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Structured carbon nanotube–elastomer
nanocomposites with a morphing–contact
mechanism for an advanced underwater
perception warning system†

Feng Deng,ab Peng Xiao, *ab Wei Zhou,ab Qing Yangcd and Tao Chen *ab

Underwater sensors with high sensitivity in danger sensing and warning ability have become an urgent

requirement for various underwater applications. We prepared flexible, transferable, and tailorable

conductive Janus films through the morphology manipulation of an air–water interface. Herein, the

interface-guided elastic conductive Janus films were rationally designed to construct floating

underwater sensors, in which a bilayer structure was integrated with the Janus films in self-supported

and supported forms. The as-prepared underwater sensor achieved both high sensitivity sensing via 3D

morphing and depth/intensity threshold warning ability through dynamic film contacts. When the depth

or flow field strength was stronger than a preset threshold, the morphing film could contact with the

supported film, resulting in the reversal of the current signal for danger warning. Furthermore, a

wearable sensor was designed to efficiently monitor a swimmer who dives to unsafe depths or struggles

with drowning risk.

Introduction

Oceans cover more than 70% percent of the earth and are rich in
marine organisms, mineral resources, etc. Marine sensory systems
have played significant roles in underwater communication,
resource exploration and environmental protection.1–5 The devel-
opment of flexible underwater sensory materials and related
wearable devices6–9 has aroused extensive attention for use in
harsh environments and extreme application scenarios. However,
compared with conventional flexible sensors that work in the air
environment,10–12 rigorous requirements in terms of material
composition, surface wettability and device structure are needed
for underwater sensory systems.13–15 To date, extensive efforts
have been dedicated to developing functional hydrogels,16

ionogels,17 superhydrophobic aerogels,18 waterproof conductive

fabrics19 and piezoresistive20 and piezoelectric21 electronic devices
for underwater sensing applications.

Optical camouflage ionogels, which are typical examples of
such materials, employ ion–dipole and ion–ion interactions and
have demonstrated favourable underwater sensing performance
when applied in wearable and contactless sensory systems.22

Furthermore, superhydrophobic conductive WS2-nanosheets-
wrapped aerogel, have the advantages of detecting tiny under-
water vibrations based on the piezoresistive mechanism.23

Moreover, the introduction of piezoelectricity in underwater
wearable sensors enabled effective and wireless communication.24

Marine organisms have the capabilities of sensitive perception,
danger capturing and further self-protection.25–27 While recent
reports have focused on contact-based and contactless underwater
sensing functions, the capability of signalling danger is urgently
desired. More recently, Lai et al. reported a series of novel wearable
underwater sensing and rescue devices (e.g., superhydrophobic
knitted fabric,28 flexible MXene-based hydrogels,29 etc.) to realize
human–robot interaction for underwater rescue. However, achiev-
ing creature-like smart sensory systems with integrated high-
sensitivity underwater sensing and danger-warning capabilities
remains a challenge.

Human beings have biological structures designed for
specific functions. Organelle membranes in cells can deform
under external stimuli and further contact each other, forming
membrane contact sites (MCSs)30 for organelle communica-
tion. MCSs are crucial for coordinating cellular functions and
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cell response to physiological and pathological stimuli. For
instance, membrane contact between the endoplasmic reticu-
lum (ER) and mitochondria plays a crucial role in shaping
cellular Ca2+ flux by transmitting certain messages within the
cell,31 as shown in Scheme 1a. Inspired by the membrane
deformation–contact interaction behavior involved in intracel-
lular communications, a floating structure-enabled underwater
sensor was rationally designed in this work by combining self-
supported and supported elastic conductive Janus films to form
a face-to-face structure. Fabricated by interfacial dispersion and
self-assembly, the multi-walled carbon nanotubes (MWCNTs)
film functionalized with –COOH groups manifested a discern-
ible contrast in wettability between its air- and water-facing
surfaces.32 As illustrated in Scheme 1b, the CNT side of the

