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Abstract: Real-time pulse monitoring could enable the diagnosis of cardiovascular conditions and thus has potential application
value in cardiovascular health assessment and long-term physiological status monitoring. However, current pulse sensors are
predominantly limited to point-pixel signal acquisition, which fails to emulate the 3D spatial perception inherent in traditional
Chinese medicine, posing a significant challenge for subsequent diagnosis. Herein, a wearable laser-induced graphene (LIG)
pulse sensor array was developed. Before fabrication of LIG, precision mechanical processing was utilized to mill an array
of groove structures on the polyimide (PI) substrate to achieve stress-concentration structures, thereby enhancing sensitivity.
Then, the obtained porous LIG framework was modified with MoS, through a dip-coating process. Unexpectedly, the MoS,
nanosheets filled the micropores or cracks of porous LIG and mitigated cross-unit variations within the sensing array, achieving
excellent batch-to-batch consistency across different sensor arrays. Furthermore, a novel chemical bond between PI and outer
polydimethylsiloxane (PDMS) was developed for flexible encapsulation to prevent the adverse effects of atmospheric humidity
on the functional properties of LIG and thus ensure long-term stability. The as-fabricated sensors exhibited several superior
properties that are characterized by enhanced sensitivity (2.205 kPa™) in the low-pressure range (0—15 kPa), excellent consistency
(maximum interdevice error of 6.61%), fast response/relaxation times (approximately 23/30 ms), high stability (over 10000
mechanical cycles), and excellent minimum detectable pressure (approximately 35 Pa). Due to the above advantages, this sensor
array is applied for the detection and 3D reconstruction of pulse signals in the Cun, Guan, and Chi pulse diagnosis positions of
humans. This work opens up a new avenue for wearable pulse monitoring and potential diagnosis.
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1 Introduction

Over the past two decades, cardiovascular disease
(CVD) has remained the leading cause of death glob-
ally (Sultana et al., 2026). Particularly in China, approx-
imately 330 million people are affected by or have
died from CVD (Zheng et al., 2025). Real-time monitor-
ing of physiological signals can effectively diagnose
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diseases at an early stage, providing data support for
subsequent treatment (Yang et al., 2024). As a vital
physiological signal, the pulse can diagnose health con-
ditions such as blood pressure (Li YM et al., 2025),
arrhythmia (van Steijn et al., 2025), and arterial stiff-
ness (Diana et al., 2025). Fundamentally, pulse sensors
are a specialized category of micropressure transducers
designed to capture the subtle pressure fluctuations on
the skin surface induced by radial artery pulsations,
enabling real-time physiological signal monitoring, and
have been commercialized. However, traditional pulse
sensors predominantly feature rigid designs with fixed
shapes and hard textures, exhibiting poor skin con-
tact. This not only potentially restricts local blood flow



2 | J Zhejiang Univ-Sci A

and affects pulse signal generation but also limits the
wearer’s mobility. As such, these sensors suffer from
limitations, including low measurement accuracy, sig-
nificant distortion, instability, poor wearing comfort,
and the inability to continuously monitor pulse signals
(Yang et al., 2021; Ali et al., 2023; Chowdhury et al.,
2023).

Flexible wearable sensors enable seamless, con-
formal integration with human skin, providing a plat-
form for continuous, real-time monitoring of vital
physiological signals and facilitation of personalized
healthcare and human—machine interaction (Lu et al.,
2025; Yang et al., 2025; Luo et al., 2026). In this regard,
flexible devices are pivotal for the advancement of
personalized pulse monitoring, offering high-fidelity
data collection without compromising user comfort or
mobility. Currently, wearable pulse sensors employ-
ing various sensing mechanisms have been proposed,
including resistive (Zhang R et al., 2024; Zhang XK
et al., 2025), piezoelectric (Tian et al., 2024; Gao et al.,
2025), capacitive (Liu et al., 2024; Li X et al., 2025),
and triboelectric (Wu et al., 2025; Xu et al., 2025). Al-
though these pulse sensors can effectively detect pulse
signals operating in flexible configurations, most cur-
rent pulse detection devices employ single-point pulse
wave sensors, which are limited to capturing one-
dimensional intensity signals from a localized wrist
position, failing to comprehensively reflect pulse infor-
mation across the entire wrist region. From a data
dimensionality perspective, such two-dimensional (2D)
signals struggle to authentically simulate the spatial dis-
tribution characteristics of the “Cun, Guan, and Chi”
points in traditional Chinese pulse diagnosis due to
the absence of dynamic morphological features of pulse
waves. Although a few instruments have attempted
synchronous acquisition of the three pulse positions
through multisensor measurements, the majority of
existing systems still lack effective capture and recon-
struction of the 3D distribution characteristics of the
pulse. This restricts their application in the digitiza-
tion of traditional Chinese medicine (TCM) and preci-
sion health diagnosis (Chen et al., 2021; Kang et al.,
2023; Cao et al., 2025).

