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Abstract—In recent years, metal crack-based stretchable
flexible strain sensors have attracted significant attention
in wearable device applications due to their extremely high
sensitivity. However, the tradeoff between sensitivity and
detection range has been an intractable dilemma, severely
limiting their practical applications. Herein, we propose a
laser transmission pyrolysis (LTP) technology for fabricating
high-performance flexible strain sensors based on (Au) metal
cracks with the microchannel array on the polydimethylsilox-
ane (PDMS) surface. The fabricated flexible strain sensors
exhibit high sensitivity [gauge factor (GF) of 2448], wide
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detection range (59% for tensile strain), precise strain resolution (0.1%), fast response and recovery times (69 and

141 ms), and robust durability (over 3000 cycles). In addition,

experiment and simulation results reveal that introducing

a microchannel array enables the stress redistribution strategy on the sensor surface, which significantly improves the
sensing sensitivity compared to conventional flat surface sensors. Based on the excellent performance, the sensors
are applied to detect subtle physiological signals, such as pulse and swallowing, as well as to monitor large-scale
motion signals, such as knee flexion and finger bending, demonstrating their potential applications in health monitoring,

human-machine interactions, and electronic skin.

Index Terms—Laser transmission pyrolysis (LTP), metal
strain sensors, ultraviolet (UV) laser.

film, polydimethylsiloxane (PDMS) pattering, stretchable

I. INTRODUCTION

N RECENT years, the rapid advancement of flexible
Ielectronics technology has provided revolutionary impe-
tus to various industries, such as health monitoring [1],
human—machine interaction [2], and electronic skin [3].
Flexible strain sensors, as a vital component in the field
of flexible electronics, have attracted tremendous attention
due to their excellent sensing performance, which includes
high sensitivity, wide detection range, fast response time,
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and robust durability [4]. Generally, according to the signal
transmission mechanism, flexible strain sensors can be
classified into resistive [5], capacitive [6], piezoelectric [7],
and triboelectric [8]. Among these, resistive flexible strain
sensors are not only superior to traditional metal conductor
[9] and semiconductor [10] sensors in terms of sensing
performance but also have the advantages of easy fabrication,
low cost, and high plasticity [11], [12]. Typically, resistive
strain sensors consist of sensing materials paired with elastic
substrates. Conductive materials, such as metal nanomaterials
(nanoparticles, nanowires, and nanoplates) [13], [14], [15] and
low-dimensional materials (MXene, carbon nanotubes, and
graphene) [16], [17], [18], [19], are commonly used as sensing
materials for detecting strain changes. Elastic substrates, such
as silicone-based substrates [polydimethylsiloxane (PDMS),
Ecoflex, and Dagon-skin] [20], [21], [22] and rubber-based
substrates (natural rubber, styrene-butadiene rubber, and
polyurethane rubber) [23], [24], [25], provide flexibility to
sensors and ensure the stability and reliability of the sensing
materials.

In terms of the fabrication of strain sensors, the strategies
can be categorized into two main types: embedding conductive
materials within elastic substrates or attaching conductive
materials onto the elastic substrates. The high sensitivity of
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strain sensors usually stems from significant structural changes
in the material during strain, which leads to drastic changes in
conductivity. For example, crack-based strain sensors achieve
sensitive strain detection by taking advantage of the formation
and expansion of cracks, coupled with their disconnection
and reconnection properties. As reported, Kang et al. [26]
designed a crack-based resistive sensor composed of platinum
(Pt) and polyurethane acrylate (PUA), which exhibited an
ultrahigh sensitivity of 2000 over a sensing range of 0%—2%.
Subsequently, Lee et al. [27] fabricated a crack-based flexible
strain sensor consisting of a gold (Au) layer and polyethylene
terephthalate (PET), which demonstrated a sensitivity of about
1600 in a 2% strain field. These pioneering studies proved
that introducing cracks into metal film-based strain sensors is
an effective strategy to improve their performance. However,
due to the tradeoff between sensitivity and detection range,
high sensitivity inevitably leads to a narrow detection range,
which severely limits the practical application of flexible strain
sensors. Therefore, in addition to material innovation, many
studies focused on improving the sensing performance of
devices by modifying the crack structure [28], such as crack
density [29], crack spacing [30], crack depth [31], and crack
connectivity [32].