Janus film generated using unmodified MWCNTs exhibited
lower exposure than its counterpart fabricated using MWCNTs
with –COOH groups. The results of the 3D film morphing
studies and further exploration of the contact mechanism
exemplify that the achieved underwater sensor can sensitively
detect water depth and wave stimuli and effectively signal
danger. Furthermore, the integration of a microprocessor con-
troller into the sensor allowed the formation of a closed-loop
system, enabling active sensing and warning of danger thresh-
olds, such as dangerous depths and strong sea waves. As a
proof of concept, a smartwatch was constructed (Scheme 1c) to
demonstrate its potential in real-time monitoring of swimming
behavior, diving water depth, and abnormal struggling, as well
as actively providing warning feedback for water rescue.

Scheme 1 (a) Schematic illustration of interface morphing and the contact mechanism of the floating-structure sensor inspired by the membrane
contact and messaging between mitochondria and ER in a cell. (b) Schematic of the microstructure of the Ecoflex-based Janus films fabricated using
MWCNTs with or without the –COOH groups at the water–air interface. (c) The illustration of the smart-watch for underwater sensing and danger alarm
signalling in unsafe water depth and early drowning scenarios.
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Experimental section
Materials

Raw carbon nanotubes (CNTs) (diameter: 20–30 nm; length,
10–30 mm; –COOH content: about 1.23 wt%) with a purity of
over 98% were purchased from Chengdu Organic Chemistry
Co., Ltd. The CNTs were rinsed thoroughly with anhydrous
ethanol before use. Silicon rubber (EcoflexTM 00-50) was pur-
chased from Smooth-on, USA (the ratio between components A
and B was 1 : 1) and dissolved using N-heptane with a weight
ratio of 9.18%. General chemicals of reagent grade were used as
received from Sinopharm Chemical Reagents. Anhydrous etha-
nol and deionized water were used as rinsing solvents.

Preparation of the CNTs membrane

First, the CNT powder (500 mg) was dispersed in anhydrous
ethanol (250 mL). This was followed by ultrasonication (250 W)
for 6 h to form a uniform and stable dispersion. Subsequently,
the resultant dispersion (35 mL) was spread onto the water
surface by spray-coating in a round glass container (diameter:
25 cm), and a relatively uniform preassembled membrane was
formed at the air/water interface. After stabilization for about 10
min, a porous sponge was placed on one side of the interface to
quickly siphon water from the system, causing the area of the
preassembled membrane to decrease significantly. In this pro-
cess, the homogeneous pre-assembled CNT film was closely
packed toward the direction opposite the siphon direction.
When the porous sponge could not drive the membrane to move
any further, the desired membrane was ultimately formed.

Preparation of the CNTs/Ecoflex film

The Ecoflex precursor (A and B was 1 g : 1 g) was diluted with
heptane (30 mL) and dispersed uniformly by ultrasonication for
5 min. Then, the Ecoflex dispersion was spread onto the CNT
film by drop coating with a burette, followed by a typical Ecoflex
curing (crosslinking) process at 25 1C. When the cross-linking
time reached 6 h, the CNTs/Ecoflex Janus film was formed.
These films were used to conduct further experiments.

Preparation of the underwater sensor

At first, a hole of appropriate diameter was cut out in the
middle of a Petri dish, and then an ultrathin layer of PDMS
prepolymer was scraped on its surface. The prepared CNTs/
Ecoflex Janus film was transferred onto the surface of the Petri
dish with part of the film attached to the substrate and the
other part self-supported. Another film was transferred directly
onto the surface of a circular plastic substrate and adhered
closely to it. After curing the PDMS prepolymer layer at 60 1C for
1 h, the film was closely attached to the substrate. Then, the
CNT sides of the two films were joined using copper tape in a
60 1C oven with the aid of silver paste and curing in order to
form a conductive circuit that can be connected to wires.
Another Petri dish acted as a waterproof cover for the entire
conductive circuit, and the setup was sealed using a waterproof
adhesive, ultimately resulting in an underwater sensor with a
floating structure.

