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Recent advances in bioelectronics in mechanical and electrophy-
siological signal detection are remarkable, but there are still limita-
tions because they are inevitably affected by environmental noise
and motion artifacts. Thus, we develop a gel damper-integrated
crack sensor inspired by the vibration response of the viscoelastic
cuticular pad and slit organs in a spider. Benefitting from the specific
crack structure design, the sensor possesses excellent sensing beha-
viors, including a low detection limit (0.05% strain), ultrafast response
ability (3.4 ms) and superior durability (>300 000 cycles). Such typical
low-amplitude fast response properties allow the ability to accurately
perceive vibration frequency and waveform. In addition, the gel dam-
per exhibits frequency-dependent dynamic mechanical behavior that
results in improved stability and reliability of signal acquisition by
providing shock resistance and isolating external factors. They effec-
tively attenuate external motion artifacts and low-frequency mechan-
ical noise, resulting in cleaner and more reliable signal acquisition.
When the gel damper is combined with the crack-based vibration
sensor, the integrated sensor exhibits superior anti-interference cap-
ability and frequency selectivity, demonstrating its effectiveness in
extracting genuine vocal vibration signals from raw voice recordings.
The integration of damping materials with sensors offers an efficient
approach to improving signal acquisition and signal quality in various
applications.

1. Introduction

Advanced bioelectronics, particularly wearable and implantable
devices, have shown tremendous promise in the field of con-
tinuous detection and measurement of human physiological
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New concepts

Advanced bioelectronics, particularly wearable devices, have shown great
promise in detecting and measuring human physiological signals.
Researchers have developed various wearable or implantable flexible
vibration sensors based on different sensing mechanisms, allowing for
the accurate acquisition of physiological data related to vibration during
human-machine interactions. However, these sensors often record sig-
nals contaminated by artifacts and noise, necessitating optimized analy-
sis algorithms for noise removal, which can cause partial distortion and
delay. Inspired by spider-specialized slit organs and damping structures
with cuticle pads, we explored the potential of spider-inspired sensory
systems for wide-ranging and heightened vibration detection. By integra-
ting slit-inspired sensors and gel damping mechanisms, a novel strategy
was proposed to fabricate a physiological sensing system with a high
signal-to-noise ratio. The crack-based sensor exhibits excellent sensitivity
and precise perception of vibration frequency and waveform, while the
gel damper effectively attenuates external artifacts and noise, ensuring
cleaner and more reliable signal acquisition. The integration of damping
materials with sensors offers an efficient approach to improving signal
quality and anti-interference capability, holding significant potential in
various applications, including acoustic analysis and speech research.

signals.””” To obtain accurate physiological data on frequency,
amplitude, and mode related to vibration during human-
machine interaction, researchers have developed a series of
wearable or implantable flexible vibration sensors based on
different sensing mechanisms, such as piezoelectricity,® piezo-
resistance,™” friction electricity,®® capacitance,” and photo-
electric effect.’® These sensors have been applied in the fields
of human health monitoring of mechanical and electrophysio-
logical signals. However, most reports have focused on the
synthesis, design, and preparation of sensitive materials
to acquire sensing units with high sensitivity. However, the
signals recorded from these sensors often contain artifacts
caused by unexpected human activities and environmental
noise, such as heart rate signals during walking and respiratory
frequency during singing. To selectively remove these extra
interferences embedded in dynamic signals, the existing
approach relies on utilizing optimized analysis algorithms,
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such as bandpass filtering and high-pass filtering,'" to delib-
erately select discrete information and filter out noise signals.
However, signal processing by algorithms may cause partial
distortion and cannot selectively acquire target frequency
bands. Moreover, the corresponding signal delays and lags
can occur in additional signal transmission and analysis
processes. ™

Spiders have specialized sensory organs called slit organs on
their legs, which are involved in detecting vibrations and air
movements."® The slit geometry allows sensitive deformation
recognition by enabling mechanical compliance, which can
detect the small deformation of the slit in response to vibra-
tions in their surroundings."” In addition to their sensitive slit
organs, spiders have a unique damping system that includes
cuticle pads, which play a crucial role in their survival and
hunting strategies. The cuticle pad in spider vibration receptors
has damping and shock-absorbing properties, allowing spiders
to detect small vibration signals caused by prey under windy
and rainy conditions."” Through the acquisition of high-
precision vibration signals by crack-shaped slit organs and
selective frequency filtering by the viscoelastic keratin layer,
spiders can distinguish and identify target vibration character-
istics from intrinsic noise in the environment, achieving a
physical filtering effect.

The combination of slit organs and the damping structure
with cuticle pads gives spiders a sophisticated and finely tuned
sensory system. Numerous researchers have focused on the poten-
tial of spider biological sensory systems, which enable wide-
ranging and heightened vibration detection.>™” Specifically,
spider slit-inspired sensors contribute to ultra-sensitivity.'®
Moreover, intrinsically stretchable elastic materials for substrates
improve hysteresis, response time, and sensing range.'® Despite
recent progress in ultra-sensitivity spider bionic sensors by intro-
ducing slit structure, few studies have focused on improving their
damping capabilities to isolate or eradicate the disruptions caused
by signals unrelated to the target. Gel damping exhibits visco-
elasticity similar to that of the spider’s cuticle. Gel damping refers
to the utilization of gel materials within sensor systems to mitigate
or suppress interference and noise in signals.*® By leveraging the
viscoelastic properties of gels, this approach can effectively attenu-
ate external perturbations and reduce undesired vibrations or
oscillations that may otherwise compromise the accuracy and
precision of signal measurements.*' The application of gel damp-
ing in biological signal monitoring encompasses diverse domains,
and these gel-based damping mechanisms have the potential to
minimize motion artifacts, electrical noise, and environmental
disturbances, thereby facilitating the acquisition of more robust
and artifact-free biological signals.