Herein, we have designed and fabricated a flexible strain
sensor based on (Au) metal cracks with microchannel arrays
to overcome this limitation. To achieve these microchannel
arrays rapidly and efficiently, we developed a promising
novel technology for patterning the PDMS substrate: the laser
transmission pyrolysis (LTP) method. We also summarized
the realization conditions and pyrolysis mechanism of the
LTP. After the microchannel arrays were fabricated on the
PDMS surface, an Au film was deposited using magnetron
sputtering to endow resistive properties. Finally, the PDMS
substrate with microchannel arrays and an Au film was
sliced and packaged into individual flexible strain sensors.
By introducing the microchannel array, a stress redistribution
strategy was implemented on the PDMS surface, resulting
in a significant resistance change in the Au film under the
influence of external stress. These flexible strain sensors were
characterized by high sensitivity [maximum gauge factor (GF)
of 2448], wide detection range (maximum detection range
of 59%), precise detection resolution (0.1%), fast response
and recovery times (69 and 141 ms), and robust durability
(over 3000 cycles). Building on this, we further demonstrated
its practical application in detecting both subtle physiological
signals (e.g., pulses and swallowing) and large-scale motions
(e.g., knee flexion and finger bending).

[I. EXPERIMENTAL SECTION

A. Design and Fabrication

Fig. 1 illustrates the schematic outlining the design and
fabrication process for the flexible strain sensors with
microchannel arrays using PDMS as a flexible substrate. The
process involves six distinct steps. In Step 1, the PDMS
elastomer base and curing agent were meticulously mixed in
a proportion of 10:1 and degassed. This mixture was poured
into a customized acrylic mold with a thickness of 1.0 mm
and cured at a temperature of 80 °C for 2 h. In Step 2, the

Step 3 Patterning

Step 1 Curing

Step 2 Spin-Coating

Fig. 1. Schematic illustration of the fabrication process for the flexible
strain sensor based on Au microcracks with a microchannel array.

cut rectangular PDMS film (50 x 42 x 1 mm) was attached
to a 4-in quartz glass wafer. The film ink was dispersed
within a solution containing 10 wt% PVP and ethanol, serving
as the light-absorbing material. It was then spin-coated onto
the PDMS film at 2000 r/min for 20 s. In Step 3, after the
ethanol had evaporated, an ultraviolet (UV) laser was used to
perform the LTP reaction on the PDMS substrate with a light-
absorbing layer to create a microchannel pattern. In Step 4,
a high-power ultrasonic cleanser was employed to remove the
LTP product and light-absorbing layer from the surface of
the PDMS substrate. In Step 5, a photomask prepared from
polyimide (PI) was placed over the PDMS film, covering
areas both with and without the microchannel array. Then,
magnetron sputtering equipment was used to deposit an Au
film on the exposed areas of the photomask. In Step 6, the
PDMS film with microchannel arrays and a gold coating was
segmented and packaged using liquid metal and shrinkable
tubes.

The sensor was in the shape of a long strip, and the metal
film on its surface was in the shape of a dumbbell. The
sensing area of the metal layer in the center of the sensor was
rectangular (30 x 5 mm). Meanwhile, the microchannel repeat
intervals were set to 200, 600, and 1000 wum, respectively.
Considering that the width of the microchannel was stabilized
at 60 um, the corresponding gaps between the microchannels
were 140, 540, and 940 pm.

B. Materials and Equipment

During the experimental process, all chemicals were
obtained from commercial sources and used without further
purification. PDMS (Sylgard 184) was purchased from Dow
Corning. The film ink type was chosen as Epson BK-T8231.
Polyvinyl pyrrolidone [PVP, (C¢Hy9NO),, Mw = 220000]
and anhydrous ethanol (CH3CH,OH, 99.5%) were procured
from Shanghai Macklin Biochemical Company Ltd. The
liquid metal (metal basis: 99.99% Ga-In—Sn) and single-sided
conductive tape (3M7766-50) used in the packaging process
were procured from Alfa Aesar Chemical Company Ltd. and
3M Company, respectively.

The PDMS with microchannel arrays was fabricated
using an UV pulsed laser system (Grace X 355-3A, Han’s
Laser Technology Industry Group Company Ltd., wavelength:
355 nm). The laser scan speed was set at 10 mm/s,
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and the motion in the X- and Y-direction was precisely
controlled by software. The distance between the field lens
and the sample was adjusted using the vertical Z-direction
translation stage. To achieve LTP, the laser repetition
frequency and laser power were set at 200 kHz and
1.8 W. The laser single pulse energy (Eg,) was calculated
using the formula Eg, = Pyg/fpr. The PDMS substrate
patterned using LTP technology required further cleaning
with an ultrasonic constant temperature cleaning machine
(Ningbo Scientz Biotechnology Company Ltd., SBL-15DT).
To effectively remove the pyrolysis products, the ultrasonic
power was set to 480 W, and the cleaning time was set
to 20 min. The deposition of the (Au) metal film on the
PDMS surface was carried out using a magnetron sputtering
coating machine (T-Z1650PVD, Zhengzhou Ketan Instrument
Equipment Company Ltd.). The sputtering power was set
at 55 W, the chamber was filled with argon (Ar) gas, and the
vacuum level was maintained at 4 Pa. In the sensor packaging
process, commercial single-sided conductive tapes were used
as connecting wires. To ensure the reliability of the sensor
during its application, liquid metal was coated onto these tapes.
Subsequently, two heat-shrink tubes were heated at 130 °C for
20 s to protect and secure both ends of the sensor.