Characterization and measurements

The surface and cross-section morphologies of the film were
observed using a Hitachi-S4800 field-emission scanning electron
microscope (FE-SEM) operated at an accelerating voltage of 4 kV.
Raman scattering measurements were carried out on an
R-3000HR spectrometer (Raman Systems, Inc., R-3000 series) with
a solid-state diode laser (532 nm) for excitation in the wavenum-
ber range of 3500–200 cm�1. A Z1 Zwick/Roell Universal Testing
System was used to test the stress–strain characteristics of the
films. When the sensor was used to detect underwater depth or
external stimuli, the electrodes at both ends of the sensor were
connected to an electrochemical workstation through wires, and
the electrochemical workstation was connected to the computer.
An electrochemical Workstation (CH Instruments, CHI660E,
Chenhua Co., Shanghai, China) was used to record the real-time
current (I) at a constant voltage (V0) of 1 V, while the real-time
resistance (R) was calculated using the equation R = V0/I.

Results and discussion
Microstructure control in the Janus films and the structural
design of the underwater sensor

Owing to the favourable conductive and elastic/morphable
characteristics of carbon nanomaterial/elastomer-based Janus
films,33,34 a typical Janus film (MWCNTs/Ecoflex) was employed
in our system. The MWCNTs/Ecoflex-based Janus film was
constructed at the air/water interface using the CNT self-
assembly strategy and in situ interfacial asymmetric functiona-
lization of the Ecoflex elastomer (Scheme 1b).35 An extensive
comparison of the morphology of Janus films derived from two
variants of MWCNTs, namely unmodified MWCNTs and
MWCNTs with –COOH groups, was conducted. This compre-
hensive analysis encompassed a detailed examination of the
microstructure of individual MWCNTs; a schematic representa-
tion delineating the architecture of the Janus films and the
high-resolution scanning electron microscopy (SEM) images
are depicted in Fig. 1a. As shown in Fig. 1b, the as-prepared
Janus film presented a typical wrinkled macroscopic morphol-
ogy under mechanical stretch. The SEM image showed the
asymmetric structure of the Janus film (Fig. 1c). In addition,
the air side of the Janus film with pure Ecoflex had a smooth
morphology (Fig. S1, ESI†). As seen in Fig. S2 (ESI†), by
manipulating the amount of Ecoflex precursor added, the
height of exposed COOH-MWCNTs could be modified. Fig. S3
(ESI†) illustrates the modulation of COOH-MWCNT spatial
density with variations in dispersion concentration during
membrane fabrication, thereby exemplifying its influence on
the morphological features of COOH-MWCNTs. In electrical
testing (Fig. S4, ESI†), resistance in the Janus film reduced as
the dispersion concentration of COOH-MWCNTs increased.
Moreover, the Raman spectra were obtained to characterize
the chemical composition of the Janus film. As displayed in
Fig. 1d, the CNTs side showed typical characteristic peaks of
CNTs (D, G and 2D peaks of CNTs at 1349, 1580 and 2692 cm�1,
respectively) and Ecoflex (low frequency: 488 and 707 cm�1;
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high frequency: 2904 and 2962 cm�1). Meanwhile, the Ecoflex
side of the Janus film presented the characteristic peaks of pure
Ecoflex. Owing to the asymmetric introduction of CNTs in the
assembled film, the mechanical strength of the achieved Janus
film was relatively higher than that of the pure Ecoflex elasto-
mer (Fig. S5 and S6, ESI†).

In biological systems, membrane contacts are considered
important channels that facilitate information communication.
Based on this mechanism, a biomimetic 3D morphing sensory
system was rationally designed using the self-supported/
morphable and supported Janus films for the achievement of
underwater sensory and alarm functions based on dynamic 3D
deformation actuated by water pressure (Fig. 1e). Especially,
with the increase in the deformation of the self-supported film,
the corresponding MWCNTs formed the new conductive paths
by the flow of holes after the contact of the two Janus films.
When the self-supported Janus film came in contact with the

supported Janus film, the squeeze between the films caused the
holes to flow continuously (Fig. 1f).

