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Flexible piezoresistive pressure sensors hold great promise for wearable health monitoring, motion recognition, and
human—-machine interaction. However, achieving high sensitivity, a broad pressure-response range, and long-term opera-
tional stability in composite-film-based devices remains challenging. Herein, we report a flexible piezoresistive pressure
sensor based on a poly(vinyl alcohol) (PVA)/graphene oxide (GO)/carboxyl-functionalized carbon nanotube (COOH-CNT)
composite film. The sensing film was fabricated by blade coating a homogeneous PVA/GO/COOH-CNT aqueous ink, fol-
lowed by thermal drying at 60 °C for 24 h, and the device was assembled into a sandwich structure using Pt/PI electrodes.
The composite film exhibited a continuous layered morphology, in which GO sheets provided a lamellar framework and
COOH-CNTs acted as conductive bridges for pressure-induced resistance modulation. The sensor exhibited approximately
linear current—voltage characteristics over the voltage range from —2 V to 2.V under applied pressures ranging from 0
to 88.4 kPa, with coefficients of determination (R?) ranging from 0.98527 to 0.99289. The normalized current response
exhibited three sensitivity regimes, with sensitivities of 152.1 kPa=!,39.7 kPa~", and 14.5 kPa~! over the pressure ranges
of 44.2 Pa—8.49 kPa, 8.49-84.07 kPa, and 84.07-309.73 kPa, respectively. The device achieved a low detection limit of
44.2 Pa, a broad pressure-response capability up to 397.89 kPa, and response/recovery times of 333 ms and 267 ms, re-
spectively, determined using the 90% signal-change criterion. Moreover, stable output was maintained over more than
5000 loading—unloading cycles at approximately 4.42 kPa. Wearable demonstrations, including wrist-pulse monitoring,
finger and wrist bending detection, and respiration monitoring, confirmed the capability of the sensor to detect both subtle
physiological signals and large-amplitude human motions. This work provides a facile strategy for developing flexible
composite-film pressure sensors for wearable sensing applications.
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1. Introduction

Flexible pressure sensors have attracted extensive atten-
tion in recent years owing to their promising applications
in wearable health monitoring, electronic skin, soft robotics,
tactile sensing, and human-machine interaction.!!'~"1 Unlike
conventional rigid pressure sensors, flexible pressure sen-
sors can conformally attach to curved or deformable surfaces
and convert external mechanical stimuli into readable elec-
trical signals, enabling real-time detection of human motions
and physiological signals such as joint bending, respiration,
pulse waves, and tactile pressure. According to their signal-
transduction mechanisms, flexible pressure sensors can gen-
erally be classified into piezoresistive, capacitive, piezoelec-
tric, and triboelectric types.!®~1%) Among them, piezoresistive
sensors are particularly attractive because of their simple de-
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vice configuration, convenient electrical readout, low power
consumption, and facile integration with flexible electronic
systems. [11-12]

For piezoresistive pressure sensors, the sensing perfor-
mance is mainly determined by pressure-induced resistance
variation in the active sensing layer. In conductive polymer
composites, external compression can modulate the internal
conductive network by increasing effective conductive con-
tacts, shortening the distance between conductive fillers, fa-
cilitating electron transport, and reducing interfacial contact
resistance.!!>!4 These changes lead to a measurable resis-
tance decrease or current increase under an applied bias volt-
age. Although considerable progress has been achieved, it
remains challenging to simultaneously realize high sensitiv-

ity, a broad pressure-response range, a low detection limit,
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fast response/recovery, and long-term stability.!'>) Highly de-
formable microstructured sensors often show high sensitiv-
ity at low pressure but may suffer from a limited working
range or signal saturation at higher pressure. Meanwhile,
irreversible rearrangement of conductive fillers, viscoelastic
deformation of polymer matrices, and environmental inter-
ference may cause hysteresis, baseline drift, and poor cyclic
durability. 16201

Material selection and structural design are therefore crit-
ical for improving the comprehensive performance of flexi-
ble piezoresistive sensors. Carbon-based and two-dimensional
nanomaterials, including graphene, graphene oxide (GO), re-
duced graphene oxide, carbon nanotubes (CNTs), and MXene-
based materials, have been widely investigated because of
their high aspect ratio, tunable surface chemistry, and abil-
ity to construct pressure-sensitive conductive networks.[2!-24]
Two-dimensional graphene-based sheets can provide large in-
terfacial contact areas and layered frameworks, while one-
dimensional CNTs can serve as conductive bridges between
adjacent domains, facilitating charge transport and improv-
ing network connectivity.?>?%! Compared with pristine carbon
nanomaterials, functionalized nanocarbon materials are more
suitable for solution processing and polymer-composite fab-
rication because their surface functional groups can improve
dispersion stability and interfacial compatibility. In particu-
lar, carboxyl-functionalized carbon nanotubes (COOH-CNTs)
possess abundant carboxyl groups, which can enhance their
dispersibility in aqueous systems and promote interactions
with other functional components. !