On the other hand, graphene, a 2D material with
atomic-scale thickness, promises exceptional carrier
mobility and mechanical robustness, making it an
ideal candidate for flexible sensors. Remarkably, laser-
induced graphene (LIG) offers a rapid, cost-effective,

and mask-free fabrication route to produce highly
porous 3D carbon networks, enabling the seamless
integration of high-performance sensing elements onto
various flexible substrates (Lin et al., 2014; Guan et al.,
2025; Liu et al., 2025; Vojnovi¢ et al., 2025). Due to
the above merits, LIG has been widely adopted for
flexible wearable sensors (Raza et al., 2022; Mu et al.,
2024; Xing et al., 2024; Hou et al., 2025; Lu et al.,
2026). However, the inherent 3D porous structure of
LIG results in limited sensitivity performance for fab-
ricated mechanical sensors, especially under high load-
ing (Wang et al., 2025). Prior studies have achieved
high-sensitivity mechanical detection through material
modification and structural design. However, the addi-
tional processing and structural configurations remain
relatively complex (Pang et al., 2018; Chhetry et al.,
2019; Zhao et al., 2021; Huang et al., 2024). In addi-
tion, this 3D microstructural disorder of LIG directly
translates into electrical property dispersion, manifest-
ing as nonreproducible initial resistances and piezo-
resistive response curves across different sensors,
thus resulting in poor performance consistency for
LIG-based sensors (van Volkenburg et al., 2023). Simul-
taneously, due to the enormous specific surface area,
abundant nanopores, and numerous hydrophilic oxygen-
containing functional groups, LIG can readily trap
water molecules from the environment through phys-
ical adsorption and capillary condensation (Fei et al.,
2023). As such, the absorption and desorption of water
molecules introduce additional hysteresis effects and
may induce expansion stresses in the microstructure to
degrade the stability of the prepared device. These
factors have severely affected the electromechanical
properties and in turn significantly reduced the stability
and long-term reliability of LIG-based sensors.
Herein, to address the requirement for 3D pulse
monitoring, a high-sensitivity and robust LIG sensing
array was developed. Initially, specific grooved struc-
tures were fabricated on the polyimide (PI) substrate
via mature and straightforward precision mechani-
cal milling to enhance sensitivity by leveraging stress
concentration. The geometric parameters of these
grooves were optimized through finite element analysis
(FEA). Then, the LIG sensing arrays were patterned
onto the PI substrate using an optimized laser scrib-
ing process. Subsequently, MoS, solution was used to
modify the 3D porous graphene to eliminate micro-
structural disorder and thus enhance the consistency



of the electromechanical response among different
sensors. Afterwards, a facile and high-strength chem-
ical bonding process was developed to encapsulate
LIG sensor arrays with a polydimethylsiloxane (PDMS)
cover film at room temperature, which endows the
device with good sealing properties to counteract mois-
ture absorption and thereby promises excellent stabil-
ity. Finally, a dedicated system encompassing detec-
tion circuitry and a mobile-based user interface was
developed to reconstruct the acquired pulse signals
into 3D signals. This work provides significant insights
and a valuable reference for effective pulse monitor-
ing and promises a potential realization of the digitiza-
tion of TCM.

2 Experimental
2.1 Materials

PI film was purchased from Alfa Aesar (China).
PDMS film was purchased from Hangzhou Westru
Technology Co. Ltd. (China). MoS, was obtained from
Jiangsu XFNANO Company (China). 3-Mercaptopropyl
trimethoxysilane (MPTMS) was purchased from TCI
Development Co., Ltd. (China). All materials were used
as received without further purification.

2.2 Flexible printed circuit and precision mechanical
milling on the PI substrate

Flexible printed circuit (FPC) technology was
employed to fabricate copper electrode wires with a
thickness of 18 um on the initial PI substrate surface.
Precision mechanical milling was utilized to create a cer-
tain number of square grooves on the 1.2 mmx1.2 mm
FPC PI substrate, with a milling cutter diameter of
0.5 mm and a spindle speed of 9000 r/min.

2.3 Design and optimization of structural
parameters of machined grooves

Numerical simulation of the sensitive layer’s de-
formation under external force was performed using
the FEA software COMSOL. A 3D model with actual
structural dimensions was established and meshed
using tetrahedral elements (C4D4). Boundary loads
were applied to the model with fixed constraints added.
Vertical pressures of equal magnitude were applied to
the model under different structural parameters, includ-
ing the number, depth, and length of grooves, and the
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resulting strain values were calculated. Under environ-
mental conditions, the final device was fabricated based
on the optimized structural parameters.