Performance of the Janus film in sensing and the deformation
of the underwater sensor

The sensing performance of the Janus film was further char-
acterized. Typical plots of the CNTs/Ecoflex Janus film were
tested at different loading conditions based on the change in
normalized resistance (DR/R0):

DR
R0
¼ R� R0

R0
(1)

where R represents real-time resistance, and R0 is the initial
resistance at the relaxed state (the Janus film strip was 20 �
5 mm in size (length � width)). Notably, the output electrical
signals remained stable at typical frequencies from 0.1 to
5 Hz (Fig. S7, ESI†, strain: 10%). The real-time variation of

Fig. 1 (a) Comparison of the morphology of the Janus films prepared using unmodified MWCNTs and MWCNTs with –COOH groups, including the
microstructure of a single MWCNT, the schematic diagram of the Janus films and SEM photographs. (b) Photograph of the stretched Janus film. (c)
Cross-sectional SEM image of the Janus film. (d) Raman spectra of both sides of the MWCNTs/Ecoflex Janus film, pure MWCNTs and the pure Ecoflex
membrane. (e) Schematics of contact behavior and hole flow in the two as-prepared Janus films inspired by the morphological changes and messaging
at MCSs. (f) SEM images of the two Janus films before and after contact. Bar: 5 mm.
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normalized resistance was measured under different stretching
strain cycles (from e = 1, 2, 4, 6, 8, to 10%), as shown in Fig. S8
(ESI†), which represents the sensitive and reversible response
of the sensing signal. As displayed in Fig. S9 (ESI†), normalized
resistance showed a stable and sensitive response to applied
strain even up to 2000 stretching and release cycles. Based on
the aforementioned analysis, the Janus film shows stable and
sensitive underwater sensing performance.

To achieve the 3D morphing system, the Janus film was
conformally attached to the hollow surface of a self-supported
film, which could be actuated to morph in 3D from the flat state
to the expanded state using pressured air (Fig. 2a). A typical
self-supported Janus film with a diameter of 25 mm was
employed to observe the real-time variation in normalized
resistance under a series of frequencies (from 0.1 to 1 Hz)
(Fig. 2b). As displayed in Fig. 2c, the normalized resistance
showed a stable and sensitive response to applied strain over
500 expansion and release cycles (pressure: 16 kPa, frequency: 1
Hz). Fig. S10 in ESI† shows the extent of deformation of the self-
supported Janus film under different pressures. In addition,
the normalized resistance of the self-supported Janus film was
tested at applied pressures of 0, 4, 8, 12, and 16 kPa,

respectively (Fig. 2d). The area strain and expansion of self-
supported Janus films with different diameters were propor-
tional to the applied pressure i.e. 4, 8, 12, and 16 kPa (Fig. 2e
and f). With the increase in hollow diameter, the area strain
and expansion amplitude of the self-supported Janus film
exhibited a gradual decreasing tendency under fixed pressure.

To construct the underwater sensor, a bilayer structure was
rationally designed, as shown in Fig. 2g. In this system, the Janus
films remained self-supported on a hollow substrate and sup-
ported on a solid substrate. In the integrated sensory system, the
conductive layers of these two Janus films were placed in a face-
to-face configuration, enabling the formation of a conductive
contact under water pressure. Based on the aforementioned
mechanism, the self-supported film in the prepared underwater
sensor can experience gradual 3D deformation while transition-
ing from the uncontacted to contacted states driven by water
pressure (Fig. 2h). Prior to reaching the contacted mode, the 3D
deformation of the floating film can induce corresponding
resistance changes in the series circuit. When the two films
form a typical contact, the circuit system would experience a
transition from a series circuit to a parallel mode (Fig. S11, ESI†),
resulting in a sharp change in the sensory signals.