Poly(vinyl alcohol) (PVA) is a promising polymer ma-
trix for flexible composite sensing films because of its water
processability, good film-forming ability, flexibility, and abun-
dant hydroxyl groups. These hydroxyl groups can interact
with oxygen-containing groups on GO and carboxyl groups
on COOH-CNTs, which is beneficial for homogeneous filler
dispersion and stable interfacial interactions. Previous stud-
ies have shown that PVA/GO composite films and PVA/CNT-
based systems can exhibit mechanical flexibility and pressure-

(281 However, many

responsive behavior under external stimuli.
reported flexible pressure sensors rely on porous templates,
electrospinning, dip coating, or relatively complex structural
engineering. Developing a simple, solution-processable com-
posite film with a stable microstructure, effective conductive
pathways, and reliable pressure-sensing performance remains
desirable. Ink-based printing and coating strategies have
also been widely explored for scalable fabrication of flexible
functional devices, highlighting the advantages of solution-
processable material systems.?°-31]

Recent studies have demonstrated that the comprehen-
sive performance of flexible piezoresistive pressure sensors

can be improved through coordinated regulation of material

interfaces, conductive networks, and deformable structures.
For example, Gu et al.[*? developed a pressure sensor using
a nested-cell architecture and molecular surface modification,
demonstrating that multiscale structural design can combine
high sensitivity with a broad pressure range. Hu et al.3*! de-
veloped a CTS/CNTs-OH composite-fabric pressure sensor by
combining functionalized carbon nanotubes with textile-layer
engineering, highlighting the roles of conductive-network reg-
ulation and multilayer interfacial contact in sensing linear-
ity, stability, and human-motion recognition. These studies
show that rational control of interfaces and pressure-dependent
conductive pathways is important for balanced sensing per-
formance. In contrast, the present work focuses on a com-
pact PVA/GO/COOH-CNT composite film fabricated through
a facile aqueous solution-processing and blade-coating strat-
egy.

Herein, we report a flexible piezoresistive pressure sen-
sor based on a:PVA/GO/COOH-CNT composite film. The
composite sensing film was fabricated through an aqueous
solution-processing and blade-coating method, followed by
thermal drying. In this design, PVA serves as the flexi-
ble film-forming matrix, GO sheets provide a layered struc-
tural framework, and COOH-CNTs act as conductive bridges
for pressure-induced resistance modulation. The assembled
sandwich-structured sensor exhibited approximately linear
current—voltage characteristics from —2 V to 2 V under ap-
plied pressures from 0 to 88.4 kPa, with R> values of 0.98527—
0.99289, together with a low detection limit of 44.2 Pa,
a broad pressure-response capability up to 397.89 kPa, re-
sponse/recovery times of 333 ms and 267 ms, and stable out-
put over more than 5000 loading—unloading cycles at approxi-
mately 4.42 kPa. Wearable demonstrations, including wrist-
pulse monitoring, finger bending, wrist bending, and respi-
ration monitoring, confirmed the capability of the sensor to
detect both subtle physiological signals and large-amplitude
human motions. This work provides a facile route for con-
structing flexible PVA/GO/COOH-CNT composite-film pres-
sure sensors for wearable sensing applications.

2. Experimental details
2.1. Materials

Graphite powder (8000 mesh), sulfuric acid (H,SO4),
potassium persulfate (K»S,0Og), phosphorus pentoxide (P,0Os),
potassium permanganate (KMnQO4), hydrogen peroxide
(H20,), hydrochloric acid (HCI), PVA, and COOH-CNTs
were purchased from Shanghai Aladdin Bio-Chem Technol-
ogy Co., Ltd. and used as received unless otherwise stated.
The PVA had a viscosity of 3.5-4.5 mPa-s for a 4% aque-
ous solution and a polymerization degree of approximately
200-300. The COOH-CNTs possessed a purity higher than

107303-2



Chin. Phys. B 35, 107303 (2026)

99%, an inner diameter of 3—5 nm, an outer diameter of 8-
15 nm, a length of 5-15 um, and a carboxyl group content of

1

1 mmol-g~". High-purity deionized water with a resistivity of

18.2 MQ-cm was used throughout the experiments.

2.2. Preparation of GO dispersion

GO suspension was prepared from graphite powder ac-
cording to a previously reported modified Hummers’ method.
Briefly, graphite powder was added into a mixed solution con-
taining HpSO4, K»S5,0s, and P»Os for pre-oxidation. The
mixture was continuously stirred for 4.5 h. After the reac-
tion, the product was washed with deionized (DI) water and
collected by centrifugation to remove residual acids and impu-
rities. The pre-oxidized graphite was then obtained by vacuum
drying at 60 °C. Subsequently, the pre-oxidized graphite was
further oxidized in a concentrated sulfuric acid medium under
an ice bath, during which KMnO,4 was added gradually to con-
trol the reaction. After oxidation, the mixture was diluted with
DI water, followed by the addition of 30 wt% H,O; solution to
terminate the reaction. The resulting product was washed with
an aqueous HCI solution (HCl:H,O = 1:10) and collected by
centrifugation to remove metal ions and other impurities, and
then repeatedly washed with DI water. For further purifica-
tion, the obtained GO dispersion was dialyzed using a dialysis
membrane (dialysis bag) with a volume ratio of GO dispersion
to ultrapure water of 1:100 (GO: ultrapure water = 1:100). The
external ultrapure water was replaced continuously until the
conductivity of the GO dispersion approached ~ I'uS-cm™~.
Finally, the product was diluted-to-1 L. with DI water and son-
icated to promote exfoliation and uniform dispersion, yield-
ing a GO suspension with a concentration of approximately
5mg-mL~".

