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ABSTRACT: Monitoring human physiological conditions using flexible,
stretchable strain sensors is an effective approach to prevent and treat critical
illnesses, emergencies, and infectious diseases. However, achieving ultralow
detection limits, high sensitivity, and a wide detection range in a cost-effective
manner is challenging. In this study, a strain sensor was developed by embedding
an adhesive hydrogel composed of polyvinyl alcohol, starch, and glutaraldehyde
into conductive fibers made from thermoplastic polyurethane. By leveraging the
high sensitivity of the conductive fibers and the wide detection range of the
hydrogel, a robust dual-layer continuous conductive network was formed
through their synergistic interaction. Tensile strength tests and other
assessments indicated that the sensitivity of the sensor increased from a gauge
factor of 49.32 (for fiber-based sensors) to 74.18, while the detection range
expanded from 250 to 400%. Furthermore, the sensor demonstrated a low
detection limit (0.6%), fast response and recovery times (80 ms/120 ms), and
durability exceeding 800 cycles. Tests on pulse monitoring, joint movement, and voice recognition confirmed the significant
applicability of the sensor for real-time monitoring of various physiological activities throughout a human’s life. This study aims to
provide technical support for the development of flexible wearable systems.

1. INTRODUCTION
Wearable strain sensors are integral components of flexible
smart electronic devices. They play a crucial role in human
motion and health monitoring, especially in situations where
diseases such as cardiac conduction disorders and arrhythmias
pose serious threats to physical and mental well-being during
physical activity and rest.1−5 Resistive strain sensors, which are
characterized by their low cost, simple processing and design,
and high signal readability, are promising types for applications
in real-time intelligent healthcare and medical care sys-
tems.6−12 However, wearable resistive strain sensors still
encounter challenges related to achieving a broad detection
range, high sensitivity, rapid response, and low detection limits.
Therefore, a rational structural design and excellent material
selection are necessary strategies to address these issues.13−19

In recent years, many high-performance piezoresistive strain
sensors have been constructed using biomimetic spider
microcrack structures. This biomimetic spider microcrack
structure, with its unique fracture and closure characteristics,
can induce a significant change in resistance during the
stretching process. Shen et al.20 developed a piezoresistive
strain sensor using a conductive polymer composite material,
which is characterized by high sensitivity (strain coefficient, GF

602), a wide detection range (90%), low detection limit, and
rapid response. Zheng et al.21 utilized laser-induced graphene
as the sensing layer, which employs a biomimetic spider web
structure known with excellent resonance capability and robust
performance. The sensor demonstrated high sensitivity (GF
36.8) with a detection range of 35%. Similarly, Wang et al.22

designed a dual-layer conductive strain sensor with ultrahigh
sensitivity (GF 1477.7) and a detection range of 150%, which
meet the requirements for wearable sensors. However, this
biomimetic spider microcrack structure, with its unique
opening and closing sensing mechanism, undoubtedly imparts
a limited sensing range. This limitation causes it to fail during
intense large-strain body movements, which prevents the full
utilization of the 600% stretchability of thermoplastic polyur-
ethane (TPU) fibers.23
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The application of conductive hydrogels in flexible wearable
devices has gained widespread attention. However, in the
practical use of hydrogel sensors, realizing an extremely wide
detection range but low sensitivity is challenging. For instance,
Shen et al.24 proposed a strain sensor made from a conductive
polymer hydrogel with a detection range of 300%, low
hysteresis, and a sensitivity of 4.07, which provides remote
control signals for industrial robots. He et al.25 utilized gelatin
and PVA as the polymer framework, with tannin as the cross-
linker, to prepare a gelatin composite hydrogel. The hydrogel
exhibited excellent stretchability (760%) and a sensitivity of
6.79. Despite the critical drawback of low sensitivity, hydrogels
possess outstanding advantages in self-repair and adhesion
functionalities, which make them particularly advantageous in
wearable devices. Xu et al.26 developed a physically cross-
linked ionogel with high conductivity (2.92 mS cm−1) and
excellent stretchability (2066%). Furthermore, the ionogel
exhibited outstanding water resistance and underwater
adhesion. The sensitivity of silicone gel strain sensors is low,
and microcrack fiber sensors have a limited stretching range.
Therefore, this study designs a dual-layer continuous
conductive structure incorporating a strain sensor made from
a composite hydrogel containing conductive fibers of TPU and
PVA.
Flexible and stretchable strain sensors are crucial for