Above all, the integration of flexible vibration sensors and
biomimetic selective dampers enables high-precision signal
acquisition and physical filtering, leading to the acquisition
of signals with a high signal-to-noise ratio (SNR). Hence,
inspired by the spider’s organ, we proposed a novel strategy
involving the utilization of nanomaterial-loaded crack-based
sensors to fabricate a physiological sensing system integrated
with frequency gel dampers. The presented crack sensor
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exhibits high sensitivity with an excellent gauge factor of
28510, and the sensor effectively detects and measures small
to large changes in strain in a wide sensing range of 0-800%.
Its remarkable ability to accurately perceive the vibration
frequency and waveform makes it a promising sensory device
for detecting bioelectronic signals. Pad-inspired gel-damping
materials have been demonstrated to enhance the stability and
reliability of sensors by providing shock resistance and isolat-
ing external factors. Gel damping effectively attenuates external
motion artifacts and low-frequency mechanical noise, resulting
in cleaner and more reliable signal acquisition. By integrating
the gel damper with a crack-based vibration sensor, the com-
bined sensor exhibits superior anti-interference capability and
frequency selectivity. The gel-damped integrated sensor proves
effective in extracting genuine vocal vibration signals from raw
voice recordings, demonstrating its potential to enhance acous-
tic analysis and speech research. The integration of damping
materials with sensors offers an efficient approach to improve
signal acquisition and signal quality in various applications.

2. Results and discussion

2.1 Structural design and working mechanism of the
spider-inspired sensing system

Spiders are fascinating creatures, and their ability to sense and
interpret vibrations is a crucial part of their survival and
reproductive strategies.”> They have evolved specialized vibra-
tion detectors that allow them to perceive and respond to
various environmental cues, particularly those related to their
prey, potential threats, and mating opportunities (Fig. 1a).>>
As shown in Fig. 1b, when an external force, such as vibration,
is applied to the leg, it causes the slits to close through
compression. By emulating the structure and adjusting the
mechanism of the slit organ, we created a sensor that exhibits
non-linear changes in electrical resistance when subjected to
deformation. This effect is achieved by introducing micro
cracks onto a flexible conductive film (Fig. 1c). The exceptional
sensitivity of the sensor enables an adjustable and dynamic
sensing range, allowing it to monitor frequencies and ampli-
tudes across various scales with remarkable precision. In addi-
tion, the vibration sensors are composed of a cuticular pad with
specific properties. The pad contains parallel slits that are
embedded in the spider’s cuticle and are covered by an outer
membrane (Fig. 1d). The cuticular pad exhibits viscoelastic
damping behavior owing to the presence of viscous hydrogen
bonds between the chitin (a component of the spider’s exoske-
leton) and protein chains within the pad.>® In the context of
viscoelasticity in Fig. le, the material exhibits both viscous
(fluid-like) and elastic (solid-like) characteristics. This means
that the cuticular pad responds to vibrations by deforming
slightly and then returning to its original shape. As illustrated
in Fig. 1f, this viscoelasticity allows the pad to respond differ-
ently to vibrations of varying frequencies. When the applied
vibration frequency is above a certain threshold (low frequency),
the pad changes from a rubbery state to a glassy state. The phase
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Fig. 1 Structural design and working mechanism of the spider-inspired sensing system. (a) Amping in a spider’s cuticular pad between and vibration
sensor in lyriform slit organs. (b) Schematic illustration of the morphological features of the slit organ. (c) Morphological feature-inspired sensing
mechanism of the crack sensor along the opening and closing of the crack. (d) The slits are in a highly stiff exoskeleton (surface) and a viscoelastic pad
(below the exoskeleton). The slits (crack sensors) are connected to the pad (gel damper) to monitor vibrations. (e) Schematic illustration of the structural
features of the cuticular pad. (f) Viscoelastic properties of the spider’'s pad, which depend on the applied frequency of vibration.

transition facilitates the pad in selectively transmitting target
vibration signals while effectively filtering out low-frequency
noise. By combining the damping properties of the cuticular
pad and the structure of the selective vibration detectors,
spiders can effectively separate important vibration signals
from the background noise. This enables them to focus on
crucial cues related to their prey, predators, and potential
mates, even under adverse conditions, such as windy or rainy
environments.

By investigating the structure and mechanisms of the selec-
tive vibration detectors of spiders in detail, a spider-slit-organ
inspire sensor system is designed.>* The fabrication process of
the bioinspired vibration sensors based on the micro crack
structure is described in detail in the experimental section and
ESLt Thermoplastic polyurethanes (TPUs) with flexibility,
durability, and biocompatibility were selected as materials to
prepare the foundation of the sensors. The TPU substrate was
freshly produced by electrospinning, leading to the formation
of a structurally deformable elastic fiber web (Fig. S1 and S2,
ESIt). To endow the electrical response properties, stable
MXene ink was prepared to be assembled (detail in the ESIt
of Fig. S3-S5). Plasma treatment was applied to improve the
hydrophilicity of the TPU substrate surface (Fig. S6, ESIT),
thereby enhancing adhesion and avoiding delamination of
the conductive layer on the substrate.” After vacuum filtration
deposition, MXene was coated on the surface of the electrospun
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TPU fibrous membrane, forming an electrically conductive
layer on the surface, and the microcracks structure was then
constructed by pre-bending (Fig. S7, ESIT).

The MXene-loaded content in the samples was calculated by
performing TGA analysis, demonstrating that approximately
30% of the composite structure was composed of filtered
MXene (Fig. S8, ESIT).