2.3. Preparation of PVA/GO/COOH-CNT mixed ink and
film fabrication

The preparation process of the PVA/GO/COOH-CNT
composite sensing film is schematically illustrated in Fig. 1(a).
First, 0.02 g of COOH-CNTs was added into 10 mL of GO
aqueous dispersion with a concentration of 5 mg-mL~!. The
mixture was then ultrasonicated for 20 min to promote the uni-
form dispersion of COOH-CNTs in the GO suspension and to
obtain a stable GO/COOH-CNT mixed dispersion.

Separately, a 1.0 wt% PVA aqueous solution was pre-
pared by dissolving PVA in deionized water under magnetic
stirring at 90 °C for 4 h until a transparent and homogeneous
solution was obtained. Subsequently, 0.4 mL of the PVA
solution was added into the GO/COOH-CNT dispersion and
stirred at 25 °C for 2 h to form a uniform PVA/GO/COOH-
CNT composite ink. The introduction of PVA improved
the film-forming ability of the composite system, while the

hydroxyl groups of PVA could interact with the oxygen-
containing groups on GO and the carboxyl groups on COOH-
CNTs, contributing to the dispersion stability and interfacial
compatibility of the ink.

(a) Material synthesis & film fabrication
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|
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(b) Device fabrication & assembly 0
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(iii)

Piezoresistive
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Fig. 1. Schematic illustration of the fabrication process, device assem-
bly, and structural characterization of the PVA/GO/COOH-CNT flexible
piezoresistive pressure sensor. (a) Preparation of the PVA/GO/COOH-
CNT composite ink and piezoresistive film through dispersion of COOH-
CNTs in GO solution, ultrasonication, mixing with PVA solution, blade
coating, and thermal drying at 60 °C for 24 h. (b) Assembly of
the sandwich-structured pressure sensor using a top Pt/PI electrode,
PVA/GO/COOH-CNT composite film, and bottom Pt/PI electrode. In-
sets show (i) the surface scanning electron microscopy (SEM) image of
the composite film, (ii) the cross-sectional SEM image showing a layered
structure with a thickness of approximately 100 wm, and (iii) a photo-
graph of the assembled flexible sensor.

For film fabrication, a Pt-coated polyimide (PI) substrate
was fixed using PI tape, and a recessed square coating area of
1.5 x 1.5 cm? was defined. For each coating cycle, 100 pL of
the PVA/GO/COOH-CNT composite ink was deposited within
the defined area and manually spread by the same operator us-
ing a blade. Because a gap-controlled automatic film applica-
tor was not used, the instantaneous blade speed and wet-film
thickness of each coating layer were not instrumentally con-
trolled. The deposited layer was dried at 60 °C for 30 min
before the next coating cycle, and the coating—drying proce-
dure was repeated five times. The coated film was then dried
at 60 °C for 24 h to remove residual water. Process consis-
tency was maintained by fixing the ink volume, coating area,
operator, coating sequence, and drying conditions. The result-
ing five-cycle film had a final dry thickness of approximately
100 pm, as determined from the cross-sectional SEM image.
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2.4. Device assembly

The flexible piezoresistive pressure sensor was assembled
using the PVA/GO/COOH-CNT composite film as the active
sensing layer and Pt-coated polyimide (Pt/PI) films as the elec-
trodes, as schematically shown in Fig. 1(b). The PI substrate
had a thickness of 200 um. Pt layers were deposited onto com-
mercial PI films by magnetron sputtering for 5 min to obtain
flexible conductive electrodes with good electrical conductiv-
ity and mechanical compliance.

For device assembly, the PVA/GO/COOH-CNT compos-
ite sensing film was prepared with an active area of approxi-
mately 1.2 x 1.2 cm?. Two Pt/PI electrodes were used as the
bottom and top electrodes, with sizes of 1.5 x 1.5 cm? and
1.0 x 1.0 cm?, respectively. The composite film was placed be-
tween the two Pt/PI electrodes to form a sandwich-structured
flexible pressure sensor. The electrode lead regions were re-
tained for connection to external electrical testing equipment.
A photograph of the assembled flexible sensor is shown in
Fig. 1(b)(iii), indicating the successful integration of the com-
posite sensing film with the flexible Pt/PI electrodes.

In this configuration, the PVA/GO/COOH-CNT compos-
ite film served as the pressure-sensitive resistor, while the Pt/P1
electrodes enabled current collection during loading and un-
loading. When external pressure was applied normal to the
device surface, the internal conductive pathways of the com-
posite film were modulated, resulting in a measurable resis-
tance variation and a corresponding current response under a
constant bias voltage.

