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HIGHLIGHTS

® Micro-extrusion compression molding and surface modification were proposed for the mass fabrication of a superhydrophobic ther-

moplastic polyurethane sensor (TCGS).

e Inspired by scorpions, TCGS features Archimedean spiral crack arrays and micropores, achieving 218.13 sensitivity at 2% strain, a

4300% increase, and over 5000 usage cycles of durability.

® The robust superhydrophobicity of TCGS improves sensitivity and stability for detecting small-scale liquid leakage, allowing precise

monitoring across various sizes and compositions while providing early warnings in various scenarios.

ABSTRACT Liquid leakage of pipeline networks not only results in considerable

Bioinspired ultrasensitive flexible strain sensors

resource wastage but also leads to environmental pollution and ecological imbalance.

Bioinspired structure / \ Liquid leakage detection

In response to this global issue, a bioinspired superhydrophobic thermoplastic polyu- 0© __Scorpion

Crack arrays == Loakage delsction

rethane/carbon nanotubes/graphene nanosheets flexible strain sensor (TCGS) has

been developed using a combination of micro-extrusion compression molding and

Warning

surface modification for real-time wireless detection of liquid leakage. The TCGS I
utilizes the synergistic effects of Archimedean spiral crack arrays and micropores,
which are inspired by the remarkable sensory capabilities of scorpions. This design
achieves a sensitivity of 218.13 at a strain of 2%, which is an increase of 4300%. Additionally, it demonstrates exceptional durability by
withstanding over 5000 usage cycles. The robust superhydrophobicity of the TCGS significantly enhances sensitivity and stability in
detecting small-scale liquid leakage, enabling precise monitoring of liquid leakage across a wide range of sizes, velocities, and composi-
tions while issuing prompt alerts. This provides critical early warnings for both industrial pipelines and potential liquid leakage scenarios
in everyday life. The development and utilization of bioinspired ultrasensitive flexible strain sensors offer an innovative and effective

solution for the early wireless detection of liquid leakage.
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1 Introduction

In contemporary urban settings, pipeline networks play a
vital role in the distribution of essential resources such as
potable water and industrial fluids, underpinning both the
smooth operation of cities and the well-being of their inhab-
itants [1, 2]. Despite their significance, these infrastructures
inevitably face the issue of leakages, which are a conse-
quence of prolonged use, corrosion, natural catastrophes,
or intentional tampering [3]. Such incidents not only squan-
der valuable water resources but also pose immediate risks
to public health and safety, inflict lasting damage on urban
ecosystems, and could precipitate severe accidents leading
to substantial economic and human losses [4, 5]. Current
methods for leakage detection, which rely on specialized
hardware such as acoustic devices [6, 7], fiber optic sen-
sors [8], infrared sensors [9], and radar [10], often encoun-
ter obstacles. These include high costs, limited monitoring
range, insensitivity to minor leakages, and an inability to
continuously monitor in real-time. In light of these chal-
lenges, it becomes imperative to develop a novel leakage
detection technology that marries high efficiency and afford-
ability with extensive coverage and real-time remote moni-
toring capabilities. Such advancement is essential for bol-
stering urban resilience to environmental emergencies and
safeguarding public safety.

In recent years, superhydrophobic flexible strain sensors
have emerged as highly promising for applications in lig-
uid leakage detection due to their remarkable flexibility and
high sensitivity [11-14]. Ingeniously designed into irregular
shapes, these sensors excel at detecting difficult-to-access
fault locations within three-dimensional spaces [15-17].
They effectively translate the variations of external forces
into the change of the electrical response signal in real-time,
demonstrating extraordinary sensitivity [18-21]. Primar-
ily constructed from polymers and conductive materials,
the superhydrophobic flexible strain sensors are produced
through intricate methods such as photolithography, etch-
ing, printing, and cutting, yielding a broad spectrum of sizes
and shapes [22-26]. Current research endeavors are directed
towards enhancing the sensors’ sensitivity, durability, and
response time, and integration with wireless technology
[27-31]. The enhancement of superhydrophobicity is also
crucial for preserving sensor functionality in liquid envi-
ronments, significantly improving the detection of minute
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liquid leakages [32—35]. To achieve these improvements,
researchers have designed a range of micro-nanostructures,
including micropores, cracks, waves, grids, and aligned pat-
terns [36—40], and have employed advanced materials such
as MXenes, graphene nanosheets (GNS), and carbon nano-
tubes (CNTs) to optimize performance [41-45]. However,
in practical applications, finding the optimal balance among
these performance indicators and scaling up the continu-
ous production of superhydrophobic flexible strain sensors
remains a significant challenge [46—48].

