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ABSTRACT: Flexible wearable devices demonstrate immense potential
in healthcare and human−computer interaction, yet the development of
high-performance flexible pressure sensors for these applications remains
a pressing technical challenge. Inspired by the structure of commonly
used airbag combs, an airbag-like comb flexible pressure sensor (ALCS)
was designed and fabricated using laser direct writing (LDW) technology.
By incorporating an airbag structure to enhance the variation in contact
area between the sensing and electrode layers, coupled with pore design
to further boost unit strain, the ALCS achieved an ultrawide detection
range (1.27−2783.815 kPa), high sensitivity (up to 21.53 kPa−1), and
exceptionally fast response/recovery times (3.4 ms/34 ms). To tackle the
issue of lacking dynamic sign language recognition systems, we fabricated
an intelligent glove (ALCIG) based on ALCS, which, when integrated
with machine learning algorithms, achieved precise recognition of 8 types of dynamic sign language, offering an efficient solution for
barrier-free communication for individuals with speech impairments. To further evaluate the recognition capabilities of ALCIG and
enhance its applicability in diverse scenarios, we developed a virtual keyboard letter recognition test involving 26 categories. The
results demonstrated that even with 26 highly complex targets, ALCIG successfully collected data and achieved accurate
classification, showcasing its significant potential in gesture recognition and complex classification tasks.
KEYWORDS: flexible pressure sensor, airbag-like comb structure, gesture recognition, machine learning, intelligent glove

1. INTRODUCTION
With the rapid advancements in flexible electronics and
artificial Internet of Things (IoT) technologies, flexible
wearable devices are demonstrating extensive application
potential in fields like vital sign monitoring,1−3 medical health
rehabilitation,4,5 human−machine interaction,6−9 and gesture
recognition.10−12 In these devices, high-performance flexible
pressure sensors serve as critical components capable of
detecting various pressure changes with greater speed and
accuracy. Flexible pressure sensors can be categorized into four
types based on their working mechanisms: capacitive,13−15

piezoelectric,16,17 piezoresistive,18,19 and triboelectric.20,21 And
piezoresistive sensors are extensively employed due to their
advantages, including a wide pressure detection range, simple
detection methods, and low power consumption.
To enhance the sensitivity, detection range, stability, and

other performance metrics of sensors, researchers commonly
adopt various strategies. One approach is to utilize various
advanced materials for the sensing layer, such as MXene,22−24

carbon nanotubes,25 graphene,26−28 metal nanowires,29,30 and
conductive polymers like polypyrrole (PPy),31,32 which exhibit
excellent conductivity, high mechanical strength, and stable
electrical connections during both loading and unloading. The
second approach involves microstructural fabrication of the

sensing or substrate materials to achieve specific micro-
structural forms, such as microspherical,13,33,34 micropil-
lar,12,35,36 and micropyramid shapes,37,38 etc. Some researchers
have designed layered or hierarchical microstructures to
achieve improved stress distribution.For example, Yang et
al.39 ingeniously fabricated a biomimetic micro dome structure
by replicating and transferring the microstructure of rose
petals, and developed a biomimetic flexible piezoresistive
sensor with a layered microstructure, successfully improving
the sensitivity of the sensor. Du et al.40 fabricated a flexible
pressure sensor with a two-tier microstructure by combining
silver nanowire coatings and laser ablation, When the sensor is
under pressure, the deformation of the first-order micro-
structure increases the contact area between the two functional
layers. When the first-order microstructure becomes difficult to
deform, the second-order microstructure contacts the inter-
digital electrode, and the resistance of the sensor always
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maintains a linear decrease. Under identical pressure, these
microstructures show more concentrated contact stress and
strain, resulting in more significant compressive deformation
and improved compressibility. One frequently used method for
fabricating the desired microstructures involves lithography.
This process first creates an inverse pattern on materials like
silicon or copper and then coats the substrate material, such as
polydimethylsiloxane (PDMS),41,42 onto the prepared mold to
achieve the desired micropattern. However, the conventional
lithography process is time-consuming and costly, particularly
when dealing with more complex 3D structures, making
fabrication more challenging. Furthermore, the inefficiency
stemming from the need for frequent modifications to initial
designs and the repeated fabrication of prototypes is a
considerable drawback of this technique.43 Additionally, the
replication process, which involves PDMS coating, curing,
demolding, and assembly, presents significant challenges and
may lead to a decrease in the consistency of the final structural
quality. While 3D printing is capable of fabricating more
complex structures, its precision for small structures is limited,
and the surface quality is often poor, making it difficult to
achieve the intended results.44 In contrast, laser direct writing
(LDW) technology, due to its high precision, low processing
costs, strong consistency, and excellent controllability, can
accurately fabricate the desired results under the premise of a
defined processing pattern. Table S1 shows the comparison
between LDW and lithography and 3D printing. LDW has
advantages in cost and processing time. The advantage of
lithography is that the processing resolution can be smaller,
while the main advantage of 3D printing is lower cost.45,46