Fig. 2 (a) Diagram of the initial flat state and the expanded state of the self-supported Janus film under pressured air. (b) Normalized resistance versus
time curves of a 25-mm circular self-supported Janus film under an applied pressure of 16 kPa at different frequencies. (c) The normalized resistance
versus time curve of 500 cycles under an applied pressure of 16 kPa (frequency: 1 Hz, area strain: 20%). (d) The normalized resistance versus applied
pressure curve of a 25-mm circular self-supported Janus film under 0, 4, 8, 12, and 16 kPa. (e) Area strain and (f) amplitude changes of 20-, 25- and
40-mm circular self-supported Janus films under applied pressure of 4, 8, 12, and 16 kPa. (g) Structural disassembly diagram of the underwater sensor,
including the self-supported Janus film, electrodes, copper tape, Janus film and waterproof cover. (h) Schematic illustrations and photographs of the
changing morphology of the self-supported film and the supported film in the sensor under water pressure changes with increasing depth.
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Underwater depth sensing and triggering alarm

When the self-supported film was exposed to the underwater
environment, it experienced gradual 3D morphing with the
increase in water depth. As displayed in Fig. 3a, the self-
supported film could sensitively deform based on water pres-
sure. With the increase in water depth from 0 to 1.3 m, the real-
time current from the self-supported Janus thin film presented
a step-by-step decrease, showing a sensitive and stable response
to water depth. Once the sensor reached the threshold depth of
1.4 m, the current increased rapidly and also demonstrated a
typical stepped increase from 1.4 to 1.7 m. Moreover, the
corresponding normalized resistance versus depth curve clearly
demonstrated that it experienced a reverse transition of nor-
malized resistance from positive to negative values (Fig. 3b).

When the sealed sensor was applied in water, the self-
supported Janus film was subjected to force, as depicted in

Fig. 3c. The combined force (F) of film gravity (G), the upward
pressure of the air cavity on the Janus film (FAir) and the
downward pressure of water on the Janus film (FWater) was
calculated according to the equation:

F = G + FWater � FAir (2)

where FWater is dependent on the depth and influences the
morphing of the elastic Janus film according to the equation:

FWater ¼
rgH
S

(3)

where r is the density of water, g is gravitational acceleration, H
is the depth of the sensor, and S is the area of the self-
supported film in contact with water.

Based on reversible 3D morphing and the subsequent film
contact behaviors, the underwater sensor could achieve

Fig. 3 (a) Current versus time curve of a 40-mm diameter sensor with increasing depth of descent; a steep increase in current occurs at a depth of 1.3–
1.4 m. (b) The normalized resistance versus time curve of a 40-mm diameter sensor at varying depths of descent (from 0 to 1.7 m). (c) Analysis of the
forces acting on the self-supported film of the underwater sensor. (d) The warning depths correspond to the diameters of the self-supported layer in the
underwater sensors (distance: 4 mm). (e) The warning depths correspond to the distance between the self-supported film and the supported film in the
sensors (diameter: 30 mm). (f) Schematic diagram of a cycle of the sensor, including the diving and floating states. (g) The normalized resistance versus
time curve shows the two states of the underwater sensor over 40 cycles. The enlarged diagram on the right shows the sensor profile while diving into
the depths and returning to the surface.
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dynamic and reversible sensing and danger warning functions.
In this case, the descent depth of the sensor when the normal-
ized resistance turns negative is taken as the warning depth. It
is clear from the previous section that the expansion of the self-
supported Janus film is negatively related to its diameter when
subjected to a force. Therefore, we can fabricate sensors for
different warning depths by adjusting these parameters of the
sensor. Here, only two parameters, namely the diameter of the
self-supported Janus film and the distance between the two
conductive MWCNT layers, were considered. For the under-
water warning depth test, we compared sensors consisting of
self-supported layers with diameters of 20, 25, 30, 35, and
40 mm (distance = 4 mm). A large set of experimental data
(Fig. S12, ESI†) was summarized to acquire the results pre-
sented in Fig. 3d. Similarly, tests were carried out using sensors
with interlayer distances of 1, 2, 3, and 4 mm (diameter =
30 mm), and the data (Fig. S13, ESI†) were summarized to obtain
the curve in Fig. 3e. In summary, it is possible to customise the
underwater sensor to warning depths ranging from 20 to 120 cm.
This demonstrates the great potential of this product for prac-
tical application in underwater sensing and warning.