In response to this challenge, the remarkable sensing
capabilities of organisms in nature provide invaluable inspi-
ration [49-53]. Specifically, scorpions, despite their dimin-
ishing vision, depend on their highly developed and sensitive
sensing mechanism to adeptly navigate harsh environmental
conditions [54]. This mechanism is crucial to their survival,
offering them essential, long-term information for living
due to its high sensitivity and stability [55]. Against this
backdrop, we have developed a micropore-crack synergistic
superhydrophobic thermoplastic polyurethane (TPU)/CNTs/
GNS sensor (TCGS) inspired by the sensory capabilities
of scorpions. This sensor employs an innovative manufac-
turing method that combines micro-extrusion compres-
sion molding (p-ECM) with surface modification, featur-
ing cost-effectiveness, ease of operation, and suitability for
large-scale production [56, 57]. The sensor replicates the
advanced sensory mechanisms of scorpions, allowing the
micropores and cracks to deform under forces applied from
various directions. Such deformation, coupled with altera-
tions in the conductive networks of surface GNS and internal
CNTs, induces changes in resistance, thus providing a highly
sensitive electrical response to minor stresses. Additionally,
the superhydrophobic conductive surface design of TCGS
significantly improves the efficiency and stability of liquid
leakage detection in wet environments, ensuring exceptional
sensitivity and accuracy across various liquid environments.
By integrating the TCGS into a leakage detection device,
this system enables real-time wireless monitoring of liquid
leakage of various sizes, velocities, and compositions, cover-
ing leakage ranging from droplet to large flow, and issuing
corresponding real-time alerts. This liquid leakage detection
device can be broadly applied in pipeline networks, where its
high sensitivity and extensive applicability not only allow for
rapid response to leakage incidents and prevent resource loss
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but also contribute significantly to reducing safety hazards
and promoting sustainable development.

2 Experimental Section
2.1 Materials

TPU (Elastollan 1185A, density p = 1.12 g cm™>) was pur-
chased from BASF Co., Ltd. Na,SO, (#200) was provided by
Sichuan Tongqing Nanfeng Co., Ltd. The microscopic mor-
phology and particle size of Na,SO, are shown in Fig. S1.
CNTs (grade NC7000, carbon purity >98%) with an aver-
age diameter of ~9.5 nm and an average length of ~ 1.5 pm
were purchased from Nanocyl Corporation (Belgium). GNS
(grade SE1233, carbon purity >98%) with an average diam-
eter of < 10 pm was purchased from Sixth Element (Chang-
zhou) Materials Technology Co., Ltd. The microstruc-
tures of CNTs and GNS are shown in Fig. S2. Hexamethyl
disilylamine (HMDS) was provided by Shanghai Aladdin
Biochemical Technology Co., Ltd. Ethyl acetate (EA) was
provided by Sinopharm chemical reagent Co., Ltd. Poly-
dimethylsiloxane (PDMS; Sylgard 184) was obtained from
Dow Corning. Archimedean spiral molds were designed by
us and then fabricated by Dongguan Taixin Metal Materials
Co., Ltd.

2.2 Preparation of TC Foams

The TC foams were prepared by u-ECM. First, the weighed
TPU, Na,SO,, and CNTs were mixed in a high-speed mixer
for 3 min, and the content of each component is shown in
Table S1. The mixture was blended in an eccentric rotor
extruder (ERE) with a rotor diameter of 33.5 mm and an
eccentricity of 3 mm to prepare TPU/Na,SO,/CNTs melts
(Fig. S3). The rotor speed was 35 rpm, and the temperature
profile from the hopper to the die was 120, 150, 180, and
200 °C. Subsequently, the TPU/Na,SO,/CNTs melts were
extruded into a mold cavity equipped with copper mesh and
wires, and then the melts were squeezed into the Archime-
dean spiral template by the downward compression of the
moving mold half. After cooling and demolding, the TPU/
Na,SO,/CNTs composites featuring Archimedean spiral
cracks on the surface and implanted electrodes (copper
mesh and wires) were obtained. The composites were next
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sonicated in water for 10 h to remove the Na,SO, component
and were dried at 70 °C for 12 h to obtain the TC foams. The
TC foams with cracks and implanted electrodes were named
TC-w, where w represents the w% concentration of CNTs in
the TPU matrix. In addition, the TC foams without cracks
and implanted electrodes were prepared for comparison.

2.3 Preparation of TCGS

The TCGS was further prepared through surface modifica-
tion and assembly. Initially, 0.1 g GNS, 1 g PDMS, and 1 mL
HMDS were dispersed in 10 mL EA solution, and sonicated
for 10 min using a split-type ultrasonic crusher (XM-1000 T,
Xiaomei Ultrasonic Instrument (Kunshan) Co., Ltd.). The
dispersion was then sprayed onto the TC-1 surface using
an air spray gun with a spray distance of 15 cm and an air
pressure of 0.6 MPa. After curing at 70 °C for 5 h and at
150 °C for 2 h, a superhydrophobic and conductive GNS/
PDMS network was formed on the foam surface. Finally, the
crack-free side of the foam was covered with a 1 mm thick
TPU film, and the TCGS was assembled using 200 °C hot
air from an electric hot air gun. TCGS was named TCGS-
N, where N represents the number of Archimedean spiral
crack turns in each sensor. Additionally, TCGS-CM (without
cracks and micropores) and TCGS-M (with cracks but with-
out micropores) were also prepared for comparison.

2.4 Characterizations

The chemical compositions of the samples were analyzed
by Fourier transform infrared spectroscopy (FTIR, INVE-
NIO-R) and X-ray photoelectron spectroscopy (XPS, Shi-
madzu/Krayos AXIS Ultra DLD). The crystal structures of
the materials were examined using X-ray diffraction (XRD,
SmartLab-SE), employing Cu-Ka radiation (40 kV, 30 mA)
at room temperature and scanning at a speed of 10° min~".
The tensile properties of the TC foams were tested by an
electric universal testing machine (UTM 4024X, Shenzhen
Suns Technology Stock Co., Ltd.) at a crosshead speed of
10 mm min~!. The volume conductivities exceeding 10>
S cm™! were measured using a double electrical four-probe
tester (RTS-9, 4Probes Tech Ltd.), while the volume con-

ductivities below 107 S cm™!