2.4 Fabrication of LIG sensing array

To prepare the sensitive layer, the FPC PI sub-
strate was cleaned and then dried by baking on a hot
plate at 100 °C for 10 min. Subsequently, a CO, infra-
red laser (VLS2.30, Universal Laser Systems, the USA)
was used to etch the microchannel-structured PI film
(250 pm) in ambient air, creating an LIG 3D porous
structure. A 10.6 um CO, laser with a maximum power
of 30 W was employed for laser scribing at 1000 pulses
per inch (1 inch=2.54 cm) under varying power and
speed conditions. The laser scribing parameters, spe-
cifically power and scan rate, were thoroughly investi-
gated and optimized to ensure high-quality LIG for-
mation. Following the established laser induction
parameters, a uniformly spaced five-strip LIG sensing
array was integrated onto the FPC PI substrate along
the preprocessed electrodes.

Following laser-etch fabrication, the LIG was
decorated with MoS, solution through a dip-coating
process. At room temperature, a 1:1 volume ratio mix-
ture of 100 mL N-methyl-2-pyridone and deionized
water was prepared. This solution was added to 40 mg
MoS, powder and vigorously sonicated for 90 min to
achieve uniform dispersion. The prepared PI substrate
was immersed in the MoS, solution and sonicated for
30 s using an ultrasonic power of 60 W. The sample
was then removed from the solution and dried on a hot
plate at 100 °C for 10 min, yielding MoS,-decorated
LIG.

2.5 Bonding process between PI and PDMS

At room temperature, the PI surface was treated
with a 2% (volume fraction) MPTMS aqueous solution
for 2 s to induce hydrolysis and nucleophilic reac-
tions. The sample was then immediately rinsed with
distilled water and air-dried. Subsequently, the bond-
ing faces of the PI substrate and PDMS film were sub-
jected to plasma treatment (radio frequency power
100 W, 120 s). The surfaces were immediately bonded
together for 10 min after oxidation to achieve irrevers-
ible bonding at room temperature. Due to the high reac-
tivity of the thiol-terminated silane coupling agent, the
solution was prepared fresh for each experiment and
discarded after approximately 30 min.
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2.6 Characterization and measurements

The surface morphology of LIG and MoS,-
decorated LIG was investigated using scanning elec-
tron microscopy (SEM, Sigma 360, ZEISS, Germany).
Characteristic elements in PI films before and after
laser ablation were analyzed using X-ray photoelec-
tron spectroscopy (XPS, Scientific K-Alpha, Thermo,
the USA). The structural composition of LIG was
analyzed using Raman spectroscopy (Raman, LabRAM
HR Evolution, Horiba, Japan). Shear strength testing
was conducted using a mechanical tensile tester (PLD-5)
to evaluate the bond strength between PI and PDMS
films.

The performance of the LIG sensing array was
evaluated using a dedicated experimental test platform.
A signal generator produced an electrical signal ampli-
fied by a power amplifier, which directly drove a vibra-
tor to generate periodic vibrations. The magnitude of
force applied to the LIG sensor was measured via the
force sensor. By recording the current pressure signal,
the current output and voltage output of the LIG sensor
under that pressure could be measured.

3 Results and discussion
3.1 Sensing mechanism and structural design

The heart, as the driving force of the human cir-
culatory system, periodically propels blood through
arteries and veins to complete the pumping and circu-
lation process. The generated pulse waves contain rich
cardiovascular physiological information, from which
key physiological characteristics such as the pulse wave
(P-wave), tidal wave (T-wave), and bifurcated wave
(D-wave) can be extracted. For example, in TCM
pulse palpation, practitioners place their fingertips in
three distinct positions: Cun, Guan, and Chi. Since
the human fingertip functions as a highly sensitive 3D
force sensing unit, the diagnostic data acquired by one
fingertip are essentially spatiotemporal 3D signals. To
emulate the TCM pulse palpation process, the devel-
oped wearable sensor must function as a highly sensi-
tive subtle pressure transducer. Furthermore, to capture
spatiotemporal 3D signals, a single pulse sensor should
be engineered as a sensing element array. Arranged
along the direction of blood flow, this configuration
enables the detection and reconstruction of 3D pressure
signals at the acupoint interface, as shown in Fig. 1a.

Fig. 1b shows the schematic layout of the devel-
oped sensor array, featuring an ultrathin bilayer struc-
ture: the bottom flexible substrate consists of a 250 um
thick PI film with microgroove structures. This substrate
offers excellent flexibility and mechanical strength,
providing a stable support structure while maintaining
good physical integrity under various complex usage
scenarios. To facilitate subsequent performance test-
ing, copper conductors (200 um in width) were fabri-
cated on the PI film for signal extraction. Additionally,
a stress-concentrating structure was created by groov-
ing the PI film substrate through a mechanical milling
process. The graphene prepared by laser etching serves
as the core sensing element, designed in a rectangular
pattern size of 1.4 mmx8 mm. The top cover consists
of a flexible PDMS membrane of 50 um, effectively
shielding the graphene sensing layer from external in-
fluences. The top cover and substrate were assembled
together through our previously reported chemical
bonding process (Luo et al., 2025) to form the encap-
sulation structure of the sensor.