The reversal of the current signal due to contact formation
between the self-supported film and the supported film can
remarkably change the circuit configuration from a series to a
parallel state. As shown in Fig. 3f, the membrane in the
underwater sensor experienced a series of motion behaviors
while diving into the water, reaching the threshold depth and
floating. These motion behaviors were sensitively captured by
the sensor as changes in the characteristic current signal,
showing good cyclic stability (T = 6 s, depth = 20 cm, diameter =
20 mm), as shown in Fig. 3g. The excellent sensing perfor-
mance of the underwater sensor shows its potential in under-
water detection. The characteristic motion could be clearly
recognized by the typical normalized resistance curve. In this
case, for water depth warning, we defined DR/R0 4 0 as the
safety signal and DR/R0 o 0 as danger. Furthermore, we
compared the sensing performance of the underwater sensors
in water and seawater, as illustrated in Fig. S14 (ESI†). The self-
supported film experienced more pressure at equivalent depths
in the denser seawater. As a result, the film exhibited a larger
deformation, resulting in a slight reduction in the warning
depth of the sensor in seawater compared with water. However,
in most underwater environments, the normal use of the sensor
would not be affected significantly.

Integrated sensory systems for strong wave warning and
drowning alarm

This underwater sensory system can be employed to detect
mechanical stimuli from the water surface and underwater
conditions (Fig. S15 and S16, ESI†). Using our sensory system,
an underwater sensor connected to an Arduino module (micro-
processor) and a warning LED light was rationally designed to
achieve underwater motion monitoring and danger warning
(Fig. 4a). Besides, sea waves with different flow velocities
ranging from 0.05 m s�1 to 0.4 m s�1 were simulated, as
demonstrated in Fig. 4b and Fig. S17 (ESI†). When the wave

velocity reached 0.4 m s�1, the normalized resistance experi-
enced a transition from a positive value to a negative value,
demonstrating a typical alarm signal for strong waves.

As a proof of concept, we designed a closed-loop sea wave
monitoring system by integrating the microprocessor controller
with a warning LED light. When the intensity of the sea wave
was higher than the pre-designed danger threshold, the current
output showed a rapid increase, triggering the warning LED
light (Fig. S18, ESI†). In our system, a beach scene was simu-
lated, in which the sensor was used to monitor the real-time
intensity of sea waves. When the intensity of sea waves was
lower than the danger threshold, the warning LED light was in
a dark state and people could swim inside the sea. Once the sea
wave intensity became stronger than the threshold, the contact
between the films could light the LED to warn people (Fig. 4c
and Video S1, ESI†).

Furthermore, we also demonstrated an advanced applica-
tion of the underwater wearable device (Fig. 4d). As shown in
Fig. 4e and Fig. S19 (ESI†), the sensor was carefully integrated
into a smartwatch worn on the arm by the volunteer to test for
underwater motion detection. For application in swimming,
swimming parameters, such as stroke frequencies (0.25,
0.5 and 1 Hz) and amplitudes (5, 10 and 15 cm), could be
sensitively monitored by our sensor. The corresponding
changes in normalized resistance with different responsive
frequencies and peak values effectively recorded the swimming
behaviors of an individual. As illustrated in Fig. 4f, normal
swimming, fluttering, drowning in a dangerous area and rescue
were completely recorded. More importantly, based on the
depth warning mechanism of the sensor, a warning line was
pre-engineered to indicate dangerous swimming areas where
the swimmer was not safe. The smartwatch could achieve real-
time detection of the whole swimming process. In order to
further verify the reliability and accuracy of this sensory system
in real scenarios, we conducted a motion monitoring test by
slapping on outdoor water surfaces. As shown in Fig. S20 (ESI†),
the underwater sensors could accurately detect the action of the
volunteer slapping the water surface based on the wind-
disturbed background signal. This also demonstrates the
immense potential and universality of these sensors in various
practical scenarios.