3. Results and discussion
3.1. Working principle of the piezoresistive sensor

The PVA/GO/COOH-CNT composite-film sensor was
operated in a constant-voltage mode, in which the output
signal increased with increasing applied pressure, indicat-
ing a pressure-induced decrease in electrical resistance. For
polymer-based conductive composites, the piezoresistive re-
sponse mainly originates from the pressure-induced evolution
of conductive pathways and micro-contact interfaces.3*3]
External compression can increase the number of effective
conductive contacts, shorten the distance between conductive
components, facilitate electron transport, and reduce interfa-
cial contact resistance, thereby leading to a higher output cur-
rent under pressure. 333

In the PVA/GO/COOH-CNT composite film, PVA serves
as the flexible matrix and film-forming component, GO sheets
provide a layered structural framework, and COOH-CNTs act
as conductive bridges between adjacent GO-rich domains.!
This structure enables the formation of pressure-sensitive con-
ductive pathways within the composite film. Under applied
pressure, the elastic deformation of the PVA matrix promotes

closer packing of the layered structure and increases the con-
tact probability between conductive components, resulting in
a reversible resistance variation. In addition, the hydroxyl
groups of PVA can interact with the oxygen-containing groups
of GO and the carboxyl groups of COOH-CNTs, which im-
proves filler dispersion and interfacial compatibility. These
interactions help stabilize the conductive network and sup-
press irreversible rearrangement during repeated compression
and release, contributing to stable and repeatable piezoresis-
tive sensing behavior.

Component-control experiments were performed to clar-
ify the roles of PVA, GO, and. COOH-CNTs (Supplemen-
tary Fig. S1). The PVA/GO film showed only weak and
irregular pressure-dependent current variations, whereas the
GO/COOH-CNT film exhibited distinguishable but relatively
slow response and recovery. The PVA/COOH-CNT film had a
low resistance of approximately 300 Q and showed no resolv-
able pressure-dependent modulation under the investigated
conditions, indicating the formation of a highly interconnected
CNT network. In comparison, the ternary PVA/GO/COOH-
CNT film exhibited clearer pressure discrimination and faster
stabilization. These results support complementary roles of
COOH-CNTs as the principal conductive pathways, GO as a
regulator of conductive-network connectivity and interfacial
contacts, and PVA as the film-forming and mechanically com-
pliant matrix.

The influence of COOH-CNT content on the electrical
response was further investigated using composite films con-
taining 0, 20 mg, and 40 mg of COOH-CNTs (Supplementary
Fig. S2). Without COOH-CNTs, the film exhibited only weak
and non-monotonic current variations, indicating insufficient
conductive-network connectivity. Increasing the COOH-CNT
content to 20 mg produced clearly distinguishable pressure-
dependent responses. At 40 mg, the current increased sub-
stantially, indicating a more highly connected conductive net-
work; however, the differentiation among pressure levels be-
came less pronounced relative to the baseline current. These
results suggest that excessive COOH-CNT loading reduces the
relative pressure-induced modulation of the conductive net-
work. Among the investigated formulations, the 20 mg sample
provided the best balance between electrical conduction and
pressure-dependent response.

3.2. Microstructure of the composite film

The microstructure of the PVA/GO/COOH-CNT com-
posite film was characterized by scanning electron mi-
croscopy, as shown in Figs. 1(b)(i) and 1(b)(ii). The surface
SEM image in Fig. 1(b)(i) shows a continuous and compact
film morphology without obvious large cracks or severe de-
fects. Wrinkled sheet-like features can be observed on the
film surface, which are associated with the assembly of GO

sheets in the PVA matrix. Meanwhile, fine curved features
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are distributed within the surface morphology, suggesting that
COOH-CNTs are embedded in the composite network. Such
a relatively uniform and continuous morphology is beneficial
for maintaining stable electrical conduction and reducing sig-
nal fluctuation during pressure sensing.

The cross-sectional SEM image in Fig. 1(b)(ii) reveals a
compact layered structure with a thickness of approximately
100 pum. The stacked lamellar morphology indicates that GO
sheets form a layered framework after blade coating and ther-
mal drying. COOH-CNTs can bridge adjacent layered do-
mains, improving the connectivity of the conductive network.
Upon external compression, the interlayer spacing and inter-
facial gaps decrease, additional conductive contacts are gen-
erated, and the contact resistance is reduced, giving rise to
the piezoresistive response. Figure 1(b)(iii) further shows
the assembled flexible sensor, demonstrating the feasibility of
integrating the composite sensing film with Pt/PI electrodes
into a sandwich-structured device. The continuous surface
morphology, compact layered cross-section, and flexible de-
vice structure provide an important structural basis for the
pressure-induced resistance variation of the PVA/GO/COOH-
CNT composite-film sensor. These microstructural features
support the sensing performance discussed in the following
sections.

The influence of sensing-layer thickness was further eval-
uated by varying the number of coating—drying cycles while
keeping the ink volume per cycle, coating area, and drying
procedure unchanged (Supplementary Fig. S3). The number
of coating cycles was used as an indicator of relative film
thickness because the exact dry thicknesses of the three- and
seven-cycle films were not directly measured; the five-cycle
film had a cross-sectional thickness of approximately 100 pm.
The three- and five-cycle films exhibited clearly distinguish-
able pressure-dependent responses, with the five-cycle film
showing more stable cyclic signals. Increasing the number
of coating cycles to seven reduced the pressure-dependent cur-
rent modulation. Among the investigated conditions, five coat-
ing cycles provided the best balance between response magni-
tude, pressure discrimination, and cyclic stability.