C. Characterization and Testing

The morphology of the PDMS substrate with microchannel
arrays was characterized using a scanning electron microscope
(SEM, Gemini 300, ZEISS) and a 3-D laser scanning micro-
scope (VK-X1000, KEYENCE). The UV-visible (UV-Vis)
is the absorption spectra of the light-absorbing coatings
were characterized with a microvolume UV-V is spec-
trophotometer (NanoDrop' One, Thermo Fisher Scientific
Inc.). The pyrolysis products were characterized with an
X-ray diffraction (XRD) instrument (Rigaku Smartlab) at a
scanning rate of 10 °C/min. The mechanical properties of the
flexible strain sensor were assessed using a universal testing
machine (TSE5S03A, Wance Testing Machine Company Ltd.).
The corresponding electrical signals were captured with a
data acquisition and logging system (DAQ6510, Keithley),
and the response time was monitored with an oscilloscope
(TBS2104B, Tektronix).

Flexible tensile strain sensors are widely used to measure
minute physical deformations. Their sensitivity is typically
evaluated using the GF, which is determined by the structure
and material of the sensor. In the context of this study, the
GF value of the resistance-based flexible strain sensor can
be calculated using the formula: GF = (AR/Ry)/e. In this
formula, & represents strain, Ry denotes the initial resistance
of the sensor in its stable state, and AR is the change in
resistance of the sensor due to external strain €.

I1l. RESULTS AND DISCUSSION
A. LTP Technology

It is well known that PDMS is a transparent polymer
material that is used in numerous fields due to its excellent
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Fig. 2. (a) Schematic of the reaction mechanism of LTP. (b) Three-
dimensional laser confocal images of PDMS microchannel morphology
under different laser average powers and laser repetition frequencies
(P, M, and G represent poor, medium, and good morphological quality,
respectively). (c) Depth, width, and quality of the microchannel under
different light-absorbing layers (wt%) and defocus distances (Qges)-
(d) UV-Vis absorption spectra of PVP absolute ethanol solutions
with film inks of different mass percentages (0%, 5%, 10%, and
15%). (e) XRD pattern of products resulting from the LTP process,
accompanied by a schematic of the reaction mechanism. (f) SEM image
of PDMS surface after LTP reaction (scale bar: 20 um).

properties, such as flexibility, elasticity, and biocompatibility.
To fabricate microstructures on the PDMS surface, a series
of innovative fabrication technologies have been developed
[33], [34]. Compared to the traditional template method,
which has strict requirements for fabrication environments,
equipment, and processes, laser direct pyrolysis technology
stands out because of its efficiency, precision, controllability,
and flexibility [35].

Unlike the continuous laser pyrolysis described in our
previous work [36], LTP ensures the continuity of the
photothermal effect by introducing a semi-transparent light-
absorbing layer. Specifically, as shown in Fig. 2(a), when
the laser is vertically irradiated onto the light-absorbing
layer covering the PDMS surface, most of the laser energy
passes through the light-absorbing layer and PDMS substrate.
Only a small portion of the energy is absorbed, leading
to the formation of a laser heating region (LHR). Owing
to the photothermal effect, the absorbed energy creates an
ultrahigh-temperature gradient, subsequently triggering the
laser pyrolysis reaction within the PDMS. Simultaneously, this
process leads to the formation of a hemispherical pyrolysis
product in the PDMS, facilitating heat transfer and forming
a heat conduction region (HCR). Finally, the LTP reaction
occurs iteratively as the laser moves.