In addition, before drowning in a danger zone, detecting the
struggling phase of a swimmer is also very important for early
rescue. Therefore, a closed-loop system for early drowning
warning was designed, in which the swimmer model system
in the smartwatch was connected to a warning screen (Fig. 4g).
The warning screen in Fig. 4h shows LED lights for different
swimmers to monitor their status of swimming in real-time.
For instance, the swimmer model is marked as swimmer 4
in the warning screen (Fig. 4i). As shown in Fig. 4j, when the
swimmer model performed breaststroke and subsequently
demonstrated abnormal struggling, in the closed-loop
system, the control voltage first experienced an increase in
the normal swimming state (LED off) and subsequently, a sharp
decrease, which turned on the LED light (Fig. 4k). According
to the LED on the warning screen, the lifeguard can monitor
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the status of swimmers and be ready for rescuing operations
(Video S2, ESI†). In practical scenarios, false alarms may occur
sporadically. As illustrated in Fig. S21 (ESI†), false alarms can

be triggered by slamming into the water surface violently or
diving to the warning depth. However, false alarms due to
movements beyond the range of normal behaviour and

Fig. 4 (a) Schematic of the signal transmission in the underwater sensor. (b) The normalized resistance versus time curves of the sensors under fluid
fields with various flow rates. The enlarged image on the right is the output signal under a fluid field movement of 0.4 m s�1. Inset: Amplitude changes of
the sensor under water flow. (c) Photographs of the weak and strong wave scenarios. (d) Schematic and photos of the wearable sensor. (e) Diagram of the
wearable sensor monitoring the frequency (0.25, 0.5 and 1 Hz) of the up and down water-slapping arm movement during swimming and the
corresponding normalized resistance versus time curves of the sensors. (f) Schematic diagram (left) and real-time signals (right) of the wearable sensor
used for monitoring various underwater states. (g) Schematic of scenarios in which the wearable sensor monitors underwater conditions and triggers an
alarm, namely swimming and struggling. (h) Diagram of the warning screen to monitor the status of different swimmers in real-time. (i) The components
of the closed-loop system that enable real-time motion monitoring of swimmer 4. (j) Photos of the swimmer model showing normal swimming and
abnormal struggling. (k) Real-time control voltages (top) and warning screens (bottom) that send immediate danger signals corresponding to the
different states (swimming and struggling) of swimmer 4.
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different from the preset actions do not affect the actual use of
the sensors.

Conclusion

In this work, we have developed a floating underwater sensor
that can integrate both sensitive underwater depth sensing and
danger warning enabled by the combination of self-supported
and supported elastic conductive thin films. In the context of
selecting conductive materials, we crafted conductive films by
meticulously controlling the microstructural morphology of
MWCNTs at the water–air interface. Based on the 3D morphing
mechanism of the film driven by water pressure, this under-
water sensor can sensitively capture mechanical stimuli under-
water or above the water surface. Furthermore, when the water
depth or flow intensity is higher than the threshold, the self-
supported film can establish a typical contact with the sup-
ported film, triggering a rapid increase in the current signal
and thereby resulting in an underwater warning alarm. The
proposed 3D morphing–contact mechanism allows the integra-
tion of sensitive underwater sensory functions and danger
alarm triggers, demonstrating a new strategy for developing
underwater sensing and alarm systems.
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