To enhance the sensing sensitivity, a microgroove
structure was designed, and the influences of dimen-
sions on pressure sensing performance were investi-
gated. Using COMSOL FEA software, a 3D model
with actual dimensions was created. Through FEA
simulation, the deformation of the sensitive layer under
external pressure was modeled to obtain its strain curve
and thereby determine the actual resistance change
of the sensitive layer. Fig. 1c displays the model’s
deformation under 100 kPa pressure. Theoretically,
higher average strain levels correlate with increased
pressure sensor sensitivity. By simulating the impact
of various structural parameters on sensor perfor-
mance, critical design parameters were identified and
optimized. First, the effect of the microgroove struc-
ture count (n) on the sensor performance was ex-
amined. Simulations were conducted with micro-
groove counts of 1, 2, 3, and 4, as shown in Fig. 1d.
The strain level in the sensitive layer increases with
the number of stress-concentrating structures. How-
ever, due to material dimensional constraints and scale
requirements for milling, the optimal number of micro-
groove structures was ultimately determined to be 3.
Subsequently, the depth (d) of the microgroove struc-
tures was also investigated, as shown in Fig. le. As the
depth increased from 20 to 50 pm, it was observed
that the stress on the surface gradually increased with
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Fig. 1 Design of a 3D LIG sensor: (a) schematic of the sensor’s operating mechanism; (b) exploded view layout; (c) in
situ deformation within the LIG at 100 kPa (the legend is displacement, nm). FEA of the LIG yielded strain distributions
for (d) varying numbers of microgrooves (n), (e) varying microgroove depths (d), and (f) varying microgroove lengths (/)

depth. However, the rate of strain increases gradually
flattened as the depth increased. Furthermore, when
the depth exceeded 50 pum, excessive undulations oc-
curred during CO, laser focusing, adversely affecting
the quality of the fabricated LIG. Therefore, a depth of
50 um was chosen for the stress-concentrating struc-
ture. Finally, the influence of the stress concentrator
length (/) was explored. As shown in Fig. 1f, increas-
ing the length from 0.6 to 1.2 mm resulted in a rising

strain level. Considering part constraints and manufac-
turing costs, a microgroove length of 1 mm was se-
lected. Through the above finite element simulation
analysis, the optimized microgroove structure parame-
ters were determined to enhance the sensor sensitivity.

3.2 Fabrication process and characterization

The proposed sensor was fabricated using a mature
preparation process. Fig. 2a illustrates the manufacturing
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process flow for the proposed pulse sensor array.
After cutting PI to the designed dimensions, copper
electrodes were fabricated via FPC ribbon cable tech-
nology to lead the output signals. Microgroove struc-
tures were fabricated on the PI film through preci-
sion machining, specifically milling, to create stress-
concentrating features that enhance sensor sensitivity.
Laser direct writing technology was employed to fab-
ricate the LIG directly onto the PI surface across the
microgrooves along the electrode lines. The laser etch-
ing technique eliminates the need for inert gases,
making it suitable for large-scale batch production at
low cost. Then, a MoS, solution was prepared, and the
fabricated LIG@PI film was immersed into the solu-
tion. Ultrasonic agitation ensures MoS, modification
of the LIG, guaranteeing consistency across different
devices within the same batch. Finally, a chemical bond-
ing encapsulation process was developed to assemble
the PI film and a cover PDMS film at room temperature,
effectively protecting the sensitive layer and enhancing
device stability. Fig. 2b shows the as-prepared devices
obtained via the above processes.

To fabricate microgrooves on the prepared PI
substrates to enhance the sensitivity, a precision mill-
ing process was utilized due to its advantages of low
cost, high efficiency, and high accuracy. The specific
machining parameters for milling of microgrooves are
summarized in Table S1 of the electronic supplemen-
tary materials (ESM), and the fabricated structures ex-
hibit a high geometric fidelity relative to the initially
designed parameters. Taking the depth of microgrooves
as an example, the depth dimensions of five represen-
tative samples were characterized using a white-light
interferometer (WLI). The results revealed a maximum
depth deviation of only approximately 1 pm, with the
average relative error across all samples measured at a
remarkably low value of 1.12%, highlighting the high
accuracy of precision milling. These results validate the
promising application prospects of precision mechan-
ical machining in the field of micro/nanosensors.