were measured using an
ultra-high resistance microcurrent tester (ST2643, Suzhou

Jingge Electronic Co., Ltd.). Morphologies and elemental
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distributions were examined using scanning electronic
microscopy (SEM, TESCAN MIRA LMS). The dispersion
of the CNTs in the TPU matrix was assessed by a trans-
mission electron microscopy (TEM, Tecnai G2 20), and
ultrathin sections of 70 nm were prepared by a Leica EM
UCT7 ultramicrotome at— 100 °C. The surface structure
of the TCGS-7 was characterized utilizing a laser scan-
ning confocal microscopy (OLS5100). The electrical sig-
nals were recorded by a commercially portable test system
(TruEbox, LinkZill company). The CAs and RAs were
measured using a CA measuring instrument (JC2000D5A,
Shanghai Zhongchen Digital Technology Apparatus Co.,
Ltd.). Dynamics of water droplet impact were captured by
a high-speed camera (UX100, Photron. Ltd.) at a frame rate
of 10,000 fps.

3 Results and Discussions

3.1 Design and Fabrication of TCGS

Scorpions are sensitive to vibrations around them via the
curved crack sensillum near their leg joints between the
tarsus and basitarsus [58]. As shown in Figs. 1a and S4,
the crack sensillum comprises approximately twelve curved
cracks on its surface, accompanied by numerous cells
beneath. The arrangement of crack arrays and cell groups
enables ultrasensitive displacement detection by allowing
for omnidirectional mechanical compliance, which leads
to the deformation of the crack sensillum in response to
minor external force variations from any direction. The sig-
nals produced by the deformation are transmitted and pro-
cessed through the neuronal system, enabling the scorpion to
acquire survival information, such as the presence of water,
prey, or threats. Inspired by this ability of scorpions, we
designed a TCGS by combining industrialized p-ECM and
surface modification. Figure 1b illustrates the two main steps
included in the preparation process: (i) the preparation of
the TPU/CNTs (TC) foam by p-ECM, and (ii) the prepara-
tion of the TCGS by surface modification and assembly. The
TCGS consisted of three layers: a superhydrophobic con-
ductive layer made of GNS and PDMS, a micropore-crack
synergistic conductive TC foam with implanted electrodes,
and a TPU film support layer (Fig. 1c). When the TCGS is
subjected to stretching or bending, its micropores and cracks
deform accordingly. These deformations cause changes in
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the conductive networks of the GNS on the sensor’s sur-
face and the CNTs internally, leading to variations in resist-
ance. The microcontroller captures these resistance changes
through electrodes embedded in the sensor and analyzes
them to accurately identify the behavior of external forces.
By transmitting the signals to a smartphone via Bluetooth or
WiFi, a stable and highly sensitive remote monitoring device
for liquid leakage can be established.

3.2 Structure and Characterization of TCGS

The TCGS is structured at three levels: the micropores, the
Archimedean spiral crack arrays, and the GNS/PDMS coat-
ing on the surface. The TC-1, with dimensions of 40 x40 x 1
mm?, is lightweight with a density of 0.586 g cm™>, and can
easily be supported by a pink flower (Figs. 2a and S5). Pho-
tographs of the TC-1 taken before and after 12 h of immer-
sion in deionized water reveal that the water remained clear
after the Na,SO, component had been completely removed
(Figs. 2b and S6), indicating that all CNTs are preferentially
distributed within the TPU skeletons. The actual weight loss
ratios of TC foams are consistent with theoretical predictions
(Fig. S7), confirming that the Na,SO, component has been
completely removed, forming a continuous porous skeleton.
The interaction between TPU and CNTs was investigated
using FTIR spectroscopy, as shown in Fig. 2c. As the con-
centration of CNTs increases, the hydroxyl peak of TC-0 to
TC-1.5 shifts from 3328.9 to 3321.2 cm™!, which is attrib-
uted to the hydrogen bonding between TPU and CNTs [59].
Figure 2d shows the XRD patterns of TC-0, TC-0.5, TC-1,
TC-1.5, and CNTs. The diffraction peak for TC-0, which
ranges from 14° to 29° and is centered at 2 § = 20.9°, indi-
cates the presence of both crystalline and amorphous phases
in TPU. The addition of different concentrations of CNTs
does not affect the crystallization of TPU, as evidenced by
the consistent XRD patterns across all samples [60]. As the
concentration of CNTs increases, the tensile strength of
the TC foams initially decreases then increases, and finally
decreases again (Fig. 2e, f). The TC-1 exhibits the best
mechanical strength (2.40 MPa) and high elongation at break
(138.52%), indicating the most significant reinforcing effect
of CNTs within the TPU matrix. However, in the TC-1.5,
these properties drop sharply to 0.24 MPa and 22.38%,
respectively. This decline is attributed to the aggregation of
CNTs at high concentrations, leading to increased structural
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Fig. 1 Schematic illustrations of TCGS inspired by the scorpion sensory system. a Scorpions possess ultrasensitive crack organs that help them
perceive external forces and vibrations. The enlarged image depicts the sensory system, which consists of crack arrays, numerous cells, and neu-
rons. b Illustration showing the preparation procedure of TCGS. ¢ Application of TCGS in real-time wireless detection of liquid leakage

defects and weakened interfacial bonding, thereby reduc-
ing mechanical performance. Additionally, with increasing
CNTs concentration, more conductive networks form within
the TPU matrix, leading to a steady increase in electrical
conductivity, with the TC-1 achieving 2.33x 107> S cm™!
(Fig. S8). As shown in Figs. 2g, h and S9, the TC foams
possess interconnected irregular micropores. In the TC-1,
these micropores range from 3.12 to 51.7 pm, with an aver-
age size of 12.29 pm. These micropores reduce the weight of
the sensors, enhancing usability, and allowing deformation
under multidirectional forces. These results indicate that the
volumetric extensional flow in the ERE achieves a homo-
geneous dispersion of Na,SO, and CNTs within the TPU