3.3. Piezoresistive sensing performance

The piezoresistive sensing performance of the
PVA/GO/COOH-CNT composite-film sensor was system-
atically investigated under external pressure, as shown in
Fig. 2. Figure 2(a) illustrates the pressure-sensing measure-
ment setup. During the measurement, the sensor was con-
nected to an electrochemical analyzer for real-time electrical
signal acquisition, while a Mark-10 force testing system was
used to apply controlled pressure through a flat-ended cylin-
drical probe. The radius of the flat probe was 0.6 cm, and
the applied pressure was calculated according to P = F /A,
where F is the applied force and A = 772 is the contact area

of the probe. The output signal was recorded to evaluate
the pressure-dependent resistance variation of the composite
sensing layer.

The electrical characteristics of the sensor under differ-
ent pressures were first examined by voltage-sweep measure-
ments. As shown in Fig. 2(b), the sensor exhibited approxi-
mately linear and nearly symmetric current—voltage character-
istics over the voltage range from —2 V to 2 V under applied
pressures ranging from 0 to 88.4 kPa. Linear fitting of the I-V
curves yielded coefficients of determination (R?) ranging from
0.98527 to 0.99289, indicating approximately ohmic electrical
behavior and stable electrical contact within the investigated
voltage range. Moreover, the slopes of the /-V curves gradu-
ally increased with increasing applied pressure, corresponding
to enhanced electrical conductance and reduced device resis-
tance. This pressure-dependent electrical behavior confirms
that the sensing signal originates from resistance modulation
of the PVA/GO/COOH-CNT composite film. Under compres-
sion, the interlayer spacing and filler—filler distance decrease,
additional conductive contacts form, and the contact resis-
tance is reduced, resulting in an increased output response.
The pressure-dependent normalized response and sensitivity
are shown in Fig. 2(c). The normalized current response was
defined as

A/l = (I - 1) /Io,

where [y is the initial current without applied pressure and /
is the current under applied pressure. The sensitivity was cal-
culated from the slope of the normalized response—pressure
curve

5= 8(Al /) /5P
where P is the applied pressure. The response curve shows
a segmented behavior with different sensitivities in differ-

ent pressure regions.
152.1 kPa~! in the low-pressure region, 39.7 kPa—! in the

The corresponding sensitivities are

medium-pressure region, and 14.5 kPa~! in the high-pressure
region. The high sensitivity in the low-pressure region can be
attributed to the rapid increase in effective conductive contacts
and the shortened interfacial distance at the initial stage of
compression. As the pressure further increases, the conductive
network becomes gradually compacted, and the incremental
change in newly formed conductive pathways decreases, lead-
ing to a reduced sensitivity in the medium- and high-pressure
regions.

The pressure-response capability over a wide range was
further evaluated, as shown in Fig. 2(d). The sensor exhibits
clear stepwise output signals under different applied pres-
sures from 1.77 kPa to 397.89 kPa. The output response in-
creases with increasing pressure, and the signals remain dis-
tinguishable at different pressure levels. This result indicates
that the composite-film sensor can maintain reliable pressure-
responsive behavior over a broad pressure range. The clear and
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repeatable stepwise responses also suggest reversible modula-
tion of the conductive network during repeated loading and
unloading.

The response and recovery characteristics of the sensor
were evaluated under a pressure of approximately 50 kPa, as
shown in Fig. 2(e). The response time was defined as the
time required for the output signal to reach 90% of its total in-
crease after loading, while the recovery time was defined as the

time required for the signal to recover by 90% after unloading.
Based on this 90% signal-change criterion, the response and
recovery times were determined to be 333 ms and 267 ms, re-
spectively. These results indicate that the conductive pathways
in the PVA/GO/COOH-CNT composite film can be rapidly re-
constructed under applied pressure and restored after pressure

release, enabling real-time pressure-sensing capability.
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Fig. 2. Piezoresistive sensing performance of the PVA/GO/COOH-CNT composite-film sensor. (a) Schematic illustration of the pressure-sensing
measurement setup using an electrochemical analyzer and a Mark-10 force testing system. (b) Current—voltage characteristics of the sensor
measured over the voltage range from —2 V to 2 V under applied pressures ranging from 0 to 88.4 kPa. (c) Pressure-dependent normalized
response and segmented sensitivity of the sensor, showing sensitivities of 152.1 kPa~!, 39.7 kPa~!, and 14.5 kPa~! in different pressure regions.
(d) Stepwise current responses of the sensor under different applied pressures from 1.77 kPa to 397.89 kPa. (e) Response and recovery behavior
of the sensor under approximately 50 kPa, showing response and recovery times of 333 ms and 267 ms, respectively, determined using the 90%
signal-change criterion. (f) Low-pressure responses of the sensor under pressures of 44.2 Pa, 88.4 Pa, 442.1 Pa, and 884.2 Pa. (g) Long-term
cyclie stability of the sensor under repeated loading—unloading cycles at approximately 4.42 kPa for more than 5000 cycles.