On this basis, we investigated the effects of different
laser average powers (P.) and pulse repetition frequencies
(fpr) on the morphology of the microchannels after LTP.
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Correspondingly, Fig. 2(b) shows the 3-D laser confocal
images of the PDMS microchannels after LTP treatment in
the defocused state (dgef = —1.0 mm). Apparently, the LTP
reaction achieved deeper microchannel depths under P,,, =
24 W and f,; = 100 kHz (Es, = 24 wJ). Correspondingly,
owing to the strong photothermal effect, the sidewalls of
the microchannels exhibited a relatively rough morphology.
In contrast, under P,,, = 1.2 W and f,; = 150 kHz (E, =
6 wJ), the intensity of the LTP reaction was notably weak,
resulting in shallower microchannel depths and suboptimal
morphology. Specifically, the single pulse energy determines
the minimal threshold to initiate the LTP reaction. With
adequate single pulse laser energy, the morphology of the
microchannel is influenced by the synergistic effect of Puye
and f,. Considering the operation mechanism of pulsed lasers,
it is found that lower P,,, in combination with higher f,
produces a more optimal microchannel morphology. This is
also the main criterion for selecting the process conditions
(Pwve = 1.8 W and f,; = 200 kHz) for the fabrication of the
flexible strain sensors.

To investigate the effects of different light-absorbing layers
(wt%) and defocus distances (dgf) on the microchannel
fabrication, we analyzed the depth, width, and quality of
the microchannels under different conditions, as shown in
Fig. 2(c). The corresponding samples were labeled as S-5%,
S-10%, and S-15%, respectively. We observed that as the
mass percentage (wt%) of the film ink increased, the capacity
of the light-absorbing layer to absorb UV laser increased,
resulting in a corresponding increase in both the depth and
width of the microchannels. This observation confirms that
manipulating the light-absorbing layer can effectively control
the reaction intensity of LTP. Interestingly, within the range
of —0.5 and 0.5 mm around the focal plane, the quality of
microchannels formed by the LTP reaction on the PDMS
surface was poor. In contrast, optimal microchannel quality
was realized at defocus distances farther from the focal plane
(dgef = —1 and 1 mm). This observation further confirms that
the LTP reaction near the focal plane is unstable due to factors,
such as the accumulation and convergence of laser energy [37].

Correspondingly, Fig. 2(d) shows the UV-Vis light absorp-
tion spectra of PVP absolute ethanol solutions of film inks with
different mass percentages (5, 10, and 15 wt%). It was evident
that the absorption percentages of samples S-5%, S-10%, and
S-15% at a wavelength of 355 nm were 10.56%, 17.47%, and
25.21%, respectively, showing clear differences. Meanwhile,
we found that the uniformity of the light-absorbing layer on
the PDMS surface was crucial for the morphology of the
microchannels. This is also the primary reason for introducing
the anhydrous ethanol solution of PVP as the dispersant
and thickener of the film inks. Moreover, this approach
effectively eliminates uncontrollable variables introduced
by surface modification methods, such as UV or plasma
treatment [38].

To explain the reaction mechanism of LTP further,
we employed XRD to analyze the pyrolysis products, as shown
in Fig. 2(e). The purple spectrum exhibited three main peaks at
35.6°, 60.0°, and 71.8°, unmistakably indicating the 3C-SiC
products generated during the LTP reaction. In the specific

reaction process, PDMS undergoes pyrolysis due to the laser
energy absorbed by the light-absorbing layer, experiencing a
high heating rate. In the initial stage of the LTP reaction,
the high temperature induces the breaking and reforming of
Si-CH3 bonds on PDMS chains, thereby further enhancing
the cross-linking of PDMS and generating silicon oxide
and pyrolytic carbon on the PDMS surface. With increasing
temperature, the silicon oxides in PDMS are directly reduced
to 3C-SiC by the pyrolytic carbon in an oxygen-deficient
environment [39].

Fig. 2(f) shows the SEM image of the PDMS surface after
the LTP reaction. The morphology of the sample distinctly
delineated both the laser heating and HCRs. Within the LHR,
porous pyrolysis products (3C-SiC) were clearly observed.
Meanwhile, at the edge of the LHR, a clear boundary existed
between the pyrolysis products and the light-absorbing layer.
This indicates that the light-absorbing layer, besides inducing
the LTP reaction, does not further exacerbate the spread of
pyrolysis. Additionally, significant delamination was observed
between the pyrolysis products and the PDMS substrate. This
phenomenon is mainly attributed to the differences in the
thermal expansion coefficients of the various materials.

B. Performance Test of the Strain Sensor

With a thorough understanding of the LTP mechanism,
it is possible to create customized microchannel patterns
of various shapes on the PDMS surface. The fabrication
parameters selected for the flexible strain sensor in terms of
the UV laser were as follows: laser average power (Pyyg)
of 1.2 W, laser repetition frequency (f,) of 100 kHz,
and laser defocus distance (dger) of 1.0 mm. Building on
this foundation, we designed and fabricated flexible strain
sensors with the microchannel array at different LTP scanning
intervals. In addition, the influence of different metal film
thicknesses on the surface of the microchannel array was
explored by controlling the sputtering time.