For the fabrication of LIG, the effects of laser
power and scanning speed on the quality of graphene
sensitive layers were investigated. The laser power
directly correlates with the energy intensity; excessively
high power may cause overablation, while insufficient
power may prevent graphene formation. Experimen-
tally, graphene edges exhibit significant defects under
low thermal energy (<2.7 W), while high thermal

energy (>3.3 W) causes severe carbonization of the PI
film, resulting in loose and incomplete microstructures.
As such, LIGs obtained at powers of 2.7, 3.0, and 3.3 W
were selected for fabrication. Figs. Sla—S1c of the
ESM display the LIG prepared at 2.7, 3.0, and 3.3 W,
respectively, where the scanning speed was fixed at
100 mm/s. At 2.7 W, the graphene structure lacked a
well-defined flake-like arrangement and exhibited
loose, disordered packing. At 3.3 W, severe carboniza-
tion of graphene was clearly observed. The LIG pre-
pared at 3.0 W exhibited the formation of uniform,
flake-like microstructures without obvious defects or
overablation. Additionally, the influence of the laser
scanning speed was also investigated, as it could de-
termine the interaction time between the laser and
PI film. LIG morphologies were primarily observed
at scanning speeds of 90, 100, and 110 mm/s under
constant laser power of 3.0 W. Scanning speeds below
100 mm/s caused detachment of graphene flakes, while
speeds exceeding 110 mm/s resulted in non-sheet-like
graphene formation, as shown in Figs. S1d—S1f of the
ESM. Based on the experimental results, an etching
power of 3.0 W and a scanning speed of 100 mm/s
were chosen for fabricating the final device. As shown
in Fig. 2d, the LIG fabricated at 3.0 W and 100 mm/s
exhibited a complete flake structure, with surface wrin-
kles and undulations to further increase its specific
surface area.

The graphitization degree and elemental compo-
sition of LIG were also systematically investigated
using Raman spectroscopy and XPS. The Raman spec-
trum in Fig. 2e exhibits three primary characteristic
peaks: the D peak at about 1350 cm™, the G peak at
about 1580 cm™, and the 2D peak at about 2700 cm™.
The intensity ratio of the D peak to the G peak (/,/I,=
0.89) indicates a high degree of crystallization in the
graphene formed within the LIG film. The relatively
large ratio of the 2D peak to the G peak, coupled with
the broad half-width of the 2D peak, suggests a dis-
tinct multilayer structure in the LIG (Zheng et al., 2023;
Zou et al., 2023). Furthermore, the XPS spectrum
(Fig. 2f) reveals that LIG was primarily composed of
carbon (C), with trace amounts of oxygen (O) and
nitrogen (N) elements. The Cls peak predominantly
appears at approximately 285 eV, while the N1s peak
appears at approximately 400 eV, and the Ols peak
appears at approximately 532 eV. Overall, the C con-
tent significantly increases while the N and O contents
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Fig. 2 Fabrication process and characterization of LIG pulse sensors: (a) fabrication process flow for the pulse sensor;
(b) images of copper electrodes fabricated using the FPC ribbon process and a PI substrate with microgroove structures
fabricated using the milling process; (¢) schematic diagram showing the measurement of the depths of five microgrooves
machined by the milling process; (d) SEM image and (e) Raman spectrum of porous graphene fabricated at a laser
power of 3.0 W and a scanning speed of 100 mm/s; (f) comparative analysis of XPS spectra of the material before and after
laser scanning; (g) XPS spectra of the LIG composite showing different deconvoluted peaks

markedly decrease after laser scribing, preliminarily con-
firming the successful conversion of PI into few-layer
graphene. Analysis of the high-resolution XPS spec-
trum in the Cls region (Fig. 2g) reveals a peak at ap-
proximately 284.6 eV corresponding to sp’-hybridized
C-C bonds, a characteristic feature of graphene, indi-
cating the presence of graphene materials.

MoS, shares a similar hexagonal structure with car-
bon atoms, as shown in Fig. S2 of the ESM, exhibiting

a high Young’s modulus and fracture strength. Unex-
pectedly and experimentally, it was found that incor-
porating MoS, modification into multilayer LIGs could
mitigate graphene nanosheet fracture through the syn-
ergistic interaction between MoS,’s inherent active
hierarchy and composite layers, thereby enhancing
the consistency of the microstructural morphologies
and, in turn, the electromechanical properties. After
MoS, modification through dip-coating treatment, the
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morphology of MoS,-decorated graphene was exam-
ined using SEM, as shown in Fig. S3 of the ESM. It
could be clearly observed that MoS, nanosheets were
embedded and bonded together with flaky graphene
layers, reducing the dispersion of flaky structures and
thereby enhancing structural consistency.