The typical (002) peak of the MXene nanosheet was observed
in the X-ray diffraction analysis (XRD) plots of MXene@TPU,
demonstrating that MXene was successfully loaded in the TPU
fiber network (Fig. S9, ESIY). As further shown in Fig. S10 (ESIf),
the cross-sectional scanning electron microscope (SEM) image
and the energy dispersive spectroscopy mapping of the MXe-
ne@TPU film exhibited a stable network structure by tightly
wrapping the MXene nanosheets with TPU fiber. The fiber
network coated in the conductive layer can conduct electricity
in the deformed state (Fig. 2ai and Fig. S11, ESIt). Then, excess
MXene flakes continuously accumulated on the fiber network
surface and formed thin films through self-assembly (Fig. S12,
ESIT). This MXene layer on the TPU was mechanically bent with
a curvature rod, which provides a consistent curvature to
ensure uniform crack formation (Fig. S13, ESIt). Cracks gener-
ated by bending stress exhibited straight and perpendicular
alignment with the direction of stress. After pre-treatment, the
material displayed a multiscale pattern of jagged microcracks
that resembles the structure of a slit organ (Fig. 2aii)."” A highly

This journal is © The Royal Society of Chemistry 2024
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(a) Structure characterizations of a prepared crack sensor, (a(i)) SEM image in cross-sectional. (a(ii)) SEM in surface view. (b) SEM image of the gel

damper. (c) Dynamic mechanical test of the gel damper. (d) Typical tensile strain—stress curve of gel damper, crack sensor, and integrated device.
(e) Photographs show superior adhesion between the sensor and damper layers. (f) Interfacial toughness between the gel damper and the crack sensor

measured 48 hours after adhesion formation.

controllable method in terms of crack density and direction
yields reproducible electrical signals. Detecting changes in
electrical conductivity when cracks are open or closed allows
them to be employed in vibration-sensing applications.

To design and integrate a damping system into the fabri-
cated bionic crack sensor, specifically targeting the absorption
of low-frequency noise vibrations while preserving the target
signal, we fabricated a polyacrylamide acrylic (PAMAA) and
gelatin interpenetrating gel damper.”®*” It was observed that
the gel damper exhibited a specific cuticular pad structure in
the SEM image of Fig. 2b and the optical image of Fig. S14
(ESIt). The closely connected cell shapes a polymer chain from
the elastic tissue (high Young’s modulus) that experiences
external force deformation while being filled with a viscous
binary solvent as dissipating elements, together contributing
to damping capacity. As low-frequency vibrations passed
through the damper, the viscous (liquid-like) characteristics
acted as a damping mechanism, converting mechanical
energy into heat, which reduced the amplitude and intensity
of the vibrations.?® The elastic (solid-like) characteristics of the
viscoelastic gel damper material ensured that the gel damper
could deform slightly in response to vibrations and then recover
to its original shape once the external force was removed. This
resilience allows the sensor to quickly reset itself after exposure
to vibrations, ensuring that it remains sensitive to subsequent
signals.

The elevated modulus achieved a transition from viscosity to
elasticity of the gel damper, allowing for the elastic transmis-
sion of vibrational signals. To comprehensively investigate the
vibration-dependent dynamic behavior of the gel damper, we

This journal is © The Royal Society of Chemistry 2024

plotted the frequency-module curves at a reference temperature
of 25 °C (Fig. 2c). Similar to the cuticular pad of a spider, the
curves can be classified into two regimes with increasing
frequency: rubbery and glassy. When the frequency gradually
increased, the modulus of damping started to rapidly increase
at approximately 20 Hz. The damping transformed from a
rubbery state to a glassy state.

The gel damper integrated crack vibration sensor required
stable mechanical performance and a firm interface bond.
Fig. 2d demonstrates that the gel damper exhibits high stretch-
ability, with maximum elongations reaching approximately
4000% without reaching the breaking point. Furthermore, at
higher strains, no strain softening or stress declination occurred.
The nanoscale layered structure of montmorillonite formed col-
loidal particles in the gel, creating an interlocking structure
through interactions with water molecules. This helped alter the
gel’s rheological properties and mechanical performance, making
it more stable. In addition, by coating the MXene flakes, the
TPU fiber substrate exhibited enhanced mechanical properties
(Fig. S15, ESIT). Consequently, the high-toughness crack sensor
can effectively match the mechanical performance of the damp-
ing material and maintain its structural stability during defor-
mation. Consequently, synergistic interfacial bonding can
endure significant deformation of up to 300% stretch without
experiencing any debonding, as illustrated in Fig. 2e. As shown
in Fig. S16 (ESIt), during 100 cycles of stretching and releasing,
the integrated sensors demonstrated stable mechanical beha-
vior. The mechanical curve did not observe fluctuations caused
by material interface damage and modulus mismatch. The
deformed stability of the device was further investigated by

Mater. Horiz., 2024, 11, 822-834 | 825
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Fig. 3 Static and dynamic electromechanical response performance of the MXene@TPU crack sensor. (a) Relative electrical resistance-strain response
signal of the crack sensor. (b) Resistance variation of sensor applied ultra-low tensile strain. (c) Resistance variation of a sensor applied to superimpose 1%
and 5% strains on fixed 500% strain. (d) Response time of the sensor with applied 0.05% strain. (The raw signal was notch filtered at 50 Hz). (e) Durability
test of the sensor through 300 000 loading and unloading cycles at 100 Hz mechanical vibration. (f) Electrical signal variation of the crack with different
vibration frequencies (0.1 Hz, 10 Hz and 1000 Hz) and the corresponding FFT-processed frequency spectrum. (g) Recognition of the sensor to different
input mechanical vibration waveforms. (h) Representative frequency ranges of human mechanical, electrophysiological biosignals and vibration sensing
ranges. (i) Recognition of the sensor to different input biosignal frequencies.

performing a peeling experiment to test the interfacial tough-
ness of the crack sensor bond to the damper layer via adhesive
properties.®® Fig. 2f illustrates that the sensor layer can estab-
lish robust adhesion to the damper upon contact, resulting in
an interfacial toughness of 321 J m™>. However, when the
adhered sample was exposed to an open-air atmosphere, the

826 | Mater. Horiz., 2024, 11, 822-834

interfacial toughness decreased to 228 ] m~> over a period of 48
hours. The increase in interfacial toughness can be attributed
to the high viscosity of glycerin, promoting stronger interfacial
interactions.®® Despite the existence of a modulus mismatch,
the sensing system maintained a stable and durable interface.
Through the rational structural design of the crack sensor

This journal is © The Royal Society of Chemistry 2024
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and gel damping, we obtained an integrated vibration sensing
system.