As shown in Fig. 3(a), the intervals for LTP scanning, from
top to bottom, before sensor packaging were individually set
to 1000, 600, and 200 um (labeled as 7-1000, 7-600, and
1-200). Concurrently, the flat surface PDMS substrate served
as a control group to validate the performance enhancement of
the flexible strain sensor (labeled as /-Flat). From left to right,
the magnetron sputtering deposition times for the samples
were set as 10, 20, and 30 s (labeled as 7-10, T-20, and
T-30). Apparently, samples with shorter sputtering times
exhibit noticeable translucency. As the sputtering time
increases, the transparency diminishes, and the sample
eventually becomes opaque. From the SEM image of the
sample (7-200&T-20), the laser scanning intervals were
200 pm, which contained a microchannel with a size of
60 pm, maintaining good structural consistency. The tiny
cracks observed on the (Au) metal films are attributed
to thermal stresses caused by the heating process of ion
evaporation before the SEM imaging.

The metal-sputtered (Au) samples with microchannel arrays
were sliced into specific sizes (a length of 50 mm, width of
8.4 mm, and height of 1 mm) and subsequently packaged into
individual flexible strain sensors (sensor effective area: length
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Fig. 3. (a) Optical images of different scanning intervals and Au
sputtering times and the SEM image of local microchannel array.
Relative resistance changes of strain sensors based on (b) different
microchannel arrays and flat-surface under different strains and
(c) different scanning intervals. Relative resistance response curve of
the sensor under (d) large strain conditions (5%, 10%, and 20%) and
(e) minor conditions (0.1%,). (f) Response time and recovery time of the
sensor under different stretch and release accelerations. (g) Relative
resistance response curve of the sensor for 3000 stretch-release cycles
at 10% strain. (h) Comparison of sensing range and GF with other
reports.

30 mm and width 5 mm). The sensitivity and detection range
of different sensors were evaluated as the vital performance
indicators for flexible strain sensors. Fig. 3(b) shows the
relative resistance changes (A R/Ry) of different flexible strain
sensors, with the microchannel array and the flat surface, under
various strains (¢) during the stretching process. Compared to
the flexible strain sensor with a flat surface, the introduction
of microchannels significantly enhances the sensitivity of the
flexible strain sensor. Taking the /-Flat&T7-10 and 7-200&
T-10 sensors as typical examples, on the flat-surface PDMS
substrate, after 10 s of metal sputtering, the GF value of the
sensor (/-Flat&T'-10) reached 103.9 after linear fitting within
the 40%—-100% strain range. Notedly, after introducing the
microchannel array (channel width = 60 wm and scanning
interval = 200 um), the GF value of the sensor (/-200&
T-10) increased to an ultrahigh 1718.5, with the performance
increased by nearly 16 times. Correspondingly, due to the
tradeoff relationship between sensitivity and detection range,
the inherent detection range of the strain sensor with the
microchannel array decreased to 69%. Furthermore, for the
flexible strain sensors based on metal cracks, the thickness

of the metal sputtering significantly affects their performance
[16]. Evidently, as the metal sputtering time increased
from 10 to 20 s and then to 30 s, the GF value of sensors with
a flat surface rose from 103.9 to 183.2, finally reaching 297.0.
Concurrently, the GF value of sensors with the microchannel
array also climbed from 1718.0 to 2205.5 and further to
2448.0, while their detection range decreased from 59%
to 45% and finally to 34%. Additionally, the performance
of flexible strain sensors with different scanning intervals
is shown in Fig. 3(c). It can be clearly observed that as
the laser scanning interval increased from 200 to 600 pm
and subsequently to 1000 pum, the GF value of the sensor
dropped from 1718.5 to 760.8 and further down to 628.7.
Meanwhile, the detection range of the sensor also diminished
from 69% to 50% and then down to 48%. The detailed sensing
performances of various sensor types are outlined in Table I.
Importantly, the detection range limit for the sensors with the
flat surface was set at 100% and not the limit of its detection
range.

Among them, the device 7-200&7T-10 stood out with its
extensive detection range coupled with exceptional sensitivity.
Therefore, it was selected to further evaluate the performance
of the flexible strain sensor. As shown in Fig. 3(d), when
subjected to strains of 5%, 10%, and 20%, the sensor
consistently showed a clear and stable response to five
consecutive triangle wave strains, operating at a steady
frequency of 0.2 Hz. Clearly, the sensor has a distinct response
to large strains. As illustrated in Fig. 3(e), when subjected to
four successive minor strains of 0.1%, its relative resistance
change was in good agreement with the externally applied
strain. Impressively, the sensor has a remarkably precise strain
resolution.