The low-pressure detection capability of the sensor was
investigated using weak pressure stimuli, as shown in Fig. 2(f).
The device produced distinguishable responses under pres-
sures of 44.2 Pa, 88.4 Pa, 442.1 Pa, and 884.2 Pa. Notably,
the sensor could detect a pressure as low as 44.2 Pa, demon-
strating its ability to respond to weak mechanical stimuli. The
enlarged inset further confirms that the signal at 44.2 Pa can be
clearly distinguished from the baseline fluctuation, indicating
good low-pressure detectability. This behavior is attributed to
the pressure-sensitive layered structure of the composite film,
in which slight compression can effectively modulate conduc-

tive pathways and interfacial contact states.

Long-term cyclic stability was further examined by re-
peated loading—unloading tests at approximately 4.42 kPa. As
shown in Fig. 2(g), the sensor maintains stable output over
more than 5000 cycles, and no obvious signal failure is ob-
served during the cyclic test. The enlarged signals at selected
cycle regions show retained waveform characteristics, indicat-
ing good repeatability and mechanical durability of the sens-
ing layer. This stability can be attributed to the continuous
film morphology, the flexible PVA matrix, and the GO/COOH-
CNT-assisted conductive network, which together help main-
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tain reversible conductive-pathway evolution during repeated
compression and release. These results demonstrate that the
PVA/GO/COOH-CNT composite-film sensor possesses near-
ohmic electrical behavior, segmented high sensitivity, broad
pressure-response capability, low-pressure detectability, fast
response/recovery characteristics, and reliable cyclic durabil-
ity. These sensing features provide a solid basis for its appli-

cation in wearable pressure sensing and human-signal moni-

4. Dynamic response and environmental adapt-
ability

The dynamic response and environmental adaptability of
the PVA/GO/COOH-CNT composite-film sensor were further
investigated, as shown in Fig. 3. For wearable pressure sen-
sors, reliable operation under different mechanical loading
rates and ambient conditions is essential because practical hu-
man activities often involve variable deformation speeds, tem-

toring. peratures, and humidity levels.
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Fig. 3. Dynamic response and environmental adaptability of the PVA/GO/COOH-CNT composite-film sensor. (a) Real-time response signals of
the sensor under different compression speeds. of 1 mm-min~!, 10 mm-min~!, 50 mm-min~!, 100 mm-min~—!, and 200 mm-min~!. (b) Current
responses of the sensor under different temperatures of 20 °C, 35 °C, 45 °C, and 55 °C. (c) Current responses of the sensor under different
humidity conditions of approximately 30%, 60%, and 90% RH. (d) Statistical analysis of the normalized response under different compression
speeds. (e) Statistical analysis of the normalized response under different temperatures. (f) Statistical analysis of the normalized response under

different humidity conditions.

Figure 3(a) shows the real-time response signals

of the sensor .under different compression speeds of
1 mm-min~ !,/ 10 mm-min—!, 50 mm-min—!, 100 mm-min—!,
and 200 mm-min~'. The sensor maintains clear and repeat-
able output signals at all tested compression speeds, indicating
that the PVA/GO/COOH-CNT composite film can respond ef-
fectively to dynamic mechanical stimuli. As the compression
speed increases, the signal frequency and waveform charac-
teristics change accordingly, while the response remains dis-
tinguishable and stable. The statistical analysis in Fig. 3(d)
further confirms that the sensor can maintain a reliable nor-
malized response under different loading rates, demonstrating
its adaptability to various dynamic pressure conditions.

The temperature-dependent sensing performance was
evaluated at 20 °C, 35 °C, 45 °C, and 55 °C, as shown in
Fig. 3(b). The normalized response varied gradually with in-
creasing temperature. This behavior may be associated with
enhanced segmental mobility and partial softening of the PVA

matrix at elevated temperatures. Increased polymer-chain mo-

bility may facilitate stress relaxation and modify the transfer of
external pressure to the GO/COOH-CNT conductive network.
Thermal expansion may also alter the distances and contact
states between adjacent conductive components. These ef-
fects can influence the initial electrical resistance and reduce
the incremental formation of conductive contacts during com-
pression, resulting in a temperature-dependent variation in the
normalized pressure response. Nevertheless, periodic and dis-
tinguishable pressure responses were retained throughout the
investigated temperature range.

Humidity-dependent sensing performance was also inves-
tigated under relative humidity conditions of approximately
30%, 60%, and 90% RH, as shown in Fig. 3(c). The nor-
malized response varied with increasing relative humidity.
Both PVA and GO contain abundant hydrophilic hydroxyl and
oxygen-containing functional groups that can adsorb water
molecules under humid conditions. Water uptake may induce
partial plasticization and swelling of the PVA matrix, alter the

interlayer spacing of GO sheets, and modify interfacial contact
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states within the PVA/GO/COOH-CNT composite network.
These changes may influence the initial conductive pathways,
CNT-CNT contact states, interfacial electrical resistance, and
the magnitude of the pressure-induced electrical response. De-
spite the humidity-dependent variation in response amplitude,
repeatable cyclic pressure signals were maintained over the in-
vestigated humidity range.