Additionally, LDW technology offers the ability to conven-
iently alter the microstructure morphology by adjusting laser
parameters, providing a distinct advantage in the fabrication of
small structures and even multitiered architectures. For
instance, Zhang et al.47 used laser direct writing to fabricate
a flexible piezoresistive sensor with curved conical micro-
structures, with an initial sensitivity of 21.80% kPa−1 and a
detection range exceeding 20 kPa. Zhang et al.48 employed
laser technology to create a highly ordered piezoresistive
sensor with a two-level microstructure. The two-level micro-
structure, with its higher flexibility and increased contact
points, demonstrated 20 times the sensitivity of the single-level
microstructure sensor. Although there are various micro-
structure designs for flexible pressure sensors, most designs
focus only on single-sided microstructures, neglecting the
significant potential of double-sided microstructures in
enhancing sensor performance. And at least one side of the
current double-sided sensor has an irregular microstructure.
For example, Xiao et al.49 applied the polymer mixture on the
prepared sandpaper and then covered the top surface of the
ion gel with another sandpaper to obtain a iontronic dielectric
layer. Yuan et al.50 prepared the dielectric layer with one side
of regular micropyramid shape and the other side of irregular
protrusion shape by using silicon substrate and abrasive paper.
Fewer sensors with regular microstructure on both sides.
Additionally, current gesture recognition primarily focuses on
static gestures, such as simple “OK” or “1” signs, while dynamic
sign language recognition remains a significant challenge.
In this study, inspired by the commonly used airbag comb,

an airbag-like comb flexible pressure sensor was designed and
fabricated using laser direct writing technology. Due to its
backside airbag and pore microstructure, the sensor exhibits
high sensitivity (up to 21.53 kPa−1), an ultrawide operating

range (1.27−2783.815 kPa), and ultrafast response/recovery
times (3.4 ms/34 ms). To demonstrate its potential
applications, the sensor was used to detect human physio-
logical activity signals, such as head movements and muscle
pressure. Moreover, we fabricated an intelligent glove using
this sensor, and by integrating machine learning algorithms, the
glove effectively collects data for recognizing 8 dynamic sign
language gestures and 26 virtual keyboard letter inputs. The
glove achieves classification accuracies of 98.86% and 98.01%,
respectively, highlighting its immense application potential in
gesture recognition and various complex recognition tasks.

2. EXPERIMENTAL SECTION
2.1. Materials for sensor and Glove. The sensing layer material

of the sensor is graphite nickel plated silica gel (HSD-16715,
Dongguan Shunyi Plastic Materials Co., Ltd.). The isolation layer
material is polyimide (Dongguan Ronghui Insulation Materials Co.,
Ltd., thickness: 125 μm). The electrode layer material is copper
(Shenzhen JLC Technology Group Co., Ltd.). The top encapsulation
layer material is medical polyurethane (PU, Cofoe Medical Equip-
ment Co., Ltd., thickness: 100 μm). The bottom encapsulation layer
material is polyimide (Shenzhen JLC Technology Group Co., Ltd.).
The materials of each layer of gloves and the corresponding layers of
sensors are consistent.