To verify the response speed of the sensor, we measured
its response time (stretch time, fg) and recovery time (release
time, fr) under different stretch and release accelerations (10,
100, and 1000 mm/s?). As shown in Fi g. 3(f), with the increase
in stretch and release acceleration, both the response and
recovery times decreased significantly. It is worth noting that
in all stretching and releasing accelerations, the recovery time
is always slower than the response time, which is attributed
to the intrinsic viscoelasticity of the PDMS material [40].
Specifically, at the maximum acceleration, the response and
recovery times were 69 and 141 ms, respectively. These
times are consistent with the requirements of flexible strain
sensors for various applications [4]. The response and recovery
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Fig. 4. (a) OM images of surface Au microcracks distribution

of [-Flat&T-10 and /-200&T-10 under 10%, 30%, and 50% tensile
strain conditions (scale bar: 50 pym). (b) and (c) Deformation and
strain distribution of PDMS substrates with the flat surface and the
microchannel array under different strain conditions (10%, 30%, and
50%). (d) Strain distribution of PDMS substrates with smooth surface
and microchannel array under 50% strain state. (e) and (f) Changing
trends of deformation and stress with different strains in different regions
of PDMS substrates with smooth surfaces and microchannel arrays,
respectively. (g) Equivalent circuit diagrams corresponding to PDMS
substrates with the flat surface and the microchannel array.

times were defined as the time corresponding to the relative
resistance change of the sensor from 10% to 90% [41].

To evaluate the long-term reliability of the flexible strain
sensor, a constant strain of 10% was applied to the sensor
over 3000 cycles at a 0.2-Hz frequency. As shown in
Fig. 3(g), despite slight degradation during the stretching and
releasing phases, the sensor with the microchannel array
demonstrated remarkable long-term reliability without any
significant failures.

As summarized in Fig. 3(h), the development of crack-based
flexible strain sensors with high sensitivity and wide detection
range is still challenging [26], [27], [31], [32], [42], [43], [44],
[45], [46], [47]. However, utilizing LTP technology to design
a flexible strain sensor with a microchannel array based on Au
metal cracks is expected to provide a comprehensive solution
to this challenge.

C. Mechanism Analysis of the Strain Sensor

To investigate the sensing mechanism, we conducted a
systematic analysis comparing the distribution of Au cracks

under different strain conditions between the sensor with
the flat surface and the sensor with the microchannel array.
Fig. 4(a) shows the optical microscopy (OM) images of
I-Flat&T-10 and [7-200&T-10 under the tensile strain
conditions of 10%, 30%, and 50%. Under external strain,
the surface Au film of the sensor developed elongated and
random cracks perpendicular to the stretching direction. This
crack propagation trend is consistent with previously reported
studies on strain sensors based on metallic cracks [26], [31].
Specifically, for the /-Flat&T-10 sensor, the crack density was
significantly lower under a 10% strain condition. In the flat
region (R-1) of the PDMS substrate, surface stress induced
fractures in the adhering Au film, resulting in crack formation
and the release of energy from stretching [4]. As the strain
increased to 30%, the number of cracks on the Au film rose
noticeably, leading to a significant increase in microcrack
density. At a strain of 50%, the microcrack density of the Au
film reached saturation, and the microcrack spacing further
expanded. In comparison, for the 7-200&7-10 sensor, the
crack propagation models of the Au film in the channel and
mesa regions (R-2 and R-3) of the PDMS substrate exhibited
distinct differences. Under 10% strain, the Au cracks in the
mesa region (R-3) were basically consistent with the flat region
of I-Flat&T-10. However, the Au cracks in the channel region
(R-2) showed a lower crack density and a higher crack spacing.
Similarly, as the strain increased to 30%, the crack density in
the mesa region further increased. Notably, the crack density
in the channel region remained largely stable, but the crack
spacing further expanded. Under a strain of 50%, the crack
densities in both the mesa and channel regions reached a
steady state. However, with increasing external stretching, the
crack spacing in the channel region expanded significantly.
This is also the primary reason for the significant change
in the relative resistance of the flexible strain sensor with
microchannel arrays.

