in 
normal use. This resulted in irreversible deformation 
or cracks in the microstructure of the sensitive layer 
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under cyclic pressure, leading to reduced compress‐
ibility and resilience, and further performance deg‐
radation. Note that even in the presence of degradation, 
the performance showed a notable degree of sensi‐
tivity, and so such degradation should not have a sub‐
stantial impact in practical application scenarios.

3.2 Pulse signal detection

The pulse signal originating from the heart is a 
significant physiological signal used for measuring 
human health. The signal is not only directly related 
to heart rate but also has the capacity to provide a 

more comprehensive reflection on the health status of 
the human heart. In TCM, pulse diagnosis has a par‐
ticularly significant emphasis. To rigorously validate 
the sensor’s pulse detection capabilities, both simulated 
equipment tests and in vivo human trials were con‐
ducted. Initially, a commercial pulse signal generator 
(Fig. 4a) was used to assess the response to stan‐
dardized waveforms. Despite the simulator produc‐
ing signal amplitudes that are considerably higher 
than those of typical human pulses, the sensor accu‐
rately resolved the waveform features. The character‐
istics of the pulse signal were clearly visible (Fig. 4b). 

Fig. 3  (a) Sensor performance at different concentrations of CNTs; (b) sensor sensitivity profile exhibiting three distinct 
regimes; (c) response and recovery times of the sensor; (d) LOD of the sensor; (e) assessment on the sensor’s dynamic 
range and stability; (f) performance comparison with other published sensors; (g) long-term durability of the sensor by 
cyclic loading tests. ΔC and C0 are the change in capacitance and initial capacitance, respectively; S1, S2, and S3 are the 
sensitivities of sensors at initial apex contact, progressive sidewall deformation, and eventual structural saturation, 
respectively. Refs. 1–8 correspond to Yang et al. (2019), Lu et al. (2021), Hong et al. (2023), Lv et al. (2023), Cetin et al. 
(2024), Guo et al. (2024), Jin et al. (2024), and Wang et al. (2025), respectively
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Subsequently, an evaluation was conducted of the 
sensor’s capacity to capture subtle arterial pulses from 
a human subject. This application was inspired by the 
variable-pressure techniques used in TCM pulse diag‐
nosis. Accordingly, graduated static pressure was ap‐
plied to the radial artery. The sensor produced wave‐
forms of high fidelity across a range of pressure levels 
(Figs. 4c–4e). Quantitative analysis revealed that the 
pulse signal amplitude showed a non-monotonic trend, 
initially increasing and then decreasing as pressure 
rose. This observation is consistent with the TCM 
principle of an optimal pulse pressure for maximizing 
diagnostic accuracy. Performance tests were also 
conducted on the sensor under bending conditions 
(Fig. S5 of the ESM). The sensor showed a higher 
output under bending conditions when subjected to 
the same pressure. This phenomenon can be attributed, 
at least in part, to the sensor’s increased deformation 
when subjected to bending conditions, which in turn 
leads to a more substantial capacitance change. Never‐
theless, this does not have a substantial impact on the 
practical application scenarios of the sensor. The 

analysis of the experimental results indicates that sen‐
sor has the capacity to obtain human pulse signals in 
a variety of states, which can make a significant con‐
tribution to long-term physiological signal monitoring 
in future health scenarios.

3.3 Underwater intelligent communication

Following the detection of human physiological 
signals, the sensors were encapsulated for the purpose 
of testing their application in underwater intelligent 
communication. The underlying objective of this study 
was to explore the potential of underwater encapsula‐
tion to broaden the operational scope of the sensors, 
thereby facilitating their effective use in both air and 
underwater environments. The construction of the 
underwater intelligent communication system was 
intended to provide further verification of the robust‐
ness of the sensors in complex underwater environ‐
ments and their ability to integrate with machine learn‐
ing systems. The medical waterproof tape used in 
this study boasts several noteworthy characteristics, 
including its ultra-thin profile, remarkably strong 

Fig. 4  Pulse detection application of sensor: (a) standard pulse signal instrument; (b) simulated pulse signal; (c–e) actual 
pulse signals of optimal pressure, low pressure, and high pressure
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adhesiveness, and notable stretchability. The ultra-
thin and stretchable characteristics enable sensors to 
maintain high performance after encapsulation, while 
the ultra-thin characteristic means that encapsulation 
essentially has no impact on the sensor’s performance. 
Waterproof structural adhesive was incorporated into 
the edge seams and wire areas of the encapsulated 

sensors, where water infiltration was a potential con‐
cern, to augment their waterproof capabilities.