2.2. Manufacturing Parameters of ALCS Sensing Layer. The
sensing layer was subjected to surface microstructural treatment using
laser direct writing technology, which was divided into four parts:
backside processing, front processing, front perforation, and front
trimming. The laser processing images of the back and front
processing are shown in Figure S1, and the single processing image
of the front perforation is a circle with a diameter of 120 μm. The
complete machining diagram is a 12 × 12 array of a single machining
diagram, with a spacing of 18/11 mm between each row and column.
Due to the need to be processed into an airbag-like shape, the
concentric circle structure on the back is denser inward, while the
concentric circle structure on the front is sparser inward. The
diameter of the micro column reserved on the front is 160 μm.
Initially, the conductive silicone was cut into 20 mm−20 mm pieces
using an ultraviolet laser with default laser parameters (frequency: 30
kHz, processing speed: 200 mm/s, current: 1 A, on-delay: 300 μs, off-
delay: 100 μs, end-delay: 300 μs, corner-delay: 100 μs, spot size:
0.001 mm, wavelength: 355 nm). The surface was subsequently
cleaned with ethanol and deionized water before being dried. The
airbag structure on the backside of the sensing layer was processed
first, with 6 iterations, laser frequency set to 30 kHz, processing speed
at 200 mm/s, processing current of 1 A, and all delay parameters (on,
off, end, and corner) set to 0, to prevent excessive uncut areas. The
front structure of the sensing layer was then processed, with 7
iterations, laser frequency at 30 kHz, processing speed of 200 mm/s,
processing current of 1 A, on-delay set to 200 μs, off-delay to 0, end-
delay to 300 μs, and cornerdelay to 0, to avoid uneven heights in the
structure. The pore structure of the sensing layer was then processed,
requiring 35 times to perforate the entire sensing layer, with default
laser parameters. Lastly, the front of the sensing layer was cut to
expose the front structure, using the fill function in the laser software
with a line spacing of 0.012 mm and 3 iterations, with default laser
parameters. After completing the four processing steps, the resulting
sensing layer exhibited a 12 × 12 micro airbag comb structure. Due to
the residual clumped carbonized layer left by the laser processing,
medical cotton swabs soaked in anhydrous ethanol were used to clean
both sides of the sensing layer to remove the carbonized layer.

2.3. Performance Measurements and Characterization. The
microstructure of the sensing layer is processed using ultraviolet lasers
(HT-M5UV, Zhongshan Hantong Laser Equipment Co., Ltd.). The
final morphology of the sensing layer was observed by field emission
scanning electron microscopy (FE-SEM, Carl Zeiss). Obtain the 3D
contour plot of the sensing layer after processing using a 3D contour
measuring instrument (Keyence (China) Co., Ltd.). A stable external
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pressure was applied on the pressure sensor with a static testing
machine (3344L39272kN, Instron). A digital multimeter (2400A,
Keithley) was used to real-time record the electrical signals in the
dynamic compression/relaxation process.

3. RESULTS AND DISCUSSION
3.1. Design and Fabrication of an Airbag-Like Comb

Flexible Pressure Sensor. The airbag comb is a commonly
used daily item, and in contrast to a flat comb, it incorporates
an airbag in the comb’s base, as depicted in Figure 1a. When
pressure is applied, it can be observed that the comb teeth
move toward the pressed surface. The soft base design allows it
to respond to even small pressures by converging, while the
perforations on the comb balance the pressure difference
between the inside and outside of the airbag, preventing
pressure saturation under high pressure and maximizing the
convergence effect. To simulate this phenomenon, an airbag-
like comb flexible pressure sensor (ALCS) has been designed.
When pressure is applied, the ALCS not only demonstrates
deformation of the microstructure but also exhibits the
convergence of the microstructure toward localized pressure,
allowing for a more sensitive response output to localized
pressure. Figure 1b shows the overall assembly process of the
ALCS, which consists of an isolation layer, sensing layer,
electrode layer, and top and bottom encapsulation layers. The
purpose of the isolation layer is to isolate the sensing layer
from the top encapsulation layer, preventing the micro-
structure of the sensor from being in direct contact with the
encapsulation layer under pressure, which could prevent the
microstructure from returning to its original state. The sensing
layer converts mechanical input signals into measurable
electrical signals, and transmits them via the electrode layer.
The electrode layer uses interdigitated electrodes as conductive
paths, and is laminated on the bottom encapsulation layer by
high temperature. One side of the top encapsulation layer
contains pressure sensitive adhesive. After each layer is placed