monitoring human physiological conditions. However, a
bottleneck issue exists due to the imbalance between sensitivity
and detection range. Thus, this study designs a dual-layer
continuous conductive structure incorporating a strain sensor
made from a compositive hydrogel containing conductive
fibers of TPU and PVA. The aim is to achieve a balanced
trade-off between sensitivity and detection range by leveraging
the respective advantages and disadvantages of biomimetic
spider microcracks and hydrogels. The first layer of the
structure consists of a TPU-supported Gr/CNT microcrack
composite film, and the second layer is formed by combining
PVA−starch as a polymer scaffold with conductive hydrogel.
The first layer comprises a stretchable conductive network
formed by varying the loading amount of Gr/CNT in the TPU
fiber membrane. Subsequently, the prepared PVA−starch high-
viscosity hydrogel forms another conductive structure under
mechanical action, and the dual-layer continuous conductive

network tightly integrates beneath the high viscosity of the
hydrogel and the highly rough surface of the TPU fibers. The
experimental results demonstrate that the performance of the
strain sensor is excellent. It is designed to provide technical
support for research on flexible wearable systems and
comprehensive life-long physiological sign detection for
individuals.

2. EXPERIMENTAL SECTION
The experimental section includes specific parameters for the
preparation of a hydrogel composed of PVA, starch, and
glutaraldehyde, details the process of fabricating TPU fiber
membranes using electrospinning technology, and introduces
the process parameters involved in electrospinning. It also
explains the integration of Gr/CNT conductive load with the
TPU fiber membrane. In the end, it describes the process of
forming the flexible sensor, including the equipment used and
the specific parameters involved in the characterization
process.
2.1. Hydrogel Preparation. The preparation of hydrogels

involves the combination of various functional materials. The
one-pot preparation process, as illustrated in Figure 1, involves
the mixing of 0.18 g borax and 4.5 mL ethylene glycol at 40 °C
with stirring for 5 min. Subsequently, 15 mL deionized water
and 0.3 g Gr/CNT are added, followed by ultrasonication at
40 °C for 30 min. Next, 12 g PVA, 12 g starch, and 1.4 g
glutaraldehyde are added, and the mixture is stirred thoroughly
at 100 °C for 5 h. Starch and PVA, which serve as the
fundamental framework of the hydrogel, exhibit high stability.
The introduction of borax forms dynamic cross-links through
borate ester bonds, which enhance stability. The incorporation
of Gr/CNT improves the electrical properties, while the
addition of glutaraldehyde forms acetyl groups, which increases
adhesion. Furthermore, the inclusion of EG enhances the
moisturizing properties.
2.2. Preparation of TPU Nanofiber Membrane. First,

the precursor solution is prepared by dissolving TPU particles
in a mixture of DMF and THF (1:1) at 80 °C with stirring for
3 h, which results in a clear and uniform precursor solution
with a concentration of 200 g/L. Subsequently, the solution is
spun using a syringe with a 22-gauge needle at a spinning
voltage of 14.5 kV, a spinning distance of 18 cm, a feed rate of

Figure 1. Fabrication of a flexible strain sensor through electrospinning and one-pot method.
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18 μL/min, and a drum speed of 325. Thus, the resulting
nanofiber membrane is dried in a 70 °C oven for 2 h to remove
residual solvent.
2.3. Preparation of Sensors. First, 40 mg of graphene and

carbon nanotubes (in a 1:1 ratio) is dispersed in 20 mL of
anhydrous ethanol, with sodium dodecyl sulfate added as a
surfactant. The mixture is subjected to continuous ultrasonic
vibration at 40 °C for 1 h to prepare a uniform suspension.
The TPU nanofiber membrane is placed in a 2 g/L anhydrous
ethanol solution and subjected to continuous ultrasonic
vibration for 1 h. This process ensures the thorough deposition

of nanoscale conductive materials onto the nanofiber
membrane. The resultant is rinsed three times with distilled
water, and then, it is dried in a 70 °C oven for 1 h. Next, the
prepared hydrogel is fixed onto the nanofiber membrane with
the deposited conductive material. Specifically, 0.1 g of the
hydrogel is adhered onto a 3 × 2 nanofiber membrane.
2.4. Characterization and Testing. 2.4.1. Scanning