2.2 Static and dynamic electromechanical response
performance of the crack sensor

Spider’s slits are highly sensitive and can capture faint vibra-
tion signals from a distance. Inspired crack sensors require
high sensitivity to perceive subtle vibrations in complex envir-
onments. Therefore, the response capability of the crack sensor
to vibration was systematically studied under controlled condi-
tions, subjecting it to various types of mechanical stimuli that
mimic real-world scenarios. Fig. 3a demonstrates that the crack
sensor exhibited a significant increase in resistance change in
response to applied loading, which is typical behavior for a
force/strain sensor. The relationship between the applied force
and the resulting resistance change was used to determine
the sensitivity of the sensor. The sensitivity (quantified by GF)
of the sensor was calculated as 28510 in a sensing range of
0-800%.

This means that even with a wide sensing range of 0-800%),
the sensor can effectively detect and measure small or large
changes in strain. This level of sensitivity makes the crack
sensor suitable for a broad range of sensing applications.

We investigated the crack structural evolution of a sensor
under various strains by conducting an in situ stretching test to
understand the sensing mechanism. Changes in the conductive
network were primarily attributed to the development of cracks
during deformation. Specifically, at a small tensile strain, the
2D MXene flakes played a crucial role.

As illustrated in the in situ SEM image of Fig. S17 (ESIY), the
presence of cracks resulted in a decrease in the number of
contact joints between neighboring 2D MXene flakes, conse-
quently hindering electron transfer and resulting in a sensitive
response. As the strain increased, a greater number of cracks
were generated, causing continuous damage to the conductive
channel, which results in a gradual increase in resistance. Fig.
S18 (ESIY) illustrates that when the deformation was consis-
tently applied, the MXene-coated TPU fiber acted as a bridge
connecting the divided MXene flakes and facilitating electron
transport. This configuration contributed to an ultrahigh
GF and an enlarged sensing range for the sensor. The use of
conductive fiber allowed the sensor to tolerate large deforma-
tions while maintaining structural stability. The cracked sensor
exhibited an obvious increase in resistance with high repeat-
ability when subjected to loading, producing up to 200% strain,
and subsequently returned to its initial state (Fig. S19, ESIT).
The corresponding cycle of resistance change demonstrated
that the loading/unloading was nearly reversible with ultralow
hysteresis within a border working range, which was a desirable
characteristic of functional sensors.

Afterward, the sensor’s response to electrical signals was
assessed under ultralow strain conditions to investigate its
ability to function as a vibration sensor with the capacity
to sense low amplitudes. As depicted in Fig. 3b, a series of
cyclic sensing experiments were carried out at ultralow stretch
strains. The results showed that the sensor exhibited

This journal is © The Royal Society of Chemistry 2024
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remarkable sensitivity, and even at an extremely low strain of
0.05%, it generated stable electrical signals that could be
accurately recorded. The incorporation of 2D MXene confers
an ultralow detection limit to the sensor, which is primarily
attributed to the sensitive contact between the nanosheets
within the crack structure.

Traditional rigid sensors face a significant challenge in
simultaneously detecting both large and subtle strains. To
demonstrate the remarkable response behavior of our sensor,
we conducted reversible stretching experiments on the sensor
from 100 to 500% strain (Fig. S19 and S21, ESIt), along with an
additional slight amplitude. Surprisingly, even when subjected
to a tensile strain of 500%, the sensor can still capture and
distinguish slight strains of 1% and 5%, demonstrating its
ultrahigh operating sensory resolution (Fig. 3c). The Mxene-
coated TPU fiber network, which serves as the skeleton, is
advantageous because of its wide strain range and excellent
sensing stability. This impressive ability to detect and differ-
entiate various strain levels has opened new possibilities for
applications in highly sensitive and precise sensing scenarios.

Additionally, the sensor’s remarkable sensing ability to even
subtle changes in strain and its rapid response contribute to
achieving a high-frequency sensing resolution. To determine
the response time, the sensor’s resistance was measured after
applying a sudden strain of 0.05%. As depicted in Fig. 3d, the
sensor exhibited an ultrafast response time of approximately
3.4 ms during tiny dynamic loading. It is noteworthy that real
response times could be even faster than the recorded value,
considering the contact duration between dynamic loading and
electronics during the experiments (Fig. S22, ESIY). Fig. $23 and
Table S1 (ESIt) provide a comparison between the crack sensor
and other recent reports, demonstrating that the sensor has
one of the lowest detection limits and the fastest response
ability among the available options. Moreover, the durability of
the sensor was thoroughly tested by subjecting it to 300000
cyclic strain tests (Fig. 3e). The cyclic test results confirmed the
stability of the crack sensor, as it consistently demonstrated a
rapid and reliable signal to the applied deformation and
returned to its original state after release. The 300000-cycle
durability test was one of the highest values mentioned in the
existing literature (Fig. S24, ESIt). Moreover, the repeatability
and cyclicity of the sensor under large deformation loads were
significant properties for practical applications. The crack
sensor underwent a series of cyclic tests involving more than
100 loading and unloading cycles, each subject to a 100%
tensile strain, as illustrated in Fig. S25 (ESIt). It consistently
demonstrated a rapid and dependable response to applied
loads and consistently reverted to its initial state after each
stretching and releasing cycle. This remarkable durability
ensured its suitability for prolonged and demanding usage
scenarios, further reinforcing its potential as an exceptional
sensing solution.