in the manner shown in Figure 1b, the entire sensor is
encapsulated by bonding the top encapsulation layer and the
bottom encapsulation layer. Figure 1c shows the detailed
fabrication process of the ALCS sensing layer, where laser
direct writing technology is used to create surface micro-
structures on the conductive silicone, divided into four steps:
backside processing, front-side processing, front-side perfo-
ration, and front-side trimming. The backside processing is
used to fabricate the airbag structure, the front-side processing
is used for the micropillar structure, the front-side perforation
is for creating the holes in the middle, and the front-side
trimming removes excess parts from the microstructures to
expose the frontside microstructure. Figure 1d presents the
scanning electron microscope (SEM) image of the ALCS
sensing layer. After processing, the ALCS sensing layer may
have residual clumped carbonized material above the micro-
pillars, likely caused by the vaporization of the cut portions
during the laser processing, which then deposit on the tops of
the unprocessed higher micropillars, forming irregular clumped
structures. The presence of this carbonized material can affect
the deformation stability of the ALCS under pressure, leading
to the detection of different response signals when the same
pressure is applied. To avoid this issue, the ALCS sensing layer
requires surface cleaning after processing. Ultrasonic treatment
was performed on the sensing layer with 99.7% ethanol and
deionized water for 5 min each, and then placed in a constant
temperature oven to dry at 50 °C for 10 min. After cleaning,
the tops of the micropillars exhibit a dense, scaly structure,
enabling uniform deformation of the micropillars under
pressure, thereby improving the stability of the ALCS. The
comparison diagram of the ALCS sensing layer before and
after cleaning is shown in Figure S2. After cleaning, the
micropillar surface reveals a dense, scale-like structure, allowing
for stable deformation under pressure. Additionally, the
backside structure has a dual-layer microstructure, which

Figure 1. Inspiration and fabrication process. (a) Example of force-induced deformation in the airbag comb structure. (b) Assembly process of the
ALCS. (c) Fabrication process of the ALCS sensing layer. (d) Scanning electron microscope images of the front and back sides of the ALCS
sensing layer.
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significantly enhances the sensor’s response range and
sensitivity.

3.2. Structural Characteristics of ALCS. As shown in
Figure 2a, under identical initial conditions, a comparison of
four microstructures with and without backside airbag and
perforation structures reveals that the airbag-like comb
structure, processed with both backside airbag and perforation
structures, demonstrates the highest force sensitivity. Com-
pared with traditional micropillar-dome coupled force-sensitive
structures, the introduction of the airbag changes the
deformation direction of the traditional micronano structure,
causing the deformation of the microcolumns to converge
toward the pressure direction rather than diverge, significantly
increasing the change in contact area with increasing pressure.
The introduction of pore ensures further improvement of unit
strain, and increasing the pore helps avoid the rapid rise in air
pressure under high pressure, ensuring the continued
deformation of the airbag-like comb structure under high
pressure. Furthermore, the pore can optimize the lateral
deformation path of the substrate after longitudinal compres-
sion. The relevant simulation parameters are provided in Table
S2. Simulations comparing commonly used microstructures
(such as micropyramids, microcolumns, and microspheres)
were also performed, and the relevant simulation results are
shown in Figure S3. A simulation comparison between ALCS
and three common microstructures is performed (with the
microspherical structure shown only halfway for clarity), using
parameters consistent with Table S2. The stress in the
micropyramid structure is concentrated at the upper part of
the pyramid, failing to efficiently transfer stress to the lower