The encapsulation process is critical for ensuring
stable and reliable sensor performance in practical appli-
cations. In particular, encapsulation of LIG not only
shields the sensitive layer from external physical
damage but also mitigates the adverse effects of ambi-
ent moisture on the LIG, thereby ensuring long-term
functional stability. As such, a facile and novel bond-
ing process between Pl and PDMS at room tempera-
ture was developed. By employing MPTMS as an
auxiliary material, efficient bonding between flexible
plastic substrates and PDMS was achieved. Fig. S4
of the ESM illustrates the principle of the proposed
chemical bonding process. Fig. S4a depicts a substrate
bearing electrophilic groups, where ' represents elec-
trophilic sites and 0~ denotes nucleophilic sites. Fig. S4b
illustrates the reaction process between the substrate
and MPTMS aqueous solution: the alkoxy end of
MPTMS undergoes hydrolysis, while its thiol func-
tional group engages in a nucleophilic reaction with
the substrate. The hydrolysis reaction of the MPTMS
alkoxy end, which generates alcohol compounds and
promotes cross-linking between adjacent MPTMS
molecules, is shown in Fig. S4c. Fig. S4d illustrates
the nucleophilic reaction between the MPTMS thiol
group and the substrate, resulting in MPTMS graft-
ing onto the substrate surface. The alkoxy-terminated
silane-capped substrate formed after MPTMS modifi-
cation is shown in Fig. S4e. Fig. S4f illustrates the
oxidation reaction occurring on the surface of the PI
substrate. Fig. S4g shows the dehydration reaction
taking place at the conformal interface between the
two substrates. The final product obtained after the
bonding reaction is shown in Fig. S4h. The experi-
mental procedure for this chemical bonding is illus-
trated in Fig. S5 of the ESM. First, the chemical modi-
fication of the PI surface using MPTMS was per-
formed, followed by oxygen plasma treatment for both
the PI substrate and the PDMS encapsulation structural
layer. Finally, the two as-treated surfaces were pre-
cisely aligned and compressed, ultimately resulting in a
permanent connection. To evaluate the shear and bond-
ing strength, shear strength testing of the PI-PDMS

assembly was conducted using a universal tensile test-
ing machine, as depicted in Fig. S6 of the ESM. A shear
bonding strength of approximately (312425) kPa was
recorded, accompanied by mechanical tearing between
the PI substrate and PDMS cover, indicating reliable
interfacial bonding.

3.3 Electromechanical performance

Experimental studies were conducted on the elec-
tromechanical performance of the sensor. Figs. 3a and
3b show response curves for sensors prepared with
varying laser powers and scanning speeds, respectively.
It is observed that relative current changes (AZ/1,)
increases with rising pressure, and the samples fabri-
cated by 3.0 W laser power under constant scanning
speed of 100 mm/s promise the highest sensitivity.
Moreover, the response curves of sensors fabricated at
different scanning speeds were also measured, in which
the sensitivity also increased with the applied pressure.
At a scanning speed of 100 mm/s, the sensitivity was
significantly higher than those of other scanning
speeds. The results further demonstrate that the mor-
phology of the LIG sensing layer critically influences
the sensing performance and the rationality of the selec-
tion of 3.0 W power and 100 mm/s for fabrication.

For the described LIG pressure sensor, we applied
loads within the 0—180 kPa pressure range and reana-
lyzed the data for different pressure intervals using
piecewise linear fitting. The slope of the fitted line ob-
tained via the least squares method represents the sensi-
tivity (S) of the sensor within the corresponding interval.
As shown in Fig. 3¢, a comparative analysis was con-
ducted to examine the performance differences between
sensors with and without microgroove structures. The
experimental results indicate that with the introduction
of microgroove structures, the sensor’s S reached
2.205 kPa™ in the low-pressure range (0—15 kPa) and
0.426 kPa™" in the high-pressure range (15-180 kPa). In
contrast, for the samples without microgrooves, the
corresponding S values were 1.274 and 0.282 kPa™'.
This confirms that the increase in sensitivity aligns
with the theoretical design: regions with abrupt geo-
metric discontinuities exhibit significant stress con-
centration and are highly sensitive to local strain fluc-
tuations. Furthermore, using the least-squares-fitted
straight line in the figure as a baseline, the sensor’s
linearity was evaluated. After introducing the micro-
groove structure, the coefficient of determination (R?)
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Fig. 3 Performance testing of the LIG pulse sensor: relative current variation of sensors fabricated at different (a) laser
powers (P) and (b) scanning speeds (}) under pressures ranging from 0 to 180 kPa; (c) comparison of relative current
changes at pressures ranging from 0 to 180 kPa for sensors with and without microgroove structures prepared at a laser
power of 3.0 W and a scanning speed of 100 mm/s. Relative current changes (Al/l)) at different pressures for four sensors
from the same batch: (d) with MoS, modification; (e) without MoS, modification; (f) initial resistance changes (AR/R,) over
3 d for three sensor types: uncovered, directly covered with PU film, and chemically bonded with PDMS; (g) relative
current changes after over 10000 loading/unloading cycles for three sensor types: uncovered, directly covered with PU
film, and chemically bonded with PDMS; (h) response time and recovery time of the sensor at 100 kPa; (i) changes (AY)
in relative current and pressure during repeated loading and unloading cycles

and y, is approximately 0.47%, indicating that the
sensor exhibits excellent linear response characteristics.
To evaluate the repeatability of the prepared sensors,