Electron Microscope Testing. The experimental process
involves characterization of the fiber films composed of TPU
and Gr/CNT using the Sigma300 scanning electron micro-
scope (SEM) produced by Carl Zeiss, Germany. Initially, a

Figure 2. Characterization of TPU/Gr/CNT Fibers. (a, b) Untreated TPU fiber membrane. (c) SEM image of TPU fiber membrane after
treatment. (d, e) SEM images of Gr/CNT/TPU fibers. (f) SEM image of the interface between fibers and hydrogel.
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gold sputter coating is applied to the fiber films. The fiber films
are fixed onto metal discs using conductive adhesive in a
longitudinal manner for ease of observation. Subsequently,
they are sputter-coated with gold. The testing voltage is
adjusted to 20 kV, as shown in Figure 3a.

2.4.2. X-ray Diffraction (XRD) and Fourier Transform
Infrared Spectroscopy (FTIR). XRD analysis is performed
using the Rigaku Miniflex 600 from Japan. X-ray diffraction
patterns are used to analyze the distribution of atoms within
different crystals. A copper target is utilized, and the scanning
range is set to standard (10°−80°), specifically scanning angles
are set from 10° to 80° at a speed of 10°/min.
Fourier transform infrared spectroscopy (FTIR) is con-

ducted using the IS10 model from Thermo Fisher Scientific,
USA, to characterize the main functional groups of the
experimental samples.

2.4.3. Electromechanical Universal Testing Machine. The
electronic universal testing machine used is the CMT6103
model manufactured by MTS (Mechanical Testing Systems).
The testing is conducted at room temperature with a loading
rate of 50 mm/min. Three repetitions are performed to obtain
the average results of the tensile tests, which focus on stress−
strain curves.

2.4.4. Sensitivity Detection Device. This study uses a self-
prepared sensitivity detection device.

3. RESULTS AND DISCUSSION
In this section, several tests, from design and fabrication to
characterization, are conducted on the sensor. The optimal
structure and material combination are selected to identify the
best-performing flexible sensor through testing.
3.1. Design of a Composite Hydrogel Containing

Fibers of TPU and PVA. Based on the principle of resistive
sensors, this study introduces a strain sensor utilizing a dual-
layer continuous conductive structure integrating a composite
hydrogel containing conductive fibers of TPU and PVA. The
preparation of the flexible strain sensor with a dual-layer
continuous conductive structure is illustrated in Figure 1. The
upper layer of the structure consists of a conductive hydrogel
made of PVA−starch, and the lower layer comprises
conductive fibers. The continuous combination of the
conductive fiber network and the PVA−starch hydrogel
network enhances the effective stretchability of the conductive
fibers while maintaining excellent electrical performance.
The synthetic method in this study involves the following

steps. First, the lower substrate is prepared. The substrate is a

Figure 3. Tensile characterization of TPU fiber membrane. (a) TPU fiber shrinkage rate. (b) Stress−strain curves of TPU and TPU treated with
ethanol. (c) Fracture elongation of TPU fibers. (d) FTIR images of fibers and their hydrogel.
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white TPU nanofiber membrane prepared by electrospinning.
Subsequently, the nanofiber membrane is immersed in an
ethanol solution of Gr/CNT. The Gr/CNT conductive load is
modified onto the surface of the nanofiber membrane through
thermal ultrasonic vibration. Consequently, the conductive
nanofiber membrane exhibits a black color, which indicates the
formation of the first layer of a conductive network.
Simultaneously, a conductive gel with adhesiveness is prepared
using a one-pot method. EG is dissolved in a solution with
boric acid at 40 °C for 5 min. Thereafter, a mixture of Gr/
CNT nanocomposite powder and deionized water is added,
and the system is subjected to ultrasonic treatment for half an
hour at 40 °C. Next, PVA, starch, and glutaraldehyde are
added, and the mixture is thoroughly stirred at 100 °C for 5 h.
Finally, the high-temperature gel is placed into a mold
containing the conductive nanofiber membrane, pressurized,
and cooled to room temperature. The multilayer cross-linking
of the hydrogel facilitates the formation of the second layer of
the conductive network structure. The high viscosity of the
hydrogel made of PVA, starch, and glutaraldehyde allows
achieving comprehensive integration of the fiber network and
the hydrogel network using physical method alone.27−35