section. Although the micropillars structure experiences larger
stresses on each pillar, with stress concentration at the pillar-
bottom contact, the lack of a backside airbag structure prevents
significant deformation at the bottom. The stress in the
microspherical structure is primarily concentrated below the
edges of the sphere, resulting in the least deformation under
the same pressure. The ALCS combining the stress transfer of
micropillars with the deformability of the back airbag,
demonstrates the largest deformation and the most concen-
trated stress among the four microstructures. Figure 2b
illustrates the deformation behavior of the ALCS sensing
layer under varying pressure conditions. At the initial stage, the
contact area between the back of the sensing layer and the
electrode layer is small, with sparse conductive paths.
Furthermore, the distance between the conductive particles
(primarily carbon black) inside the sensing layer is large,
leading to higher resistance. As the pressure applied to the
sensing layer increases, the structure is compressed first, which
reduces the distance between the conductive particles and
results in a decrease in the resistance of the sensing layer. As
the pressure continues to increase, the contact area between
the back of the sensing layer and the electrode layer gradually
increases, and the number of conductive pathways increases,
resulting in further decrease in the resistance of the sensing
layer. It can also be observed that under relatively low pressure,
the first protruding part of the two-layer microstructure on the
back makes initial contact with the electrode layer. With the
continued increase in pressure, the recessed layer between the
two protruding parts gradually contacts the electrode layer,
thus enlarging the contact area. Figure 2c shows the pressure

Figure 2. Structural characteristics of ALCS. (a) Comparative analysis of four simulations examining the role of the back airbag and pore structures.
(b) Deformation behavior of the ALCS sensing layer under varying pressure conditions. (c) Schematic of the pressure sensing mechanism of ALCS.
(d) Real image of ALCS and its sensing layer under bending. (e) Sensitivity and response range of ALCS under optimal fabrication conditions. (f)
Performance comparison between ALCS and reported microstructured pressure sensors.
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sensing mechanism of ALCS, where RV represents the
resistance of the sensing layer and RS represents the resistance
of the interdigital electrode, which can be treated as a constant.
As pressure continues to rise, the resistance RV gradually
decreases, while the contact area between the back of the
sensing layer and the electrode layer increases, leading to an
increase in the number of conductive pathways, thus further
lowering the total resistance of the sensing layer. ALCS and its
sensing layer demonstrate remarkable deformability. Figure 2d
illustrates the deformation of ALCS and its sensing layer under
a small force applied between two fingers, confirming its ability
to adapt to the surface of the object being measured in various
applications, making it suitable for environments where the
measured object is likely to undergo deformation. Figure S4
shows the contact angle of the sensing layer and the ALCS, and
it can be found that the sensing layer has excellent

hydrophobicity due to the microstructural treatment of its
surface, and the contact angle can reach 152.02°. While the
surface material of ALCS is PU, its hydrophobicity is ordinary,
and the contact angle is 80.66°. However, PU membrane has
excellent waterproof property, which can ensure that water will
not penetrate into the sensor. Figure 2e shows the sensitivity
and response range of ALCS under optimal processing
conditions, The sensitivity is defined as

=S I I P( / )/0

where I0 represents the current of ALCS in its initial state, ΔI is
the difference between the current measured under pressure
and the initial current, and P represents the pressure applied to
ALCS. Under the optimal processing conditions, the sensor
achieves a maximum sensitivity of 21.53 kPa−1 within an
ultrawide pressure range of 1.27−2783.815 kPa. As shown in

Figure 3. Sensor performance characteristics. (a) Comparison of sensor performance with different sensing layer structures. (b) Comparison of
sensor performance with different finger parameters. (c) Comparison of sensor performance with different processing frequencies on the front of
the sensing layer. (d) ALCS response under 50 kPa external force, with frequency ranging from 0.047 to 0.633 Hz. (e) Response and recovery time
of ALCS under 3 kPa pressure. (f) Response of ALCS under different pressures. (g) Cyclic stability test of ALCS over 30,000 cycles.
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Figure 2f, a performance comparison with reported micro-
structured flexible pressure sensors reveals that while some
sensors demonstrate higher sensitivity than ALCS, their
response range is significantly constrained.44,51−59 By compar-
ison, ALCS exhibits distinct advantages in terms of high
sensitivity, ultrawide operating range and cycle numbers. For
further details on the performance comparison, please refer to
Table S3.