SHANGHAI JIAO TONG UNIVERSITY PRESS

matrix, forming a stable three-dimensional interconnected
conductive network with uniform pore size distribution
(Fig. S3 and Note S1) [56]. After evaluating the combined
properties of the TC foams, the TC-1 was selected as the
primary body for the TCGS due to its excellent mechanical
strength, conductivity, and uniform pore size distribution.
In the TCGS, the uniformly dispersed CNTs build inter-
connected conductive channels within the TPU skeleton
(Figs. 2i and S10). These channels can accommodate defor-
mations in all directions and have a broad strain range,
allowing them to sense external forces coming from all
directions. The metal templates featuring Archimedean
spirals with varying numbers of turns were designed to

@ Springer
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Fig. 2 Microscopic morphology and characterization of TCGS. a A square TC-1 supported by a pink flower. b TC-1 shown before and after
immersion in deionized water for 12 h. ¢ FTIR spectra. d XRD patterns of TC-0, TC-0.5, TC-1, TC-1.5, and CNTs. e Tensile stress—strain
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Enlarged view of h, j, k Surface SEM images of TCGS-7. 1 Cross-section SEM images and m elemental distribution of TCGS-7. n Laser scan-
ning confocal microscopy image. 0 XPS survey spectra of GNS, TC-1, and TCGS-7. p C 1s XPS spectrum of TCGS-7

construct secondary crack arrays (Fig. S11). In the TCGS-
7, the crack arrays are arranged in a 7-turn Archimedean
spiral (Fig. 2j, k), with a crack spacing of approximately
2.3 mm and a crack width of 50 pm. Additionally, Figs. S12
and S13 show SEM images of TCGS-7, featuring cracks
with widths of 25, 100, and 127 um, as well as depths of
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65 and 155 pm, respectively. The GNS/PDMS coating is
uniformly distributed on the TCGS-7 surface, forming a
tertiary micro-nanostructured layer with superior electrical
conductivity and superhydrophobicity, which can effectively
shield the TCGS-7 from damage caused by water droplets
or flow (Fig. S8). The Archimedean spiral-shaped cracks

https://doi.org/10.1007/s40820-024-01575-2
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can produce displacement responses to external forces in
all directions, causing changes in the conductive network
formed by GNS on the surface and variations in resist-
ance. Moreover, the cracks, with a depth of around 130 um,
are surrounded by numerous micropores (Fig. 21). These
micropores can disperse the stress concentration induced
by the cracks and improve the stability. The cross-sectional
elemental distribution of TCGS-7 was further analyzed, and
the results are shown in Fig. 2m. Dense carbon and oxygen
are distributed in the matrix, while silicon is predominantly
located on the surface, reflecting the uniform distribution of
GNS bonded to PDMS. This indicates that the GNS/PDMS
layer primarily forms on the surface and does not penetrate
the cracks, thereby effectively preserving structural integrity.
The image taken with laser scanning confocal microscopy
reveals that the TCGS-7 surface is geometrically homogene-
ous. The cracks are uniformly distributed in an Archimedean
spiral, ensuring the stability of the sensing signal (Fig. 2n).
The surface composition of GNS, TC-1, and TCGS-7 was
analyzed using XPS spectroscopy (Fig. 20). Significant
increases in the intensities of the O 1s, Si 2s, and Si 2p peaks
indicate the successful construction of the GNS/PDMS coat-
ing on the surface of TCGS-7. Figure 2p shows the high-
resolution XPS spectra of carbon in the TCGS-7. The char-
acteristic peaks at 284.8, 285.9, 287.1, and 289.1 eV belong
toC-C,C—-0,C=0, and C(O)O, respectively. Compared
to TC-1, the decrease in the carbon—oxygen ratio and the
intensity of the C-O peak in TCGS-7 indicates that GNS
is partially embedded in PDMS, forming a dense and uni-
form GNS/PDMS coating. This coating increases the surface
roughness of TCGS-7 and reduces its surface free energy,
contributing to the stable superhydrophobicity of TCGS-7
(Table S2 and Fig. S14). Therefore, the synergistic structure
of micro-pores and cracks, along with the stable internal and
external three-dimensional conductive network, provides a
highly sensitive and reliable material foundation for liquid
leakage detection.

3.3 Strain Sensing Performance

The geometric properties of cracks, particularly depth and
width, are crucial for the sensitivity of sensors. The opening
and closing of cracks affect the conduction paths, resulting
in significant changes in resistance, thereby enhancing strain
detection sensitivity. The sensitivity of the strain sensor was
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quantified by the gauge factor, GF = (AR/R,)/Ae, where
AR is the difference between instantaneous resistance (R)
and initial resistance (R)), and Ae represents the applied
strain [58]. In the testing of TCGS-7 with different crack
widths, the results showed that the sensor with a width of
50 pm exhibited the highest sensitivity in the 0 to 2% strain
range, achieving a maximum GF of 218.13, which is sig-
nificantly higher than that of other widths (Figs. 2k, 3a,
and S12). Narrow cracks have limited opening and closing
ranges, resulting in minor changes in conductive paths and
reducing sensitivity, while excessively wide cracks decrease
conductive path variations, weakening mechanical strength
and affecting stability. Regarding crack depth, as the crack
depth of TCGS-7 increases from 65 to 155 pm, sensitiv-
ity initially increases and then decreases. The sensor with
a depth of 130 pm exhibits the highest sensitivity at 2%
strain, exceeding the sensitivities of the sensors with depths
of 155 and 65 pm, which are 200.24 and 98.79, respectively
(Figs. 21, 3a, and S13). While deeper cracks enhance sensi-
tivity, excessively deep cracks may reduce stability. There-
fore, selecting a combination of a width of 50 pm and a
depth of 130 pm achieves the best balance between sensitiv-
ity and stability for the sensor.