in the low-pressure region (0-15 kPa) was 0.993,
with a nonlinearity error (y,) of approximately 0.03%.
In the high-pressure range (15-180 kPa), R* is 0.977,
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comparative experiments were conducted on eight
sensors, as shown in Figs. 3d and 3e. The results indi-
cate that the maximum relative error (AH/H,,,,, AH
represents the maximum deviation in sensor character-
istic curves, and H,,,, represents the full-scale output in
sensor characteristic curves) between different devices
was improved from 11.88% (Fig. 3e, without MoS,
modification) to 6.61% (Fig. 3d, with MoS, modifica-
tion). The results confirm that MoS, modification could
significantly enhance the batch-to-batch consistency
of the sensors, which is of paramount importance for
practical applications. To evaluate the sensor’s stability,
initial resistance variations over three days were tested
under ambient conditions in a naturally resting state.
The tested sensors included samples without any encap-
sulation, samples simply covered with medical polyure-
thane (PU) tape, and samples covered with PDMS
chemical bonding. As shown in Fig. 3f, the variations
in the initial resistance under the three encapsula-
tion conditions were approximately 7.44%, 2.15%, and
0.11%, confirming that PDMS bonding can effectively
isolate LIG from atmospheric moisture, thereby miti-
gating the adverse effects of humidity on its sensing
performance. Additionally, the three types of sensors
were subjected to over 10000 mechanical load/unload
cycles, and the results are recorded in Fig. 3g. The re-
sponse curve of the unencapsulated sensor, directly
exposed to air, gradually declined. The sensor en-
capsulated directly with medical PU tape exhibited a
gradual performance degradation after 4000 cycles. In
contrast, the sensor encapsulated with PDMS chemical
bonding performs well, with the AZ/I, variation stabiliz-
ing within 0.01%, highlighting that the PDMS chemi-
cally bonded encapsulation could also lead to excellent
stability over mechanical force. Table S2 provides a
systematic comparison of this work with flexible pulse
sensors reported in recent years.

Fig. 3h shows the sensor’s response time and
recovery time, which were approximately 23 and 30 ms
under 100 kPa pressure, respectively, revealing the
outstanding dynamic response performance of the
as-prepared sensors. To evaluate the hysteresis charac-
teristics of the sensors, Fig. 31 shows the mechanical
response curves after the 1st, 5th, 20th, and 50th cycles,
with a maximum hysteresis error (AY) of approxi-
mately 5.89%. The results indicate that the as-prepared
sensor exhibits a relatively low hysteresis compared
with other previously reported flexible pressure sensors

(Wang and Tao, 2021; Wang et al., 2022). Furthermore,
the sensor’s response ability to mechanical loading
under different frequencies was also investigated, as
shown in Fig. S7 of the ESM. The sensor exhibited
no frequency dependency within the 0-10 Hz range,
making it suitable for common dynamic pressure
sensing applications. Additionally, to meet the require-
ments for pulse monitoring, the sensor must possess
the capability of subtle pressure detection. To determine
the lower limit of detection, the sensors were subjected
to a tiny force of 0.005 N (approximately 35 Pa), as
shown in Fig. S8 of the ESM, and a distinct resistance
change of 0.049% is discernible. Therefore, the sensor’s
minimum detectable force is determined to be approx-
imately 35 Pa, which is sufficient for in-body pulse
detection (Chou et al., 2022).

3.4 Applications

The developed LIG flexible pulse sensor was
applied to human wrist pulse measurement using adhe-
sive tape to conform to the curved surface of the radial
artery skin at the target wrist location to acquire pulse
signals. Fig. 4a displays an example of a single-point
pulse signal acquired from a 20-year-old adult male at
rest. Calculated from two consecutive systolic peaks,
the arterial pulse rate is 74 beats per minute, with an
interval of approximately 0.8 s. The inset figure shows
a schematic diagram of the utilized sensor unit with
only one sensing strip. Fig. 4b exhibits a detailed wave-
form of a selected pulse cycle extracted from Fig. 4a,
comprising the pulse wave (P-wave, P, represents the
amplitude of P-wave), tidal wave (T-wave, P, represents
the amplitude of T-wave), double notch (D-notch), and
double wave (D-wave). The time difference between
the P-wave and T-wave (AT,,,,) was measured as approx-
imately 233 ms, which falls within the normal range for
healthy adult males in their twenties (Kang et al., 2016).

Beyond conventional single-point pulse monitor-
ing, the defining highlight of this work lies in the sensor
array design, which could enable comprehensive 3D
pulse signal acquisition. To realize 3D pulse monitor-
ing, a signal acquisition system was designed and con-
structed, as shown in Fig. 4c. The main control unit
employs an ESP32 (ESPRESSIF SYSTEMS Co., Ltd.,
China) chip as microcontroller unit, utilizing its built-in
analog-to-digital conversion (ADC) for data acquisi-
tion and transmitting data via a Wi-Fi module to a
mobile application. Based on the as-prepared sensor



array and signal acquisition system, pulse signal acqui-
sition, processing, and display could be achieved, as
depicted in Fig. 4d.