3.2. Fiber Morphology Structure and Character-
ization. Figure 2 illustrates the morphological characteristics
of the fabricated network-like conductive structure for
validating the effectiveness of constructing a dual-layer
continuous conductive structure using fibers and hydrogel.
The pure TPU fibers exhibit a smooth and uniform surface,
with randomly oriented fibers and abundant internal voids
(Figure 2a,b). The average diameter of the nanofiber
membrane is approximately 1.1 μm. As depicted in Figure
2d,e, after ultrasonic treatment in a 2 g/L ethanol solution
containing Gr/CNT, the surface roughness of the nanofibers
significantly increases. By contrast, the ultrasonic treatment in
ethanol solution alone, as shown in Figure 2c, does not cause
any noticeable roughening of the fibers. This result indicates
that the nanofibers are successfully coated with graphene and
carbon nanotubes. The combination of the hydrogel and
nanofibers is shown in Figure 2f. The interface clearly
demonstrates the tight integration of the two materials,
which forms a compact dual-layer continuous conductive
structure.
This study observed that, at the macroscopic level, the TPU

fiber membrane exhibits a noticeable contraction trend after
ultrasonic ethanol treatment. Therefore, the tensile properties
of TPU after contraction are investigated.36,37 The nanofiber
membrane is delaminated from the silicone paper on the drum
and cut into rectangular samples with a length of 5 cm. The
samples are then placed in 99% anhydrous ethanol and kept
stationary for 1 h. As observed, the nanofiber membrane
undergoes significant contraction. Figure 3a displays physical
images before and after wetting with anhydrous ethanol, which
reveal noticeable shrinkage of the nanofibers in different
directions. The nanofiber is subjected to treatment at 50 °C−
60 °C to validate the phenomenon of nanofiber contraction at
high temperatures. The results showed that the shrinkage rate
of the fiber membrane treated with anhydrous ethanol at room
temperature is 1.429%, while the shrinkage rate of the
nanofiber at high temperatures is 4%. This finding strongly
confirms that high temperatures and 99% anhydrous ethanol
contribute to the contraction of nanofibers.
The relationship between stress and strain for TPU

nanofiber membranes is depicted in Figure 3b. As shown in

the graph, the tensile strength of all samples falls between 1
and 3 MPa. In contrast to pure TPU nanofibers, TPU
nanofibers treated with hot ethanol exhibit lower tensile
strength. This reduction is accompanied by a simultaneous loss
of fracture elongation, with fracture elongation rates ranging
between 500% and 600%. The SEM images of the treated
fibers are comprehensively investigated to determine the
reasons for the loss of tensile performance. The fibers neither
break nor exhibit significant internal damage under the effect of
ultrasonic treatment. The simultaneous decrease in fracture
elongation and tensile strength is attributed to the intrusion of
high temperature and ethanol, which alters the atomic and
molecular structure of TPU nanofibers. This alteration causes
swelling within the fibers, which leads to a weakening of tensile
performance. Alternatively, the decrease in tensile strength may
be attributed to the release of fiber prestrain and the activation
of responsive shape memory, which suggests a connection
between the trend of fiber contraction and the fabrication
process.36 However, the Young’s modulus of TPU nanofibers
also decreases, which reduces from 3.55 × 10−3 to 2.23 × 10−3.
The reduction in the Young’s modulus of flexible materials
makes them softer, which improves the tactile feel for close
contact. In addition, it enhances the flexibility, plasticity, and
energy absorption properties. Thus, these materials are
advantageous for applications such as wearable sensors where
flexibility and sufficient toughness are key benefits.
Subsequently, the interface binding between TPU fibers and

PVA hydrogel is investigated. The functional groups and
interactions between the composite materials are characterized
by FTIR, as shown in Figure 3d. The C−O−C stretching band
of pure TPU nanofibers is represented by a characteristic peak
at 1070 cm−1, the N−H stretching vibration band is observed
at 3328 cm−1, and the absorption peaks at 2950 cm−1

correspond to the − CH stretching vibration. The absorption
peaks at 1529 and 1725 cm−1 indicate the presence of the −
H−N−COO− functional group. After the CNT/Gr loading
treatment, the absorption peaks shift to 1594 and 1722 cm−1.
This shift is attributed to the hydrogen bonding between TPU
and CNT. The characteristic peaks at 1070, 3328, and 2950
cm−1 have shifted to 1072, 3334, and 2952 cm−1,
respectively.38−41