The detailed perception process of the spider to surrounding
vibrational objects could be divided into sensing the frequency
and waveforms of the vibration. Specifically, advanced sensing
with ultra-sensitive and full sensing range features was the

Mater. Horiz., 2024, 11, 822-834 | 827


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3mh01719b

Open Access Article. Published on 14 November 2023. Downloaded on 6/16/2026 5:09:40 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Materials Horizons

prerequisite for vibration recognition. Existing nature-
inspired flexible sensors were generally good at detecting slow
changes or quasi-static responses in target objects. However,
these sensors struggle to detect minute high-frequency oscil-
lations caused by dynamic loading, such as vibrations or rapid
changes in stress. By subjecting the crack sensor to controlled
dynamic stimulation, its ability to detect and respond to
sensing the vibrations can be analyzed. To evaluate the effec-
tiveness of the crack sensor in detecting vibration frequency
and waveforms, a dedicated measurement and control system
was established. (See details in the experiment section and
Fig. S26, ESTY).

We initially investigated the crack sensor’s capability to
detect the inherent frequency of a cantilever beam. As illu-
strated in Fig. S27 (ESIT), an impulsive load was applied to the
free end of the beam, causing bending stresses at the fixed end,
resulting in variations in the electrical signal generated by the
sensor. The experimental results in Fig. S28 (ESIt) demon-
strated that regardless of changes in the impact location or
the magnitude of the applied force, the inherent frequency of
the beam could be accurately obtained (error < 2%, acceler-
ometer). The sensor was applied to fixed frequency excitation at
frequencies operating in the range of 0.1-1000 Hz to present
its capacity to precisely detect dynamic loading variations.
As shown in Fig. 3f, the sensor possesses outstanding response
ability with distinctly and repeatably waveforms in detecting
mechanical vibrations within a broad frequency sensing range.
Moreover, the exceptional sensitivity of the sensor endowed
it with a higher SRN, allowing it to detect low-frequency
(0.5 Hz and 1 Hz) signals beyond the range of a typical
accelerometer (Fig. S29, ESIT). Additionally, the sensor exhib-
ited more stable sensing behavior even under high-frequency
excitations from 100 to 1000 Hz (Fig. S30, ESIf). As illu-
strated in the frequency spectrum through the Fast Fourier
Transform (FFT) in Fig. 3f, the frequencies extracted for the
fixed excitation frequencies of 0.1, 10 and 1000 Hz were 0.099,
9.991 and 1000.703 Hz, respectively, which exactly agreed
with the input constant excitation frequencies (with an error
of only 0.1%).

To validate the waveform response capacity of the vibration
sensor, various types of input vibration waveforms were
obtained, such as Sin, Maxwell, Besselj, and Cardiac waves,
with a constraint amplitude and a frequency of 1 Hz (Fig. 3g
and Fig. S31, ESIf). The output waveforms of the electrical
signal changes were similar to those of the input of the signal
generator. These vibration sensing properties can be used in
bioelectronics. As illustrated in Fig. 3h, the developed vibration
sensor demonstrated the ability to detect the vibration fre-
quency within the range of 0.1-1000 Hz, encompassing a wide
spectrum that includes most bioelectronic frequencies. In
addition to frequency information, the vibration signals also
included an important aspect of the waveform. As illustrated in
Fig. 3i, the dynamic signal from human motion was detected,
from 0.01 to nearly 15 Hz, such as respiration (0.1 to 2 Hz), gait
motion (1 to 15 Hz), pulse (0.3 to 4 Hz) signals, and vocal cord
vibration (80 to 200 Hz).
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2.3 Damping properties and related application in
bioelectronics

The shock-resistant performance and damping behaviour of
spider-inspired gel damper were characterized and demon-
strated and compared the performance with commercially
available polymeric dampers for shock absorption (D30 and
PDMS). Drop-ball experiments with a steel ball on different
damping materials were conducted to assess the elastic trans-
mission and reflection of mechanical energies, representing
the shock wave attenuation capabilities (Fig. 4a). The shock
progress was monitored by the corresponding change in the
accelerometer signal. As illustrated in Fig. 4b and c, the gel
damper exhibited superior damping performance and effec-
tively attenuated the propagation and amplitude of shock
acceleration peaks associated with the generated shock waves,
facilitating rapid deceleration of the steel ball. They can absorb
and disperse the energy of mechanical vibrations, decreasing
vibration transmission and resonance response, thereby
enhancing the stability and precision of the acquisition system.
In contrast, PDMS and D30 demonstrated comparatively infer-
ior damping performance.

Besides, gel damping presented certain filtering capabilities,
allowing for the absorption of low-frequency noise signals. Its
polymeric structure and crosslinked network can attenuate
frequency vibrations, enabling the signal acquisition system
to perform well in the frequency domain. As illustrated in
Fig. 4d, the vibration signal begins to transmit through the
gel surface when the frequency increases, with the waveform of
vibration recorded in the acquisition devices. Therefore, gel
damping can enhance the SNR by absorbing low-frequency
environmental noise during the testing process of wearable
devices while avoiding the interference of motion artifacts. Gel
damping exhibits promising potential for application in the
monitoring of biological signals.

To enable the application of gel damper in bioelectronics
and continuous biosignal signal monitoring, we conducted
relevant tests on their environmental stability, biocompatibil-
ity, and skin adhesion. Initially, owing to the incorporation of
binary solvents, damping materials exhibited excellent envir-
onmental stability, allowing them to operate on the surface of
the skin for an extended period without experiencing dehydra-
tion. Then, when the gel damper is applied to the skin,
biocompatibility is essential to prevent itching and redness of
the skin. Human umbilical vein endothelial cells (HUVECSs) and
BEGM Bronchial Epithelial Cells were used to evaluate the
biocompatibility of the samples (see details in ESIt). The cells
(HUVECs) were cultured in vitro for 1 day, 3 days, and 7 days.
After incubation for 7 days, HUVEC proliferated rapidly and
indicated similar high cell viability as those in the control
group (Fig. 4e). No statistically considerable differences in the
OD values for the two cases were recorded (Fig. 4f), suggesting
the low cytotoxicity and outstanding biocompatibility of the gel
damper. Besides, the prepared gel damper required seamless
contact and outstanding adhesion to the skin surface.
As introduced in Fig. S32 (ESIY), the adhesive strength of the
gel damper when attached to different substrates is compared.