In fact, the primary cause of crack formation is the
difference in elastic modulus between the PDMS substrate
(0.5-3 MPa) and the Au film (27-37 GPa) [48], [49]. Specif-
ically, the inherent flexibility of PDMS reduces its ability
to constrain the deformation of the Au film. Consequently,
when the sensor is subjected to external strain, the Au film
undergoes localized deformation or necking, leading to the
generation of cracks. To further investigate the effect of the
microchannel array on the crack generation mechanism during
the stretching of flexible sensors, we employed the finite
element method (FEM) to simulate the deformation and strain
distribution in the PDMS substrate [50]. Fig. 4(b) and (c)
shows the deformation and strain distributions of the PDMS
substrates with the flat surface and the microchannel array
under different strain conditions (10%, 30%, and 50%). Based
on the simulation results, the PDMS substrates with the flat
surface and the microchannel array (/-Flat&7-10 and I-
200&T-10) exhibited uniform deformation in the primary
regions under different tensile strains. However, owing to the
Poisson ratio of the PDMS material, a contraction occurred
perpendicular to the stretch direction. This leads to an evident
dumbbell-shaped morphology, particularly under large strain
conditions (50%), potentially compromising the reliability of
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the strain sensor. Meanwhile, for the stress distribution, PDMS
substrates with the flat surface and the microchannel array
(I-Flat&T-10 and 7-200&T-10) exhibited consistent stress
distribution under the small strain conditions (10%), with a
negligible difference. Nevertheless, as the strain increased to
30% and 50%, both substrates revealed stress concentrations
at their fixed boundaries. In contrast, the primary regions of
the substrates sustained a relatively uniform and periodic stress
distribution. Notably, under a large strain of 50%, the channel
region (R-2) of the PDMS substrate with the microchannel
arrays exhibited significantly higher stress compared to the
adjacent mesa region (R-3), as shown in Fig. 4(d).

To systematically analyze the changing trends, we evaluated
the maximum deformation and average stress distribution in
different regions (R-1, R-2, and R-3) under different tensile
strain conditions for all types of PDMS substrates, as shown
in Fig. 4(e) and (f). In the Y-direction, the maximum surface
deformation of different PDMS substrates remained relatively
consistent. Conversely, in the Z-direction, PDMS substrates
with low microchannel array density (/-1000&7'-10) exhibited
larger surface deformation as the strain increased. As the strain
increased, the average surface stress in different regions of
the PDMS substrates increased linearly. In PDMS substrates
with microchannel arrays, the average surface stress in channel
regions (R-2) was significantly higher than that in mesa
regions (R-3). Meanwhile, for PDMS substrates with the
flat surface, the average surface stress in the flat regions
remained in an intermediate position. The abovementioned
deformation and stress distributions are in good agreement
with the Au crack morphology as well as the measured
performances of the sensors. Higher stress leads to significant
changes in the relative resistance of the sensor, further
proving that the introduction of microchannels improves the
sensitivity of metal crack-based strain sensors. However, this
stress redistribution strategy still cannot break the tradeoff
relationship between sensor sensitivity and detection range.
In addition, a longer metal sputtering time will cause Au
cracks on the surface of the sensor to more easily reach
the fracture limit during the stretching process, resulting in a
narrowing of the detection range. Counterintuitively, the lower
the microchannel density, the higher the average surface stress
in the channel area, which makes it easier for the Au cracks
on the surface to reach the fracture limit, thus reducing the
detection range of the sensor.

According to the conductive grid formed by the propagation
of metal cracks, we define the sensor as a resistor network
composed of m columns, each consisting of n resistors in
parallel. Therefore, the total resistance of the sensor with a
flat surface (Rgs) can be defined as

m
Rps = ;Rﬁat (D

where Ry, represents the crack gap resistance of the sensor
with the flat surface. Correspondingly, the total resistance of
the flexible strain sensor with a microchannel array (Ryga) is
defined as

m
RMA = %(Rchannel'i'Rmesa) (2)
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Fig. 5. (a) Relative resistance responses of the flexible strain sensor
for monitoring pulse beats. Relative resistance responses of the sensor
for (b) detecting pharyngeal swallowing, (c) monitoring knee flexion, and
(d) detecting different finger bending angles (30°, 45°, 60°, and 90°).

where Rchannel and Rpesa indicate the crack gap resistance of
the sensor with the microchannel array, respectively.