The number of turns (V) of the Archimedean spiral cracks
was controlled by altering the metal mold’s geometry during
p-ECM without changing other geometrical factors, such
as the crack depth and width. The electromechanical char-
acteristics of the TCGS with Archimedean spiral cracks of
varying N were examined by measuring the change in rela-
tive resistance with strain. By comparing the sensitivities of
TCGS-0, TCGS-3, TCGS-5, and TCGS-7 within the small
strain range of 0 to 2%, it was found that the sensors’ sensi-
tivity increased with the number of crack turns (Fig. S15).
Specifically, the TCGS-7 exhibited a GF exceeding 97.35
in the strain range of 0 to 0.7%, and reaching 218.13 in
the strain range of 0.7% to 2% (Fig. 3a), representing an
approximately 4300% improvement compared to the maxi-
mum GF of 4.85 for the TCGS-0, which has no cracks. This
result demonstrates the critical role of cracks in enhancing
sensor sensitivity. Further tests were conducted to evalu-
ate the detection limits of sensors with different N through
a series of comprehensive cyclic induction experiments in
the ultra-low strain range of 0.1% to 1% (Figs. 3b and S16).
The results showed that the detection limit decreased as the
N increased. The detection limit of TCGS-7 was as low
as 0.1%, and even at this extremely low strain, the sensor

@ Springer
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could obtain reliable and distinguishable cyclic response
signals, demonstrating its ability to accurately identify dif-
ferent strain levels. This exceptional precision in detecting
subtle strain changes highlights the sensor’s potential for
a variety of high-sensitivity applications. Additionally, by
comparing TCGS-CM (GF of 1.49), TCGS-0 (GF of 4.85),
and TCGS-M (GF of 14.56) within the range of 0 to 2%, we
further demonstrate the dominant role of cracks in enhanc-
ing sensor sensitivity (Fig. S17). While the micropores in
TCGS-0 contribute to a moderate sensitivity improvement
compared to TCGS-CM, the presence of cracks in TCGS-M
leads to a significantly higher GF. However, the synergistic
combination of both micropores and cracks achieves even
higher sensitivity, highlighting the importance of these two
features working together to optimize sensor performance.

The speed of response-relaxation plays a pivotal role in
determining the sensor’s responsiveness to external forces.
This was investigated at 0.3% strain with various frequencies
of 0.1, 0.3, 0.5, 0.7, 1, and 3 Hz (Fig. 3c). The consistently
rapid response signals demonstrate the sensor’s high effi-
ciency in adapting to strains across a wide range of frequen-
cies. As shown in Fig. 3d, a rapid response time of 350 ms
and a recovery time of 700 ms are realized at a straining
speed of 1000 mm min~!. When the sensor is subjected to
the same pressures in both the X and Y directions, the output
resistance changes virtually identically (Fig. S18). Addition-
ally, the TCGS-7 maintains remarkable stability and durabil-
ity, enduring over 5000 cycles without significant degrada-
tion, even when subjected to an ultralow strain of just 0.3%
at a frequency of 1 Hz (Fig. 3e). This proves the sensor’s
dependability and suitability for long-term applications.
Notably, the outstanding superhydrophobicity of the sensor
ensures stable sensing performance even after 15 days of
submersion in water (Fig. S19), making it ideal for applica-
tions in humid environments.

In order to better understand the sensing mechanism of
the TCGS, finite element analysis (FEA) was utilized to
analyze the micropore-crack synergistic effects. Initially,
we constructed four distinct FEA models to simulate Archi-
medean spiral cracks with N values of 0, 3, 5, and 7, each
featuring a crack width of 0.2 mm and depth of 0.5 mm
within a substrate size of 40 x40 x 1 mm? (Fig. 3f and Note
S2). The results indicate that the presence of the cracks
significantly reduces the mechanical strength of the mate-
rial. A denser distribution of cracks is associated with an
enhanced displacement response to external forces, thus
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showing increased sensitivity, as demonstrated in Fig. S15.
The models with Archimedean spiral cracks exhibit consist-
ent maximum displacements in both X and Y directions due
to the unique continuous arc geometry of the cracks. The
Von Mises stress is primarily concentrated at the base of the
spiral cracks, and the continuous curvilinear shape of these
spiral cracks optimizes the stress distribution, thereby reduc-
ing stress concentration in any single area. As N increases,
the crack distribution becomes more uniform, effectively
reducing local stress concentrations and thus decreasing the
maximum stress levels within the model (Fig. S20). This
uniform distribution results in a more even stress distribution
across the X and Y axes, thus minimizing the variance in
maximum stress values between these two directions, ensur-
ing consistent sensitivity and stable performance regardless
of the direction of applied forces, as evidenced by Fig. S18.