3.3. The Sensing Performance of ALCS. To further
validate the performance of the four sensors with different
microstructures shown in Figure 2a and 3a compares the
sensing characteristics of these microstructured sensors. The
results indicate that the sensors with backside airbag and pore
microstructures exhibit the highest performance, while the
response range of sensors without backside airbag is limited,
and the sensitivity of sensors without pore is restricted. This is
attributed to the introduction of airbags increasing the change
in contact area with increasing pressure, thereby extending the
response range; meanwhile, the introduction of pore enhances
the unit strain increment. Figure 3b compares the impact of
different interdigital electrode parameters on sensor perform-
ance, where FW denotes the finger width and FD represents
the spacing between two fingers, both in millimeters. The
study indicates that sensors with a higher proportion of actual
interdigital electrode area exhibit significantly enhanced
sensitivity. This improvement is attributed to the larger
effective contact area between the ALCS sensing layer and
the electrode layer under the same pressure, effectively
increasing the number of conductive pathways and improving
sensor sensitivity. The lower sensitivity associated with the
parameters represented by the purple curve, compared to the
blue and black curves, might be due to the 1.5 mm diameter of

a microstructure in the ALCS sensing layer. Under
compression, a substantial portion of its area does not align
with the interdigital regions, thereby limiting the formation of
conductive circuits. Figure S5 shows the effect of processing
different microcolumn diameters in the sensing layer on the
response performance of ALCS. It can be observed that as the
microcolumn diameter gradually decreases, the sensitivity of
ALCS increases under low pressure. This is because the smaller
the microcolumn diameter, the easier it is to compress under
the same pressure. However, correspondingly, sensing layers
with smaller microcolumn diameters lack compressible volume
under higher pressure conditions, while sensing layers with
larger microcolumn diameters are more difficult to compress
under the same pressure. Therefore, sensing layers with smaller
or larger microcolumn diameters will reduce the sensitivity of
ALCS. Figure S6 shows the effect of different pore diameters in
the sensing layer on the response performance of ALCS. It can
be observed that as the pore diameter increases, the sensitivity
of ALCS improves significantly. This is because the pores avoid
the influence of air in the back of the sensing layer on the
compression process. However, correspondingly, sensing layers
with larger pore diameters are also more susceptible to damage
under high pressure, thereby reducing the response range of
ALCS. Figure 3c compares the performance of ALCS under
varying laser processing frequencies of the front surface. The
results reveal that sensors processed seven times exhibit
optimal sensitivity and response range. This is attributed to the
maximized height of microcolumns formed after seven cycles,
which significantly enhances deformation effects under
identical pressure conditions. However, exceeding seven
processing cycles results in reduced sensitivity and response
range, likely due to overprocessing causing penetration of the

Figure 4. Basic application detection of ALCS: (a) detection of four types of head movements in the subject; (b) detection of variations in the
subject’s pronunciation of the same sound at different pitches; (c) detection of muscle pressure changes during the subject’s arm flexion; (d)
investigation of the signal variations when the subject types different letters on a keyboard.
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sensing layer and damage to certain microstructures. Under
higher pressures, these damaged structures deteriorate further,
impairing overall performance. Therefore, it is necessary to
balance micropillar height and structural integrity to achieve
optimal performance. The 3D contour plot of the sensing layer
under different processing cycles is shown in Figure S7. From
the 3D contour plot, it can be observed that as the number of
processing steps increases, the processing depth (i.e., the
height of the micropillars) also increases, which contributes to
improved performance. However, it should be noted that with
the increase in processing depth, there is a potential risk of
penetrating through the sensing layer. Although after 8
processing steps, there was no penetration of the sensing
layer, the structural layer between the front and back surfaces
becomes very thin, making it susceptible to collapse and
damage under higher pressures. After 9 processing steps,
penetration is evident from the image, which further worsens
the collapse damage under pressure. Figure 3d shows the