In the infrared spectrum of the hydrogel, a stretching
vibration peak of the O−H group is observed at 3239 cm−1.
This peak is attributed to the hydroxyl groups in the borate
ester bonds and the molecular hydrogen bonds. The presence
of absorption peaks at 1039 and 1083 cm−1 indicates stretching
vibrations of B−O−C or C−O−C bonds, which suggests the
formation of borate ester bonds in the hydrogel network. The
presence of a peak at 1637 cm−1 corresponding to the C = O
group indicates that hydroxyl groups (−OH) in some starch
react with carbon aldehyde groups (C = O) in glutaraldehyde,
which forms acetal linkages. The results confirm that the
hydrogel is based on glutaraldehyde, with multiple cross-
linking involving PVA, starch, ethylene glycol, and borax.42,43

Finally, the FTIR spectrum of the hydrogel attached to the
fibers represents a combination of the fiber and hydrogel
spectra due to physical interactions. The degree of their
binding is characterized, as shown in Figure 2f, which reveals a
seamless integration. Despite hydrogel rupture during the
tensile experiment, no delamination occurs between the
hydrogel and fibers, which indicates a strong bond.
3.3. Strain Sensing Performance. The design of a dual-

layer continuous stretching conductive structure aims to

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.4c06328
ACS Omega 2024, 9, 43743−43755

43747

http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.4c06328?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


achieve rapid and accurate high operational range along with
high sensitivity. The TPU conductive fiber exhibits high
sensitivity but has a limited stretching range (approximately
150%−250%). Meanwhile, the PVA conductive hydrogel has
lower sensitivity but a broader stretching range (about 700%).

Therefore, the strain sensor designed in this study adopts a
parallel resistor configuration, which results in significantly
improved sensing performance compared with both individual
materials.44−46 The present study comparatively analyzes the
relative changes in sensor resistance signals to demonstrate its

Figure 4. Strain sensor sensing performance. (a, b) Images of the initial resistance of different sensors. (c) Graph depicting the relative change in
sensor resistance with strain for different concentrations. (d) Comparative graph showing the relative change in resistance with strain for fiber
sensors and hydrogel sensors. (e) Graph illustrating the relative change in sensor resistance with strain. (f) Comparison of sensitivity among
different strain sensors.
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superior electrical performance under various mechanical strain
conditions. The loading of Gr/CNT on the fiber membrane
imparts robust conductivity and initial resistance to the fiber, as
shown in Figure 4a,b. A comparative analysis is conducted to
investigate the impact of varying levels of conductive loading
and its synergistic correlation on the strain-sensing perform-
ance of the sensor. By employing a controlled variable
approach to validate the initial resistance of the sensor,
different solutions have an impact on fiber loading, as depicted
in Figure 4a. Under the same concentration, the initial
resistance of Gr/CNT in water solution differs from that in
ethanol solution, with the ethanol solution exhibiting a
significantly higher initial resistance (547.86 Ω) than the
water solution (2756.83 Ω). Similarly, under the condition of a
1:1 ratio of Gr/CNT, different concentrations of Gr/CNT also
have an impact on the initial resistance. Among them, the
ethanol solution of Gr/CNT with a concentration of 2 g/L
exhibits the lowest initial resistance (514.27 Ω). To further
explore the issue of initial resistance, the initial resistance of
pure Gr is measured to be 50689.20 Ω, while the initial
resistance of pure CNT is 457.74Ω. The initial resistance of
pure Gr is significantly higher than that of pure CNT. The

resistance of composite materials is influenced and balanced by
the interplay between two materials, considering the effects of
conductivity, changes in current pathways, and interface
effects. The overall resistance values lie between the resistances
of the two individual materials, in accordance with Ohm’s law.
The overall resistance increases with the greater content of
graphene (Gr). After the optimal concentration is selected, the
conductive fibers and hydrogel are combined to prepare the
strain sensor. The sensor exhibits a favorable initial resistance,
which is positioned between the resistance values of the
hydrogel and the conductive fibers, as depicted in Figure 4b.
The conductive nanofibers exhibit excellent sensing

performance due to the synergistic effect of Gr/CNT loading.
Nanofibers treated with ethanol solutions at concentrations
ranging from 1 g/L to 3 g/L exhibit lower initial resistance
values. Therefore, this study uses a series of loading variations
at concentrations of 1, 2, 3, 7, and so on, to investigate their
impact on the behavior of the strain sensor. As shown in Figure
4c, sensitivity is represented as GF, which is defined as the
ratio of resistance change to strain.