This journal is © The Royal Society of Chemistry 2024
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samples. (g) Demonstration of ECG recording based on a gel damper electrode (commercial 3 m electrode as a reference). (h) ECG signals recorded by a
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The characteristic lap-shear curve showed that the adhesive
strength ranges from 19.2 kPa for PTFE to a maximum of
121.6 kPa for wood. Moreover, as depicted in Fig. S33 (ESIT),
the gel damper formed a tight bond with the human skin,
enabling the skin to deform freely and reversibly in various
deformations without any detachment of the gel damper.
Importantly, there were no signs of redness or residue when
the sample was removed from the skin. The strong adhesion
and ultra-low elastic modulus of the damper facilitated the
formation of conformal skin-electrode interfaces, which helped
in maintaining contact impedance. (Fig. S34, ESIt)

Gel damping exhibited outstanding comprehensive perfor-
mance. Hence, the incorporation of gel-damping techniques in
the field of biological signal monitoring has considerable
potential for enhancing signal quality and reliability. Integra-
tion with a gel damper material on commercial Ag/AgCl elec-
trodes can be used to acquire electrophysiological signals.
By leveraging the viscoelastic properties of gels, this approach
can effectively attenuate external perturbations and reduce
undesired motion artifacts or mechanical vibration oscillations
that may otherwise compromise the accuracy and precision of
signal measurements.

The motion artifact is one of the significant challenges for
flexible sensors in acquiring target signals. The robustness of
the damper against motion artifacts is assessed and explored
to obtain high-quality electrophysiological signals of ECG. Two
electrodes, namely a commercial 3 M and a gel damper
electrode, were used for the investigation and attached to the
chest of the volunteer as working electrodes to detect ECG
signals (from 0.1 to 150 Hz) (Fig. 4g). ECG signal monitor-
ing was performed in a state of relaxation and movement. The
motion included tapping, walking, and stretching in chest
expansion, implying that the exercise frequency ranged from
1 to 10 Hz. When the representative signals after motion
artifact application were evaluated, interference noise obscured
the ECG signal waveforms, whereas the ECG waveforms were
recorded in the gel damper electrode regardless of motion
movement (Fig. 4h). The commercial gel electrode failed during
intense exercises, such as chest expansion. Bandpass filtering
ranging from 0.5 to 40 Hz proved ineffective in all cases owing
to the frequency of motion noise that overlapped with the
frequency ranges of the target signals. In contrast, the gel
damper results displayed steady and distinctly representative
signals unaffected by external noise. These findings suggest
that the gel damper electrode outperforms the 3 M gel electrode
in mitigating motion artifacts.

The low-frequency mechanical vibration noise of the sur-
rounding environment significantly influenced the external
factors of the signal acquisition, thereby reducing the purity
and reliability of the acquired signals. To assess the properties
of the gel damper in environmental isolation, a low-frequency
mechanical vibration noise was applied to induce forearm
movement EMG signal (10-500 Hz), near the working electro-
des. As depicted in Fig. 4i, the gel damper electrode patch was
attached to the forearm of a volunteer to acquire EMG signals.
Vibration was implemented by applying a vibrator (5-20 Hz),
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and commercial 3 M hydrogel electrodes acted as a reference.
EMG signals measured by gel damper electrodes and commer-
cial samples were recorded under both static and dynamic
conditions, as depicted in Fig. 4j. When the fist was clenched
in a static state without mechanical noise, high-quality EMG
signals were recorded by employing both the gel damper and
commercial 3 M electrodes. As calculated in Fig. 4k, the SNR of
the signals recorded by the gel damper (26.88 dB) was similar to
that of commercial electrodes (25.95 dB). To assess mechanical
noise, the root-mean-squared (RMS) values of the baseline
noise of the surface electromyography were calculated, as
demonstrated in Fig. 4k. The gel damper electrodes exhibited
extraordinary immunity to surrounding environmental noise
caused by low-frequency mechanical noise. The EMG signals
recorded during the vibration have the same waveforms as
those obtained in the static state, represented by a relatively
constant low baseline noise of 0.07 mV. In contrast, incorpor-
ating vibration considerably deteriorated the fidelity of the
EMG signals from the commercial 3 M electrodes. The baseline
noise increased from 0.07 to 0.52 mV, where the SNR decreased
drastically from 25.96 to 9.26 dB. The damper’s behaviour
offered an effective solution to the issue of motion artifacts,
enabling stable electrical signal acquisition even in the
presence of low-frequency mechanical noise. The physical filter
of a gel damper helped in isolating the target physiological
signals of interest and minimizing the influence of unwanted
frequencies, resulting in cleaner and more focused signal
acquisition.

2.4 Damper integrated vibration sensor system

Spider-inspired gel damping materials helped maintain the
stability and reliability of the sensors. In addition, gel damping
provided a degree of isolation from the surrounding environ-
ment, minimizing the influence of external factors on signal
acquisition. It impeded the transmission of external motion
artifacts and low-frequency mechanical noise, thereby enhan-
cing the purity and reliability of the obtained signals. To apply a
prepared gel damper to the acquisition of clear mechanical
biophysiological signals, we further integrated the gel damper
with a crack-based vibration sensor. The integrated damping
sensor adheres tightly to the mechanical vibration testing
platform using its adhesive properties (Fig. 5a). A vibration
platform was used to test the response of the integrated sensor
to mechanical vibrations at different frequencies to explore the
frequency selectivity of the damping material and the anti-
interference capability of the sensor. Vibration amplitudes were
transmitted through the gel damper and PDMS reference with
10 seconds of excitation (5 and 100 Hz). As illustrated in Fig. 5b
and c, when PDMS was used as a damping material, it can be
employed to transmit frequency vibration signals from beam to
crack sensor. Irrespective of the frequency range of the vibra-
tional stimuli, the crack sensor demonstrated the capacity to
detect signals (5 Hz and 100 Hz).