These results indicate that the sensor maintains distin-
guishable and repeatable pressure responses under different
compression speeds, temperatures, and humidity conditions.
However, the response magnitude is not completely indepen-
dent of temperature and humidity. Therefore, environmen-
tal calibration or suitable encapsulation may be beneficial for
quantitative sensing applications under strongly varying ambi-
ent conditions.

4.1. Wearable sensing applications

To demonstrate the practical potential of the
PVA/GO/COOH-CNT composite-film sensor in wearable
electronics, several human-signal monitoring tests were per-
formed, as shown in Fig. 4. The sensor was attached to differ-
ent positions of the human body to detect pressure or defor-
mation signals generated by physiological activities and joint
motions. During the tests, the output signal was recorded in
real time under a constant-voltage mode.

Wrist-pulse monitoring was first carried out to evaluate
the capability of the sensor to detect subtle physiological pres-
sure signals. As shown in Fig. 4(a), the sensor was attached to
the wrist near the radial artery for pulse-wave detection. The
contact between the sensor and the skin enabled the pressure
fluctuations induced by arterial pulsation to be converted into
electrical signals. Figure 4(b) shows the real-time pulse sig-

nals recorded under different physiological states, including
resting, slow walking, and brisk walking. The correspond-
ing pulse rates were approximately 69 bpm, 102 bpm, and
106 bpm (beats per minute), respectively. The increase in
pulse rate after walking indicates that the sensor can track
physiological changes associated with different activity states.
The enlarged pulse waveforms exhibit distinguishable charac-
teristic peaks, suggesting that the sensor has sufficient sensi-
tivity to capture weak arterial pulse-induced pressure fluctu-
ations. These results demonstrate its.potential for wearable
cardiovascular signal monitoring.

The sensor was further used to-monitor joint-motion sig-
nals. As shown in Fig. 4(c); the device was attached to a fin-
ger joint to detect finger-bending motions at different angles.
When the finger was repeatedly bent and released, the sensor
generated periodic response signals corresponding to joint de-
formation. The signal amplitude increased with the bending
angle from 30° to 60° and 90°, indicating that larger deforma-
tion produced a stronger piezoresistive response. The distin-
guishable responses at different bending angles demonstrate
that the sensor can effectively identify finger-motion states,
showing potential for gesture recognition and human—machine
interaction.

Figure 4(d) shows the monitoring of wrist-bending mo-
tions. The sensor produced repeatable response signals during
cyclic wrist bending and releasing. The signal amplitude in-
creased as the bending angle increased from 30° to 60°, con-
firming that the device can distinguish different wrist-motion
states. The stable and angle-dependent output further indicates
that the PVA/GO/COOH-CNT composite-film sensor can be
used for dynamic joint-motion monitoring with good repeata-
bility.
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Fig. 4. Wearable sensing applications of the PVA/GO/COOH-CNT composite-film sensor. (a) Photograph and schematic illustration of the
sensor attached to the wrist for radial artery pulse monitoring. (b) Real-time wrist-pulse signals recorded under resting, slow-walking, and
brisk-walking states, with corresponding pulse rates of approximately 69 bpm, 102 bpm, and 106 bpm, respectively; enlarged waveforms show
characteristic pulse peaks. (c) Real-time monitoring of finger-bending motions at different bending angles of 30°, 60°, and 90°. (d) Monitoring
of wrist-bending motions at bending angles of 30° and 60°. (e) Respiration monitoring using the sensor mounted on a face mask.
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In addition to pulse and joint-motion monitoring, respi-
ration detection was also performed. As shown in Fig. 4(e),
the sensor was mounted on a face mask near the mouth and
nose region to detect airflow- or pressure-induced changes
during breathing. The recorded signal displayed regular pe-
riodic peaks corresponding to respiration cycles. The stable
waveform and distinguishable breathing pattern suggest that
the sensor is capable of detecting low-amplitude physiolog-
ical signals, indicating its potential for wearable respiratory
monitoring. These wearable demonstrations confirm that the
PVA/GO/COOH-CNT composite-film sensor can detect both
subtle physiological signals and large-amplitude human mo-
tions. The ability to monitor wrist pulse, activity-dependent

pulse variation, finger bending, wrist bending, and respiration
highlights its promising potential for wearable health monitor-
ing, motion recognition, and human—machine interaction.

4.2. Comparison with reported flexible piezoresistive pres-
sure sensors

To further evaluate the sensing performance of the
PVA/GO/COOH-CNT composite-film sensor, its key parame-
ters were compared with those of previously reported flexible
piezoresistive pressure sensors, as summarized in Table 1. The
comparison includes material system, detection range, sensi-
tivity, detection limit, response/recovery time, cycling stabil-
ity, and representative application scenarios.

Table 1. Performance comparison of different flexible piezoresistive pressure sensors.