R R RGF ( )/0 0= (1)

Figure 5. Potential mechanism of TPU/PVA fiber composite hydrogel strain sensors. (a) Morphological images of the sensor on the original and
stretched surfaces. (b) Schematic of the sensor morphology. (c) Simple resistance model.
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L L L( )/0 0= (2)

Here, R, R0, L, L0, and ε represent real-time resistance, initial
resistance, elongation length, initial length, and strain,
respectively.1,47 The graph clearly illustrates that nanofibers

treated with ethanol solution at a concentration of 7 g/L
exhibit the lowest sensitivity, while those treated with a
concentration of 2 g/L show the highest sensitivity. Therefore,
this study uses nanofibers treated with a 2 g/L ethanol solution
to prepare the strain sensor. As shown in Figure 4d,e, the

Figure 6. Electromechanical performance of the strain sensor made of TPU fiber and PVA hydrogel. (a) Relative resistance change of the strain
sensor at different strain rates. (b) Response time of the strain sensor when subjected to a 3% strain at a strain rate of 20,000 Hz. (c) Relative
resistance change of the strain sensor at different strains. (d) Comparison of sensitivity and operating range with previously reported stretchable
strain sensors.30,45,48−60 (e) Strain response behavior of the strain sensor during 800 cycles at a 50% strain.
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resistance of the sensor during the stretching process exhibits
an increasing trend. This improvement is primarily attributed
to changes in the conductive network after stretching, which
leads to a rise in resistance. The conductive fiber strain sensor,
while exhibiting high sensitivity (GF 49.32), has a limited
stretching range. Meanwhile, the hydrogel demonstrates a
broad stretching range but lower sensitivity (GF 0.35). The
dual-layer continuous strain sensor made from a composite
hydrogel containing conductive fibers exhibits a sensitivity of 4
within the strain range of 10%−300%, a sensitivity of 17.14
within the range of 300%−385%, and a remarkably high
sensitivity of 74.18 within the range of 385%−400%.
Moreover, the sensor maintains good sensitivity (GF 3) even
in detecting minimal deformations (0.6%). Notably, the sensor
demonstrates a linear response within the strain range of 0%−
330%.
During the stretching process, the resistance of the sensor

undergoes continuous changes. Therefore, a basic exploration
of the underlying mechanism of strain sensors is conducted. In
the stretching process at lower strain levels, the conductive

material of Gr/CNT adhered to the surface of TPU fibers in
the strain sensor can be considered a thin film. The fracture of
the thin film results in gaps and islands. As the strain increases,
the number and width of these gaps and islands rise. This
explanation attributes the increase in resistance to the fracture
of the thin film network, which realizes higher sensitivity. At
higher strain levels, the Gr/CNT conductive network under-
goes complete fracture, which consequently limits the
operational range of the sensor. During the macro-scale
stretching process, white lines and microcracks appear on the
black TPU fibers (Figure 5a,b). In the case of the double-layer
continuous strain sensor made from a composite hydrogel
containing conductive fibers at low strains, the conductive
fibers play a more significant role than the hydrogel. Therefore,
the sensitivity is only slightly lower than that of the conductive
fibers alone. However, at high strains, the double-layer
continuous strain sensor ensures rapid healing of the Gr/
CNT conductive network after fracture due to the highly
viscous nature of the hydrogel. Moreover, when the Gr/CNT
conductive network undergoes complete fracture, the hydrogel