Hence, the PDMS damper-integrated sensor is significantly
influenced by low-frequency vibrations and is usually over-
whelmed by excessive mechanical noise in practical applications.

This journal is © The Royal Society of Chemistry 2024
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By contrast, when the gel damper was applied to the integrated
sensor that experiences low-frequency mechanical vibrations
(5 Hz), it can effectively absorb and dissipate the mechanical
energy associated with those vibrations (Fig. S35, ESIt). The
damping process converts the mechanical energy into bond
energy between the polymer chains, thereby reducing the ampli-
tude and intensity of the vibrations. However, when the applied
frequency was increased, it could transfer the vibrations and
maintain the amplitude of the vibrations. As shown in Figure
R4, the sensing system could not effectively reduce mechanical
noise beyond 100 Hz, and high-frequency signals can be acquired

This journal is © The Royal Society of Chemistry 2024

clearly. It was speculated that the damping gel appeared as rigid
behaviour during vibration processes at 300 Hz and 500 Hz with a
sharp increase in modulus, effectively transmitting the load.
Therefore, the sensing system is primarily designed to isolate
low-frequency mechanical noise and motion artifacts that are
commonly encountered daily and cannot effectively filter out
high-frequency noise.

In particular, the flexible sensor usually has dynamic
mechanical noise resulting from skin tension or movement,
which contributes over a broad frequency range because the
noise can generate varying scales of friction. These skin
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movements can create strain signals in the flexible sensor that
are often of larger amplitude compared to the genuine target
signals. By reducing mechanical contact and vibration inter-
ference between the sensors and the external environment, gel
damping mitigates stress and deformation of the sensors, thus
improving the overall stability performance. As demonstrated
in Fig. 5d-f, the integrated sensor adhered to the skin and
experienced rapid skin movements that involved causing fric-
tion and compression over a short period. Instantaneous move-
ments caused significant damping deformation, resulting in
signal fluctuations in the sensor. In the relative resistance
change signal of the PDMS-integrated sensor, external mechan-
ical stimulation induced substantial signal variations, while
such variations were noticeably suppressed in the gel-damped
sensor. The corresponding analysis of Morelet wavelet trans-
forms of the gel damper-integrated sensor showed that the low-
frequency noise components introduced by mechanical stimu-
lation were dissipated, leading to a more stable and accurate
sensor output.

During speech, the frequency of throat vibration, also known
as fundamental frequency or pitch, is typically at least 100 Hz or
higher. This frequency corresponds to the rate at which the vocal
folds cause air to vibrate, producing the fundamental pitch of the
voice. In addition, physical noise that arises from neck behaviours
such as epidermis deformation or skin tension due to movement
tends to have lower frequencies, typically below 30 Hz. (Fig. 5g)
These lower-frequency motions can generate sounds or vibrations
that are perceptible to some extent but are generally not related
to the fundamental pitch of speech. In many reported cases
of flexible sensors used for sound signal capture, strain signals
generated by skin movement tend to have larger amplitudes
compared to genuine audio signals generated by air vibrations
from the throat. When sound is produced, such as during speech
or vocalization, air vibrations from the throat create sound waves
that propagate through the surrounding medium, including the
skin. However, owing to the strain transfer between the sensor
and the skin, the sensor also picks up the mechanical movements
and vibrations generated by the skin. Consequently, the skin-
generated signals can overshadow or mask desired audio signals,
making it difficult to accurately capture and distinguish true
sound information.

To verify this phenomenon, a series of voice data was
recorded by no damper crack sensors attached to the neck of
a volunteer. We measured phonation using “by” on the neck,
acquired an electrical signal and performed a bandpass filter-
ing analysis of crack sensors. As demonstrated in Fig. 5h, the
raw voice signals vary obviously when the volunteer continu-
ously pronounced the words ‘“by’. Moreover, the collected raw
acoustic signals consist of both low-frequency cutaneous
motion signals and high-frequency vocal vibration signals.
After bandpass filtering is applied to the aforementioned raw
acoustic signals, the low-frequency cutaneous motion signals
can be attenuated, while the high-frequency vocal vibration
signals can be retained. It is possible to extract genuine vocal
vibration signals. Consequently, the filtered signals more accu-
rately reflect the vibrational patterns of the vocal folds,
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enabling the analysis of the frequency, intensity, and temporal
characteristics of vocal vibrations with greater precision.
Simultaneously, as illustrated in Fig. 5i, performing the Fourier
transform on the raw voice signals yields their frequency
spectra. The collected raw voice signals exhibited a predomi-
nant frequency concentration below 30 Hz and in the range of
80-200 Hz. This frequency distribution indicates that voice
signals have significant energy and carry important informa-
tion primarily in the low-frequency and high-frequency ranges.
Frequencies below 30 Hz may involve low-frequency compo-
nents related to vocal fold epidermis vibration and respiratory
processes. The frequency ranging from 80 to 200 Hz likely
encompasses the fundamental frequency and harmonic
components of the speech signal, which play a crucial role in
intonation and voice characteristics. Hence, through the applica-
tion of bandpass filtering to the raw acoustic signals, it becomes
possible to extract genuine vocal vibration signals, which in turn
aids in further acoustic analysis and speech research.

Although signal acquisition through high-precision vibration
sensors and signal processing with band-pass filter algorithms
can provide the desired sound information, incorporating
dampers or physical filters in conjunction with the sensors
can significantly enhance the efficiency of signal acquisition. As
illustrated in Fig. 5j, a voice signal from a male pronounced
“hello” was obtained after attaching the integrated damper sensor
to his neck. The acoustic signal waveform of the integrated sensor
showed a marked difference between the phonation and relaxation
periods. The signals collected by the damped integrated sensor
exhibit typical characteristics of voice signals, which differ from the
epidermis movements that are often of larger amplitude compared
to genuine audio signals. By employing a fast Fourier transform
(FFT), the spectrogram of the crack sensor with the gel damper
exhibited a relatively distinct separation between the voice signals
and the epidermis movement or breathing signal. The main
frequency of the sound signal was primarily concentrated in the
range of 80-200 Hz, and the low-frequency interference vibration
signal was significantly attenuated.