response of ALCS under a 50 kPa pressure at different
frequencies, demonstrating that ALCS can operate under
varying frequency conditions. The slight fluctuations are due to
variations in the actual pressure applied by the tensile testing
machine when setting a fixed value. Figure 3e shows that ALCS
demonstrates an ultrafast response time (3.4 ms) and recovery
time (34 ms) under 3 kPa pressure, indicating its significant
advantage in detecting rapidly changing values. Figure 3f shows
the response of ALCS under varying pressures (5, 10, 15, 20,
25 kPa), exhibiting a strong correspondence, indicating that
ALCS can distinguish different pressure levels, while also
revealing the perfect conductive network between the sensing
layer and electrode layer. Figure 3g shows the cyclic
performance of ALCS after 31,000 cycles, while Figure S8
displays the initial/final 100 cycle responses. The cyclic
stability test shows that it has excellent repeatability and
long-term stability, and can withstand over 30,000 loading/
unloading cycles.

Figure 5. Recognition of complex tasks by ALCS. (a) Application scenario of sign language gesture recognition. (b) Physical image of ALCIG. (c)
Collection of 8 sign language data sets and visualization of dimensionality reduction after feature extraction. (d) Confusion matrix of sign language
gesture recognition results on the test set. (e) Collection of 26 keyboard letter input data sets and dimensionality reduction visualization after
feature extraction. (f) Confusion matrix of keyboard letter input recognition results on the test set.
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3.4. The Practical Application of ALCS. Due to the
remarkable flexibility and deformability of ALCS, it can
effectively conform to irregular surfaces, allowing it to be
worn on the subject for exploring its potential applications in
the healthcare domain. Figure 4a presents ALCS fixed at the
subject’s neck, effectively distinguishing four head movements:
nodding, looking up, turning left, and turning right, with the
curves corresponding to different physiological movements
exhibiting clear characteristics. Figure 4b presents the curve
measured by ALCS when the subject pronounces the sound
“P“ with increasing volume. The results indicate that as the
volume increases, the slight vibrations in the subject’s throat
skin intensify, leading to an increase in the signal value
measured by ALCS, thus proving its ability to effectively
differentiate subtle pressure variations. Figure 4c illustrates
ALCS fixed at the subject’s upper arm, enabling the detection
of muscle pressure during motion, thereby demonstrating its
excellent stability and reliability in practical applications. Figure
4d presents the preliminary installation of ALCS on the back of
the hand. The results demonstrate that ALCS can capture
corresponding characteristic signals when different letters are
input. The feature signals are expected to be accurately
classified by machine learning, which provides a preliminary
verification for virtual keyboard input recognition of wearable
devices based on ALCS and proves its practical feasibility. To
explore the application scenarios of ALCS under high pressure,
it was fixed at the heel of the insole. Figure S9 shows the
response changes of ALCS during subject’s sitting, standing,
and walking, proving that it can still distinguish different
movement states of subject under high pressure and maintain
stability in response changes. Considering that ALCS may be
affected by oil stain, sand and dust in actual use scenarios, the
practical feasibility of ALCS is studied. Simulate the impact of
dust friction on ALCS by sanding the ALCS surface with 220
mesh abrasive paper for 30 s. Apply silicone oil to the ALCS
surface to simulate the effect of oil contamination on the
ALCS. Figure S10 shows the response curve of ALCS after
friction and after oiling compared with the default case. It can
be found that after friction and oiling, the response of ALCS
can still maintain excellent consistency, proving its extraordi-
nary practical feasibility.
The proposed ALCS is employed in the fabrication of a

hand-shaped sensor array and the development of intelligent
gloves, suitable for applications such as hand motion
reconstruction, virtual keyboard input, and sign language
recognition. Figure 5a depicts the practical application of sign
language gesture recognition. Without knowledge of sign
language, communication between a normal person and an
individual with speech or hearing disabilities can be
challenging. However, if the individual with disabilities wears
an intelligent glove capable of recognizing sign language, the
communication will be much smoother. Figure 5b shows the
intelligent glove made using ALCS (ALCIG). The glove is
designed with serpentine patterns at the joints to ensure that
during large-movement sign language operations, the wearer
can perform the desired actions without being restricted by the
glove. The glove’s electrode layer continues to use
interdigitated electrodes, with the signals centralized for easy
extraction from the bottom of the glove. The sensing layer
structure between each finger joint is provided in Figure S11.
Due to the differences in finger width, the number of
microstructures in the sensing layer between each finger joint
also varies. The relevant parameters are shown in Table S4.