The monitoring system utilized three sensor
arrays positioned at the subject’s Cun (Sensor 1), Guan
(Sensor 2), and Chi (Sensor 3) target sites. According
to traditional Chinese pulse diagnosis theory, the Cun,
Guan, and Chi acupoints are sequentially distributed
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along the radial artery, with Guan located at the most
prominent pulsation region near the radial styloid pro-
cess, Cun positioned toward the palm, and Chi toward
the forearm. During the experiment, an experienced
pulse diagnosis operator first identified the Guan region
through digital palpation and subsequently deter-
mined the Cun and Chi positions using the traditional
three-point positioning method. Three flexible sensor
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Fig. 4 Applications of the LIG pulse sensor: (a) real-time arterial pressure waveform measured by the sensor at the wrist
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arrays were then sequentially attached along the pulse
pathway in the order of Cun—Guan—Chi, with an ap-
proximate center-to-center spacing of 12 mm between
adjacent arrays. Owing to their intrinsic flexibility, the
sensor arrays naturally conformed to the wrist surface
and were secured using medical-grade hypoallergenic
adhesive tape. To ensure stable skin contact while
minimizing vascular compression, a light-touch adhe-
sion strategy was adopted, and the static preload pres-
sure was controlled below approximately 5 kPa. All
measurements were performed with subjects in a re-
laxed seated posture, and all experiments were con-
ducted by the same operator to ensure reproducibility,
with sensor placement errors controlled within 5%.

Each flexible sensor array consisted of five inde-
pendent LIG-sensitive units capable of synchronously
acquiring pulse signals from different spatial positions
at a single acupoint. After signal acquisition, the raw
electrical data from each channel were filtered and
normalized to suppress environmental noise. The spa-
tial coordinates of the five sensing units, together with
their corresponding real-time response amplitudes,
were subsequently used to reconstruct the local 2D
pulse distribution. By further incorporating continu-
ous temporal sequence data through interpolation and
surface fitting, a dynamic 3D pulse image describing
the “spatial location—time-response amplitude” rela-
tionship was generated to visualize pulse wave propa-
gation characteristics. Notably, the reconstructed “3D
pulse signal” in this study represents a spatiotemporal
visualization of multichannel pulse responses rather
than a strict 3D biomechanical pressure field recon-
struction. Fig. S10 of the ESM illustrates the work-
flow for processing and reconstructing 3D pulse sensor
data. Fig. 4e shows the final 3D pulse image of an
adult male at rest, clearly reflecting the propagation
process of the pulse signal. All measurement target
sites exhibited stable, periodic pulse waveforms with
distinct peaks, indicating that the sensor is capable of
effectively capturing the dynamic changes in the human
pulse. The constructed 3D pulse images not only pro-
vide a visual representation of the temporal evolu-
tion of the pulse signal but also reveal its spatial dis-
tribution patterns, which are suitable for analyzing the
health information of the subject. Overall, our LIG
flexible pulse sensor serves as a versatile skin-interface
pulse sensor capable of long-term stable monitoring of
cardiovascular status.

4 Conclusions

In summary, a design and fabrication method for
highly sensitive and robust LIG flexible pulse sensor
arrays has been developed. First, a precision machining
process was employed to mill microgroove structures
on the PI substrate before fabrication of LIG, achiev-
ing sensitivity enhancement through the stress concen-
tration effect. Then, the microstructural consistency of
the LIG was improved via MoS, solution modifica-
tion, thereby enhancing the uniformity of the electro-
mechanical response. Finally, a facile and reliable
chemical bonding technique was developed to isolate
the LIG from atmospheric moisture, simultaneously
enhancing the stability of the sensor’s electromechan-
ical response. Consequently, the as-prepared sensor
exhibited outstanding performance, such as high sen-
sitivity, good consistency, fast response capability, and
excellent stability. Leveraging these advantages, the
fabricated sensor arrays have been successfully applied
in detecting 3D pulse signals. This work offers an effec-
tive strategy to address the limitations of traditional
pulse sensors, promising the potential future applica-
tions of this flexible pulse sensor technology in the
fields of health monitoring and smart healthcare.

In addition, further research is needed in the fol-
lowing areas. First, this study is currently still in the
proof-of-concept stage, with a relatively limited number
of participants. Systematic testing involving large-scale
populations across multiple age groups and under
various physiological conditions has not yet been con-
ducted, and further research is needed. Second, because
multiple sensing units are integrated onto the same
flexible substrate, a certain degree of signal crosstalk is
inevitable during actual data acquisition. In future work,
we plan to further reduce crosstalk between adjacent
units by employing isolation structures such as lead
bridges and serpentine beam structures.
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