3. Conclusion

In summary, a gel damper-integrated crack sensor was devel-
oped based on the vibration response of a spider slit organ. The
crack sensor demonstrated excellent sensing performance with
a low detection limit, ultrafast response time, and superior
durability. Additionally, the gel damper’s frequency-dependent
behavior further improved the signal acquisition ability,
enabling the acquisition of biophysiological signals with a high
SNR in noisy or motion states. Integrating the gel damper with
the crack-based sensor resulted in superior anti-interference
capability and target frequency selectivity. This integrated
sensor effectively extracted genuine vocal vibration signals,
demonstrating its potential to enhance acoustic analysis and
speech research. Overall, the integration of damping materials
with sensors offers a promising approach to improving signal
quality in various applications.

This journal is © The Royal Society of Chemistry 2024
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4. Experimental section
4.1 Materials

TizAlIC, was purchased from XFNANO. Lithium fluoride (LiF)
was purchased from Shanghai Aladdin, Chain. Acrylamide
monomers and Acrylic acid (AAc, 98%) were purchased from
Tansoole, and gelatin powder (Gel, bloom ~100) was pur-
chased from Shanghai Macklin Biochemical Co., Ltd. Thermo-
plastic polyurethane and other materials were obtained from
local suppliers.

4.2 Manufacture of Mxene@TPU crack sensor

Electrospinning TPU film was subjected to oxygen plasma
treatment to enhance its hydrophilicity. Then, the MXene
flakes were applied to the TPU fibrous film through a vacuum
filtration process. The MXene@TPU film was washed and
dried. Cracks were fabricated on the MXene@TPU film surface
after bending the whole film with a 1 cm curvature rod.

4.3 Preparation of the gel damper

To synthesize the gel damper, a gelatin solution was mixed by
combining 20 mL of various components. These included 6
wt% gelatin, 5 wt% acrylic acid, 15 wt% acrylamide monomers,
a crosslinking agent and photoinitiator. The montmorillonite
was gradually added to the precursor solution and stirred
continuously. Thorough mixing was ensured to distribute the
montmorillonite particles evenly throughout the solution. Fol-
lowing vacuum degassing of the gel precursor, the polymeriza-
tion process occurred.

4.4 Quasi-static electromechanical response measurements

The crack sensor was clamped by applying a universal material
test machine (AG-X plus, SHIMADZU) and stretched by exact
strain and force. The measurement equipment of a digital
SourceMeter (Keithley 2450, Tektronix) was used to record the
output signal generated by the crack sensor.

4.5 Vibration measurement and control system

The system was established to evaluate the vibration sensor
that can accurately measure tiny high-frequency vibrations
induced by dynamic loading. A data acquisition system was
then configured to receive and record signals from the vibra-
tion sensor (3404FRS-DY, UTEKL and Keithley 2450, Tektronix).
A control system was designed to simulate dynamic stimulation
achieved through an excitation source (Waveform Generator,
RIGOL), drive circuitry (YE1311, UTEKL), and vibration exciter
(Jz-1, UTEKL) that can generate the desired vibration signal.
The vibration sensor was placed on the carbon fiber beam
being tested by ensuring proper contact with the sample sur-
face, while the data acquisition system recorded real-time
vibration signals from the sensor output. Finally, the recorded
data were analyzed and evaluated, allowing the assessment of
the performance of the vibration sensor in detecting dynamic
stimulation by comparing its vibration response to that of an
accelerometer (Bruel-Kjaer DeltaTron 4520-001). This system
generates a controlled vibration signal using an excitation
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source, drive circuitry, and a mechanical device that can
produce the desired dynamic vibrations.

4.6 Damping characteristics of the material

Dynamic mechanical testing was implemented by applying a
dynamic mechanical analyzer (DMA Q800a, TA Instrument) in
compression mode for the specific strain, and the frequency
was swept from 1 Hz to 100 Hz at 25 °C. For the drop-ball
experiments, the damper gel, D30 and PDMS were placed at a
controlled ambient temperature of 25 °C. The experimental
process involves steel balls that impact a damping material
through a free fall motion. An accelerometer (Bruel-Kjaer
DeltaTron 4520-001) was attached to a stainless-steel substrate
to collect impact signals.

4.7 Electrophysiological signals recordings

Electrode-skin interface impedance was investigated using an
Electrochemical Workstation (Zahner). Commercial 3 M mon-
itoring electrodes (2223H, 3 M) were used in this study. The Ag/
AgCl gel was separated from the electrode and replaced
with the hydrogel damper of the same dimensions (1.5 cm x
1.5 cm x 2 mm). The damper electrodes were connected to the
volunteer, and the ECG signal was obtained using a biopoten-
tial Recorder IX-BIO3 (Iwork Systems Inc.). For the ECG
measurement, damper electrodes were attached to the right
arm, left arm, and left leg of the chest. The measurement was
implemented under specific noises such as walking, stretching
and 6-7 Hz tapping. The EMG measurement setup was the
same as the ECG measurement setup. Electrophysiological
signals were acquired at 2000 Hz sampling speed by LabScribe
(Iwork Systems Inc.). Signal-noise-rate was calculated with the
following equation:

Vsignal(k)2
SNR(dB) = 20 x logjg

e

M=

Vnoise(k) 2

k=1

where N denotes the testing frequency, and Vignar and Vyoise
denote the voltage of the muscle response and background or
mechanical vibration noise, respectively.

Volunteers participated in this proof-of-concept demonstra-
tion with a full understanding of the process and any risks
involved. Volunteers signed consent to participate in sensor
test experiments.
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