Furthermore, the simulations with progressively increas-
ing loads from 0.01 to 0.07 MPa along the X and Y axes
demonstrated that both displacement and Von Mises stress
in the model increased linearly with the load, confirming the
model’s consistent responsiveness to load variations (Figs. 3g
and S21-S24). Owing to their unique geometric shape, these
Archimedean spiral cracks serve as the paths of least resist-
ance, facilitating stress propagation and leading to displace-
ment radiating outward from the center of the model. With
an increasing N, each turn of the cracks diminishes the inten-
sity of the stress wave passing through, significantly reducing
stress concentration at the model’s center, thus enhancing its
structural integrity and stability. In contrast, the model devoid
of cracks (N = 0) experiences displacement from the ends
towards the center, attributable to a homogeneous stress dis-
tribution, leading to increased end displacement as pressure
rises. Consequently, the Archimedean spiral cracks play a key
role in enhancing the sensitivity of the sensor. This enhance-
ment results from a marked resistance change due to increased
strain emanating from the center outward, which provides a
solid foundation for the enhancement of the sensitivity of the
strain sensors.

To further investigate the synergistic effects of the cracks
and micropores in strain sensors, a comprehensive model inte-
grating both features was developed (Fig. 3h and Note S3).
As the strain increases, the Von Mises stress significantly
rises, particularly at 3% and 5% strain, where high-stress
areas become prominent and spread throughout the model
(Fig. S25). Additionally, the increase in strain significantly
affects the distribution of current density. With no strain, the
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current primarily flows along paths with lower resistance
between the micropores. As the strain increases, the defor-
mation of the micropores and cracks alters the conductive
pathways, causing high current density areas to disperse and
expand, thereby increasing the overall resistance of the mate-
rial. As discontinuous elements, the micropores play a crucial
role in preventing rapid crack propagation and reducing stress
concentration at crack locations, effectively preventing the for-
mation of large-scale stress concentration areas. Additionally,
micropores increase high current density areas, significantly
enhancing the rate of resistance change. Therefore, the syn-
ergistic effects of cracks and micropores greatly reduce the
risk of material failure, enhance the detection of minute strain
changes, and improve the sensitivity and stability of the sensor.
By adjusting the size, distribution, and location of micropores
and cracks, the sensors can be tailored for specific purposes.
This innovative approach significantly surpasses conventional
designs (Fig. 3i), paving the way for the creation of strain sen-
sors with high sensitivity and stability.

3.4 Wettability and Droplet Detection Performance

Superhydrophobic surfaces are pivotal in enhancing the sen-
sitivity and durability of sensors for liquid leakage detection
due to their exceptional water repellency. This repellency is
achieved through a synergistic combination of high surface
roughness and low surface energy [34]. In this work, a cost-
effective and scalable approach was employed to develop
superhydrophobic surfaces on the sensors. First, GNS and
PDMS were uniformly dispersed in an EA solution via ultra-
sonication. By precisely controlling the spraying speed, a
balance between the rates of spraying and solvent evapora-
tion was achieved, forming a uniform micro-nanostructured
GNS/PDMS coating on the sensor’s surface. Upon heating,
the PDMS cured and the TPU matrix softened, embedding
the GNS firmly within the composite matrix, thereby ensur-
ing the stability of the micro-nanostructures. As illustrated
in Fig. 4a, the original surface (TC-0) had a contact angle
(CA) of 102 +4° and a rolling angle (RA) of 90°. After
coating (TCGS-7), the CA increased to 165 +2°, and the
RA significantly decreased to 5 + 1°, suggesting enhanced
surface roughness and improved droplet mobility. The tran-
sition from a hydrophobic to a superhydrophobic state is
attributed to the combined effects of the increased rough-
ness and the low surface energies of the GNS/PDMS coating

© The authors

[61]. According to the Cassie-Baxter model, these surface
micro-nanostructures are capable of trapping large amounts
of air, which effectively reduces the contact area of the
droplets with the surface, thereby drastically improving the
contact angle and achieving superior superhydrophobicity
[33]. Moreover, even after over 300 cycles of bending and
stretching, TCGS-7 retained a CA above 150° and a RA
below 10° (Fig. S26). These results confirm that TCGS-7
can effectively maintain its superhydrophobic characteris-
tics under significant mechanical stress, demonstrating its
robustness and suitability for applications involving frequent
bending and stretching.

The dynamic wettability of the superhydrophobic surface
was further analyzed to assess its applicability in the real
world. In experiments, water droplets of 10 pL were released
onto the surface from varying heights (3, 5, 7, and 10 cm).
Utilizing the free-fall formula (v = \/Z(Th), the impact veloc-
ities (v) of water droplets on the TCGS-7 surface were calcu-
lated to be 0.77,0.99, 1.17, and 1.40 m s, respectively. The
dynamic processes were captured using a high-speed video
camera at 10,000 fps (Videos S1-S4), and typical snapshots
are shown in Figs. 4b and S27. Initially, the droplet under-
goes inertial dominated spreading upon first contact with
the superhydrophobic surface, characterized by a decrease
in height [62]. As spreading continues, the morphology of
the droplet evolves from a spherical shape to a cap shape
and then to a disk shape, simultaneously experiencing a
decrease in kinetic energy that leads to an increase in sur-
face energy. At maximum spread, the surface energy peaks
while the kinetic energy nears depletion. This is followed
by a retraction process dominated by surface tension, which
draws the droplet rim towards the center and increases its
height, thereby leading to a decrease in surface energy and
an increase in kinetic energy. The spreading length decreases
until it reaches zero, at which point the droplet rebounds.
Due to energy dissipation during surface contact, the kinetic
energy of the rebound is lower than that of the initial impact.
Similarly, the TCGS-7 demonstrates its robust resistance to
water jets, as a jet at 7.5 m s~! is completely rebounded
without leaving residue on the TCGS surface (Fig. S28).
Throughout the impact process, the water droplets and water
jets remain superhydrophobic in various states, proving that
the TCGS-7 surface has excellent resistance to water impact.