These sensing layers are obtained by adding an additional
cutting step after the original processing steps to achieve the
required structure. Here, the sensing layer structure between
the joints of the right-hand is used as an example, and the
sensing layer structure of the left-hand is a mirror image of that
of the right-hand. To assess the effectiveness and accuracy of
ALCS in extracting target information, we employed Convolu-
tional Neural Networks (CNN) to analyze the signals and
pattern recognition data collected by ALCS. The convolutional
layers are responsible for feature extraction, while the fully
connected layers combine and output the classification results,
ensuring the complete decoding of sensor signals. The raw
waveform plots of the various sign language gestures collected
by ALCIG are provided in Figure S12. We employ the t-
distributed Stochastic Neighbor Embedding (t-SNE) algo-
rithm to project high-dimensional data into two dimensions. A
total of 2561 data segments were collected as the training data
set for sign language gesture recognition, and 701 data
segments were used to test the accuracy of the model. The data
collection video can be found in the Movie S1. The
distribution of all data sets was obtained using t-SNE
dimensionality reduction. The training parameters and
evaluation of the associated deep learning models can be
found in Table S5. As shown in Figure 5c, these eight dynamic
signals are grouped into several clusters, which can be easily
distinguished. The meaning represented by each gesture signal
can be provided in Table S6. In the context of English
communication, the sequence of these gestures expresses the
following: Nice to meet you! What’s your name? Thank you.
Figure 5d shows the confusion matrix for the trained model on
eight types of sign language gestures, with an accuracy of
98.86% on the test set. These results not only demonstrate the
high quality of the different gesture data collected by ALCS but
also indicate the potential application of the fabricated ALCIG
in sign language gesture recognition.
To further validate whether ALCIG can effectively capture

key features from more complex inputs and enhance its
practicality across various application scenarios, we established
a 26-class virtual keyboard letter recognition test, collecting
6511 data segments as the training data set and using 1360
data segments to test the model’s accuracy. The results of the
test and dimensionality reduction classification are shown in
Figure 5e. Due to the high similarity in gestures between some
of the 26 letters (e.g., the letters “a” and “z”), misclassification
occurred in the test results. Figure 5f shows the typical
confusion matrix for the 26 input letters, with an accuracy of
98.01% on the test set. This result demonstrates that even in
detecting 26 classes with numerous targets, ALCIG success-
fully collects data and performs effective classification,
validating its immense potential in gesture recognition.

4. CONCLUSIONS
Inspired by the commonly used airbag comb, an airbag-like
comb flexible pressure sensor was designed and fabricated
using laser direct writing technology. The introduction of the
backside airbag and pore structures in the ALCS sensing layer
increases the variation in the contact area between the sensing
and electrode layers under pressure, while the pore structure
ensures a further enhancement of the strain per unit. This
structure enables the ALCS sensor to exhibit an ultrawide
detection range (1.27−2783.815 kPa), exceptional sensitivity
(up to 21.53 kPa−1), and ultrafast response/recovery times
(3.4 ms/34 ms). ALCS can be applied in monitoring
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physiological signals, such as head movement, subtle throat
vibrations, and muscle pressure during physical activity.
Leveraging the remarkable performance of ALCS, the
proposed ALCS has been employed in the fabrication of
ALCIG. By integrating machine learning algorithms, dynamic
sign language recognition and virtual keyboard input
recognition have been realized, showcasing the potential of
ALCIG as a communication solution for individuals with
speech disabilities. In summary, our work highlights the vast
application potential of airbag-like comb flexible pressure
sensor and their integrated wearable devices in various fields.
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