Material system Detection range Sensitivity Detection limit Response/recovery Cycling stabil- Application Ref.
time ity scenarios

GO/PPy@PU 75 Pa-15 kPa 0.79 kPa~! 75 Pa < 70 ms > 10000 cycles Human motion  Ref. [36]
sponge detection
PI/rGO composite ~ 0-59 kPa 1.33 kPa~! 3Pa 60/70 ms > 1000 cycles Wrist  pulse, Ref. [37]
aerogel blowing, fin-

ger  bending,

running
Graphene 0-25 kPa 1.2kPa~! Not specified Not specified Not specified Wrist  pulse, Ref. [38]
ink/lotus-leaf- acoustic waves,
inspired hierarchi- pressure distri-
cal structure bution imaging
CNT/PVA com-  0-400 kPa 0.1377_ kPa~! Not specified 160 ms > 1200 cycles Joint bending, Ref. [39]
posite (< 90 kPa) muscle activity
PDMS/CNT- 0-25 kPa 82.17 kPa~! Not specified 100/100 ms > 2000 cycles Joint bending, Ref. [40]
TPU/MXene gait  monitor-

ing, gesture

recognition
MXene/PEO com- 0-500 kPa 4434 kPa~! Not specified 150/45 ms > 10000 cycles Pulse  moni- Ref. [41]
posite  nanofiber (0-50 kPa); toring, human
membrane 1299 kPa~! health monitor-

(50-500 kPa) ing
PVA/GO/COOH- 44.2 Pa—-397.89 kPa 152.1 kPal; 44.2 Pa 333/267 ms > 5000 cycles Wrist pulse, This
CNT 39.7  kPa’l; finger bending, = work
14.5 kPa~!* wrist bending,

respiration
monitoring

*The three sensitivities for this work were obtained from linear fitting in the pressure ranges of 44.2 Pa—8.49 kPa, 8.49-84.07 kPa,

and 84.07-309.73 kPa, respectively.

As shown in Table 1, the present sensor exhibits a
broad pressure-response range from 44.2 Pa to 397.89 kPa
and a low detection limit of 44.2 Pa. The normalized re-
sponse shows three segmented sensitivity regions, with sen-
sitivities of 152.1 kPa~!, 39.7 kPa~!, and 14.5 kPa—! over
the pressure ranges of 44.2 Pa—8.49 kPa, 8.49-84.07 kPa,
and 84.07-309.73 kPa, respectively. Compared with reported
GO-, CNT-, graphene-, and MXene-based piezoresistive sen-
sors, the PVA/GO/COOH-CNT sensor demonstrates a bal-
anced performance in terms of sensitivity, detection range,
low-pressure detectability, response speed, and cyclic stabil-
ity. In addition, the sensor was fabricated through a simple
solution-processing and blade-coating method, which is bene-
ficial for flexible device integration.

The present sensor also maintained stable output over
more than 5000 loading—unloading cycles at approximately
4.42 kPa and was successfully applied to wrist-pulse moni-
toring, finger bending, wrist bending, and respiration detec-
tion. These comparisons indicate that the PVA/GO/COOH-
CNT composite-film sensor has promising potential for wear-
able pressure sensing, human-motion recognition, and physio-
logical signal monitoring.

5. Conclusion

In summary, a flexible piezoresistive pressure sensor
based on a PVA/GO/COOH-CNT composite film was suc-

cessfully developed via a facile solution-processing and blade-
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coating strategy. The composite sensing film was prepared by
dispersing COOH-CNTs in a GO aqueous dispersion, mixing
with PVA solution to form a homogeneous composite ink, and
fabricating the film by repeated blade coating and thermal dry-
ing. The sensor was assembled in a sandwich configuration
using the PVA/GO/COOH-CNT composite film as the active
sensing layer and Pt/PI films as the top and bottom electrodes.

The composite film exhibited a continuous surface mor-
phology and a compact layered cross-section with a thickness
of approximately 100 pm. In the composite structure, PVA
provided the flexible film-forming matrix, GO sheets served
as a layered framework, and COOH-CNTs acted as conduc-
tive bridges for pressure-induced resistance modulation. The
sensor exhibited approximately linear current—voltage charac-
teristics from —2 V to 2 V under applied pressures from 0 to
88.4 kPa, with R? values ranging from 0.98527 to 0.99289.
The normalized current response exhibited three sensitivity
regimes, with sensitivities of 152.1 kPa~!, 39.7 kPa~!, and
14.5 kPa~! over the pressure ranges of 44.2 Pa—8.49 kPa,
8.49-84.07 kPa, and 84.07-309.73 kPa, respectively. The
sensor also achieved a low detection limit of 44.2 Pa, a
broad pressure-response capability up to 397.89 kPa, and re-
sponse/recovery times of 333 ms and 267 ms, respectively,
based on the 90% signal-change criterion.

In addition, the sensor maintained stable output over
more than 5000 loading—unloading cycles at approximately
4.42 kPa, demonstrating good repeatability and cyclic dura-
bility. The device retained distinguishable and repeatable
responses under different compression speeds, temperatures,
and humidity conditions, although. the response magnitude
varied with environmental conditions. Wearable demonstra-
tions further showed that the sensor could monitor wrist pulse,
finger bending, wrist bending, and respiration signals, in-
dicating its capability for detecting both subtle physiologi-
cal signals and large-amplitude human motions. These re-
sults demonstrate that the PVA/GO/COOH-CNT composite-
film sensor offers a promising material and device platform for
flexible wearable pressure sensing, health monitoring, motion
recognition, and human—machine interaction.
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