The detailed implementation of the practical un‐
derwater intelligent communication system is shown 
in Fig. 5a. Deep learning techniques were used to 
classify the collected Morse code signals. The sensor 
differentiates between short pressure impulses (denoted 

Fig. 5  (a) System design of the underwater intelligent communication; (b–d) sensor output signal diagrams of SOS, UP, 
and DOWN; (e and f) accuracy and loss during neural network training process; (g) confusion matrix derived from the 
test set. STM32MCU is the main control chip for backend processing circuits; PCAP01 is the dedicated capacitor to 
digital conversion signal processor. XMU represents the Xiamen University
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by dots) and sustained pressure applications (denoted 
by dashes), which are combined to generate Morse 
code. For instance, three rapid taps encode an “S”, 
while three long presses encode an “O”, thereby en‐
abling the transmission of the standard “SOS” distress 
signal (Fig. 5b). Beyond the transmission of basic 
signals, the conveyance of complex messages is facili‐
tated by the rhythmic tapping of specific letter se‐
quences (Figs. 5c and 5d). A dataset was constructed, 
incorporating both standard emergent codes (e.g., SOS) 
and specific command variants labelled “HELP” and 
“HURRY” (Figs. S6 and S7 of the ESM). The raw 
sensor output was converted into image formats to 
serve as inputs for the neural network. A simplified 
convolutional neural network (CNN) was used for 
feature extraction and classification. The training met‐
rics showed excellent convergence on both the train‐
ing and validation sets (Figs. 5e and 5f). The accu‐
racy and loss were highly correlated. In addition, the 
confusion matrix derived from the test set confirmed 
superior performance, with zero misclassification 
(Fig. 5g). Despite the modest size of the current da‐
taset, the outcomes of this study showed the feasibility 
of the proposed approach. We expect that further per‐
formance gains will be realized with the expansion of 
data collection. To verify the long-term underwater 
stability of the sensor, a long-term output verification 
experiment of the sensor in a water tank was con‐
ducted. The experimental results (Fig. S8 of the ESM) 
showed that the sensor displays consistent output for 
about 3 h underwater, which fulfills the time require‐
ments for single diving and associated activities. This 
aligns with the initial intended application scenario of 
the sensor, which pertains to short-term activities such 
as diving or swimming that may necessitate emergency 
communication.

In summary, the present study showed the broad 
potential of the sensor in the domains of underwater 
safety systems, health monitoring, and intelligent com‐
munication interfaces.

4 Conclusions 

In summary, this study established a high-
performance flexible pressure sensor by iontronic 
sensing principles and engineered micro-pyramidal ar‐
chitectures. The sensor was developed to achieve ultra-
high sensitivity, rapid response and recovery times, 

and exceptional operational stability by transitioning 
from traditional parallel-plate capacitive mechanisms 
to an EDL-based model augmented by interfacial con‐
tact area modulation. Moreover, the integration of 
screen printing with molding provides a scalable fabri‐
cation strategy that is well-suited to mass production. 
The practical utility of the device was systematically 
validated across diverse domains. In precision health‐
care, the sensor showed high-fidelity capture of human 
pulse waveforms, thereby facilitating the identifica‐
tion of optimal acquisition pressures for non-invasive 
monitoring. Following hermetic encapsulation, the tech‐
nology was successfully adapted for aquatic environ‐
ments. A novel underwater intelligent communication 
system was demonstrated, which combines tactile 
Morse code encoding with deep learning-assisted de‐
coding, achieving high accuracy in signal classifica‐
tion. Collectively, this work underscores the immense 
potential of flexible iontronic sensors in bridging the 
gap between terrestrial healthcare and aquatic explora‐
tion, paving the way for next-generation HMIs and 
cross-medium intelligent sensing systems.
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