TCGS-7 has excellent cutting properties, allowing for the
fabrication of samples in various shapes tailored to differ-
ent application scenarios, with sensitivity varying based on

https://doi.org/10.1007/s40820-024-01575-2
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the specific shape. This variation in sensitivity primarily
arises from differences in the sensor’s micropores and crack
structures, which significantly affect its performance. To fur-
ther evaluate the sensor’s ability to detect water droplets, a
strip sensor (5x40x 1 mm®) was prepared for testing. The
TCGS-7 strip sensor can withstand strains of up to 5% and
exhibits a marked increase in sensitivity, reaching a GF of
991.62 (Fig. S29). The sensor was fixed in a cantilever con-
figuration to detect the response signal from water droplets,
as shown in Fig. S30. Different volumes of water droplets
(10, 20, 30, 40, 50, and 70 pL) were precisely controlled
using injection needles with varying inner diameters (Fig.
S31). The droplets were dropped from a height of 30 cm
above the sensor, producing single-peak response signals
with varying amplitudes (Fig. 4c). Although all droplets
contact the sensor at the same impact velocity (2.42 m s~ )
due to free fall, their different volumes lead to changes in the
impact force. The impact force is determined by the formula:
Fe AP_m(Vf_Vi) )

At At

where m represents the mass of the droplets, vy and v; are the
velocities of the droplets after and before impact, respec-
tively, and Az is the contact time. Assuming v, = 0 (If the
velocity of water droplets after impact decreases to zero, or
the rebound velocity can be ignored), the formula simpli-
fies to

my;

F=-= ()

The deformation (deflection) of the cantilever sensor is
derived using the theory of bending in material mechanics
[63]. The maximum deflection is calculated with:

3
A FL

=35 3)

where F is the force applied on the sensor, L is the length
of the sensor, E is the elastic modulus of the material, and
I is the moment of inertia of the sensor section. Integrating
these principles, the strain (¢) in the sensor is expressed as:

AL _ pVy/2ghL? @
T T T 3EIAM

This formulation demonstrates that the strain is directly
proportional to both the drop height and droplet volume,
and also depends on the physical and structural proper-
ties of the sensor. Changes in droplet height and droplet
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volume directly influence the deformation degree of the
sensor. These deformations alter the cracks and micropo-
res of the sensor, affecting both the GNS conductive net-
work on its surface and the CNTs network inside, thus
resulting in changes in resistance. By establishing a linear
correlation between the resistance changes and droplet
volume, the following formula is derived:

y = 0.017x + 0.180 (R* = 0.980) )

This confirms a strong linear relationship between the
droplet volume and the signal change magnitude, high-
lighting the sensor’s high precision in detecting water
droplets of varying sizes.

To investigate the effect of impact velocities on the
deformation of the sensor, experiments involving water
droplet impact at varying velocities were conducted
(Fig. 4d). By adjusting the falling height, the impact
velocities of 70 pL water droplets were calculated to be
0.99, 1.40, 1.71, 1.98, 2.42, and 2.8 m s~ !, respectively.
As the impact velocity increases, the corresponding impact
force also increases, resulting in greater deformation of the
sensor. This increased deformation exacerbates the discon-
tinuity between the GNS and CNTs conductive network,
thereby leading to amplified changes in resistance. A lin-
ear relationship between the impact velocities of water
droplets and the peak changes in resistance signals was
established, as evidenced by the equation:

y = 0.646x — 0.302 (R* = 0.989) (6)

This exhibits a strong linear relationship between the
impact velocity and the signal change amplitude, indicating
the sensor’s consistent and predictable response to mechani-
cal stress. The sensor’s exceptional performance stems from
the synergistic interaction between the micropores and
cracks, which rapidly induce resistance changes by adjusting
the conductive network of GNS and CNTs. Additionally, the
sensor’s superhydrophobic surface plays a crucial role not
only in enhancing durability against repeated water impacts
but also in improving sensitivity by minimizing baseline
noise caused by water adhesion. These capabilities enable
the sensor to sensitively monitor water droplet response sig-
nals and estimate the droplet size and impact velocity, mak-
ing it suitable for droplet detection under various conditions.

Furthermore, the electrical response of the sensor to leak-
age from various liquids was tested. The sensor exhibited

https://doi.org/10.1007/s40820-024-01575-2
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consistent and reliable response behavior with different lig-
uids, including tap water, solutions with different pH val-
ues, salt solutions ranging from 1% to 10% concentration,
and mud with 1% to 10% concentration (Figs. 4e and S32).
On the sensor surface, different droplets all exhibit large
CA > 160° and small RA < 10° (Fig. 4f). Different droplets
(70 pL) dropped from a height of 30 cm produce significant
signals, regardless of the droplet composition. Further test-
ing of the sensor’s long-term leakage detection capability
revealed that it possessed long-lasting stability, indicating
that it is suitable for long-term droplet leakage detection
(Fig. 4g). This resistance to acid, alkali, salt, and mud is
credited to the material and structural design of the sensor,
particularly the TPU base and its stable GNS/PDMS super-
hydrophobic coating. In summary, the remarkable sensitiv-
ity and stability of the sensor in a range of liquid environ-
ments make it exceptionally suitable for leakage detection
applications.