The corresponding equivalent circuit diagrams are shown in
Fig. 4(g). For sensors with a flat surface, under minor strain,
crack generation is the dominant process, leading to increases
in both m and n in the resistor network. During this stage
(crack generation stage), since the crack growth direction is
perpendicular to the tensile direction, m increases at a much
faster rate than n. However, as the strain further increases,
crack expansion becomes the dominant process, and both m
and n in the resistor network reach saturation. During this
stage (crack expansion stage), the expanding crack spacing
causes a significant increase in the crack gap resistance (Ryy)
in the network, becoming the main factor affecting the relative
resistance change. For sensors with the microchannel array, the
introduction of the microchannel array effectively redistributes
the stress distribution on the PDMS surface, resulting in
different crack propagation models. The stress is significantly
more concentrated in the microchannel region compared to
the mesa region. Under the same strain conditions, the crack
density in the microchannel region saturates more quickly.
As the strain increases further, the crack gap resistance in
the channel region (Rchannel) €Xxceeds that in the mesa region
(Rmesa)- Although the sensor with the microchannel array has
lower crack density when saturated compared to the sensor
with the flat surface, the notable change in relative resistance
due to crack spacing leads to greater sensitivity.

Overall, the above simulation results are in good agreement
with the measurement and characterization results. The
introduction of the microchannel array plays a vital role in
the strain redistribution strategy, which significantly enhances
the sensitivity of strain sensors based on metal cracks.

D. Practical Applications of the Strain Sensor

Benefiting from the high sensitivity and wide detection
range of the designed flexible strain sensor, we extensively
explored its capability to monitor signals for potential
applications in health monitoring, human motion detection,
and postoperative rehabilitation tracking.
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For monitoring subtle physiological signals, pulse signals
serve as effective indicators of heart function and blood
circulation, playing a crucial role in the prevention, diagnosis,
and management of cardiovascular conditions. As shown in
Fig. 5(a), the flexible strain sensor was affixed to the radial
artery side of the wrist, capturing the slight strain of the
skin induced by pulse beats. Under standard conditions, the
sensor identified the typical wrist pulse curve, where its
relative resistance change exhibited periodic fluctuations and
clear peaks synchronized with each heartbeat. The magnified
relative resistance responses distinctly revealed the percussion
wave, tidal wave, and diastolic waves (P-wave, T-wave, and
D-wave) characteristic of the human pulse. Moreover,
monitoring the swallowing process is essential for assessing
swallowing disorders and valuable for daily observations of
abnormal behaviors. As shown in Fig. 5(b), the flexible sensor
was attached to the throat to detect the subtle strains generated
by the swallowing action. The relative resistance change of the
sensor exhibited swift and periodic responses consistent with
the swallowing action, generating a corresponding swallowing
curve. This enlarged swallowing curve clearly illustrated
the processes of larynx elevation (LE) and larynx anterior
movement (LAM) during swallowing. These results further
verify the potential application of the sensor in the field of
small strain detection.

For large-scale motion signals, assessing the range of
motion in the knee joint after total knee arthroplasty (TKA) is
critical for postoperative rehabilitation tracking and recovery
evaluation. As shown in Fig. 5(c), the flexible strain sensor
was secured to the surface of the quadriceps muscle on a
knee joint model, aiming to monitor the flexion of the knee
joint. The relative resistance change consistently fluctuated
during the continuous 45° bending motion, and notably, the
sensor met a strain threshold of 50% [51]. Furthermore, the
evaluations of finger bending serve as valuable tools for
medical professionals, enabling them to accurately determine
both the range of motion and the severity of impairment
in patients with rheumatoid arthritis, osteoarthritis, or other
forms of arthritis. As shown in Fig. 5(d), the flexible sensor
was attached between the proximal and middle phalanges to
detect finger bending. With increasing finger bending angles
(30°, 45°, 60°, and 90°), the relative resistance change of
the sensor exhibited significant proportional changes. These
results further demonstrate the potential application of the
sensor in the field of large strain detection.

IV. CONCLUSION

In summary, we have successfully developed a flexible
strain sensor based on gold (Au) cracks with a microchannel
array fabricated by LTP technology. Through extensive
experiments, we have revealed its operating conditions and
pyrolysis mechanism. Using this technology, we have achieved
a surface stress redistribution strategy for microchannel arrays
on PDMS surfaces, resulting in a dramatic increase in the
sensitivity of sensors with microchannel arrays compared to
conventional flat surface sensors. The sensor exhibited high
sensitivity (GF = 2448), excellent strain resolution (0.1%),
wide detection range (59%), fast response and recovery

times (69 and 141 ms, respectively), and robust durability
(over 3000 cycles). Notably, the sensor could not only
precisely detect subtle physiological signals, such as pulse
and swallowing, but also monitor large-scale motion signals,
such as knee flexion and finger bending. This study provides
a promising technology platform for designing and fabricating
high-performance flexible strain sensors based on metal cracks
and opens up vast possibilities for their application in the
field of health monitoring, human—machine interactions, and
electronic skin.
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