3.5 Applications of TCGS in Liquid Leakage Detection

Underneath cities, the complex networks of pipelines serve
as the lifeline of urban operations, transporting water and
other essential liquids. However, frequent leakages not only
waste resources but also pose environmental and public
safety risks. In response to this challenge, the use of the
TCGS for leakage detection offers an effective solution.
Specifically, the electrodes of the TCGS are connected to
a microcontroller, which captures changes in resistance
signals caused by liquid leakages and wirelessly transmits
these signals to a smartphone via Bluetooth or WiFi, ena-
bling remote monitoring (Fig. 5a). Additionally, the leakage
detection device visually indicates the severity of leakages
through warnings of different colors, ranging from green for
no leakage to red for serious leakage, thus enabling pipeline
managers to quickly identify and address these issues. The
widespread deployment of these leakage detection devices
in urban pipeline systems ensures that the leakages can be
detected and located promptly, even in areas that are hidden
or difficult to access.

In practical application, an experimental scenario was
established to simulate pipeline leakages (Fig. 5b). By con-
trolling the size of the leakage point and the flow rate, vari-
ous situations of droplet leakage, small water flow leakage,
and large flow leakage were successfully simulated. In this
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scenario, the TCGS-7 was fixed on a container in the form
of a cantilever beam, and its electrodes were connected to
an STM32 chip on PCB1 (Fig. S33). The TCGS-7 was con-
nected in parallel with a resistor R}, and the voltage change
in the sensor was monitored through an ADC module of the
STM32 chip to determine the change in resistance (Fig. 5c).
The signal was wirelessly transmitted to the STM32 chip on
PCB2, which converted the signal into a visual LED alarm
signal (Fig. S34). At the same time, the signal was also sent
to a smartphone via Bluetooth to display alerts of different
levels. By programming specific parameters, voltage values
corresponding to different degrees of liquid leakages could
be set (Fig. 5d). For example, a normal state corresponds to
voltage V,, droplet leakage to voltage V,, small flow leakage
to voltage V3, and large flow leakage to voltage V,. When the
voltage exceeds the preset value, the LEDs light up, and the
corresponding alarm signal is displayed on the smartphone.
Specifically, in the scenario shown in Fig. 5b, e and Videos
S5-S9, when there is no leakage, the sensor remains unde-
formed, and a green LED is lit, with the phone displaying
a green “Normal”. When a droplet leakage occurs, the sen-
sor deforms slightly, and a red LED is lit, with the phone
displays a yellow “Warning”. A small flow leakage causes
a more significant deformation of the sensor, lighting up
two red LEDs, with the phone displaying an orange “Warn-
ing”. When a large flow leakage occurs, the sensor deforms
even more significantly, and three red LEDs light up, with
the phone displaying a red “Warning”. After the leakage is
repaired and there is no more liquid leakage, the sensor’s
resistance value returns to normal, a green LED is lit, and
the phone displays a green “Normal”, indicating that the
system has returned to its original state. These differences
enable the leakage detection device to effectively differenti-
ate between different degrees of liquid leakages, providing
extremely reliable information for the timely repair of the
leakage points.

For various compositions of liquid leakages, including
acidic (pH=15), alkaline (pH = 10), saline (5% concentra-
tion), and mud (5% concentration), the leakage detection
device also demonstrates high sensitivity in detecting droplet
leakage, small flow leakage, and large flow leakage (Figs. 5f
and S35-S38). This finding indicates that the leakage detec-
tion device is not only capable of detecting leakages from
different liquids but also effectively assesses the severity of
various liquids leakages. Therefore, the TCGS-based leak-
age detection device demonstrates wide applicability and
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efficiency in a variety of practical application scenarios, pro-
viding critical early warnings for both industrial pipelines
and potential liquid leakage situations in daily life, thereby
offering valuable time windows to prevent potential damage.
This advancement is expected to significantly improve the
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efficiency of urban pipeline management, reduce the risk of
leakages, and make a crucial contribution to the sustainable
use of water resources and the development of a safe and
efficient urban environment.
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4 Conclusion

In summary, we have successfully developed a TCGS leak-
age detection device characterized by exceptional sensitivity
and stability, capable of sensitively detecting and providing
warnings for liquid leakages with high precision. Inspired
by the sensing mechanisms of scorpions, the TCGS utilizes
the synergistic effects of micropores and Archimedean spiral
cracks, displaying the following advantages: (1) the manu-
facturing method combines p-ECM and surface modifica-
tion, offering high cost-effectiveness, simplicity, and scal-
ability; (2) the Archimedean spiral crack arrays enhance
the sensor’s sensitivity by 4300%, achieving a sensitivity of
218.13 at a strain of just 2%; (3) the synergistic structure of
micropores and cracks significantly reduces stress concentra-
tion, greatly improving the sensor’s stability and ensuring
a lifespan of over 5000 cycles; (4) the robust superhydro-
phobicity of the TCGS effectively prevents liquid adhesion
and maintaining high sensitivity and stability even in wet
environments; (5) it is capable of quantitatively detecting
small volumes of liquid at various sizes and velocities, with
a linear response exceeding 0.98; (6) the device supports
real-time wireless detection of leakages from a variety of
liquids, including water, acids, alkalis, saline solution, and
mud. The TCGS-based device covers a wide range of leak-
age scenarios from droplets to large flow leakages and can
issue timely alarms. Therefore, the detection device exhibits
practical value in preventing global liquid leakage and pro-
moting sustainable development, owing to its exceptional
environmental adaptability and scalability.
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