Figure 7. Practical applications of sensors. (a) Finger movements at different angles, (b) pulsatile fluctuations, (c) wrist motions, (d, e) resistance
response behaviors to various vocalization methods, and (f) changes in the brightness of a light bulb during stretching movements.
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takes on a dominant role. In addition, high sensitivity is
ensured at large strains due to the adhesion of Gr/CNT on the
surface of the conductive hydrogel. Furthermore, the presence
of CNTs and graphene forms an effective conductive network.
The opening and closing of the conductive pathways in the
network result in changes in resistance. These changes impart
sensing capabilities to the sensor. Under the synergistic effect
of the two materials, the performance of the sensor is further
enhanced. The graphene within the sensor, with its two-
dimensional layered structure, extends across a large planar
area, which provides numerous active sites. Meanwhile, the
CNTs, with their one-dimensional hollow cylindrical structure
and high aspect ratio, contribute to the formation of a three-
dimensional network when combined with graphene. This
network not only exhibits high electrical conductivity but also
offers additional active sites within the structure, which
increase the sensitivity of the sensor. The macroscopic total
resistance of the resistive double-layer continuous strain sensor
made from a composite hydrogel containing conductive fibers
can be regarded as the sum of parallel resistances, as illustrated
in Figure 5c.

R R R R R( )/( )fibroid hydrogel fibroid hydrogel= × + (3)

The simple resistance model for fiber membranes is
expressed as eq 4.

R
R R R R R R

R R R
2

2
1 3 1 2 2 3

1 3 2
=

+ +
+ + (4)

R1 represents Gr/CNT islands, R2 corresponds to cracked
Gr/CNT layers, and R3 denotes the bridge resistance between
adjacent islands.44,48

The behavior of the sensor under different strain amplitudes
in cyclic strain sensing is investigated. As shown in Figure 6a,
the can produce stable and reproducible sensing signals across
a wide range of strains. The upper and lower limits of detection
are 0.6% and 400%, respectively. The strain response behavior
under different tensile rates is also explored, as depicted in
Figure 6c. The strain sensing behavior exhibited by the sensor
appears to be independent of the strain rate. A cyclic stretching
test at a 3% strain and 20,000 Hz is conducted to validate the
rapid detection capability of the sensor. As shown Figure 6b,
the response time is 80 ms with a recovery time of 120 ms.
This combination forms the foundational assurance for the
responsiveness of the sensor even during detection of various
human movements. Furthermore, this study conducts tests on
the strain response behavior of the sensor during 800 cycles at
a 50% strain to verify its long-term durability, as illustrated in

Figure 6e. The strain response demonstrates recoverability and
reproducibility, with the response peak maintaining a good
balance throughout the testing process. This performance
indicates excellent durability of the sensor. High-performance
wearable flexible strain sensors can rapidly and accurately
identify and detect full-body movements. This capability
necessitates that flexible sensors possess a strain range greater
than 55% and a sensitivity greater than 2. The maximum
sensitivity and detection range of the multilayer conductive
nanofiber sensor are compared with sensors from existing
literature, as depicted in Figure 6d.

4. APPLICATIONS
The prepared flexible strain sensors can detect various human
movements due to their excellent sensitivity and other
characteristics, and this capability is a significant advantage in
wearable devices. The responsiveness of the sensor to pulse
beating is demonstrated through subtle human movements, as
illustrated in Figure 7b. Figure 7d,e depict the resistance
response behavior to throat sound production, which shows
distinct signals for uttering “Hi” and “Good.” This result
indicates the high sensitivity and accuracy of the sensor in
detecting subtle signals. In addition, the sensor can detect
larger human movements. Figure 7a shows the response
behavior of the sensor to finger movements at different
temperatures (30 °C, 60 °C, and 90 °C), while Figure 7c
illustrates the response to wrist movements. The wide
detection range of the sensor is evident, which maintains
clear and reproducible signals. In terms of electronic
applications, as shown in Figure 7f, the brightness of the
light bulb decreases during the stretching process.

5. CONCLUSIONS
In addressing the challenges of a wide detection range, high
sensitivity, rapid response, and low detection of strain sensors,
this study proposes a dual-layer continuous conductive
structure integrating a strain sensor made from a composite
hydrogel containing conductive fibers of TPU and PVA.
Sensitivity testing, stretching range detection, and a series of
experimental studies on response time are conducted. The
following conclusions are drawn:

(1) In the flexible strain sensor, a dual-layer conductive load
is formed, which extends the working range from 250%
to 400%. This method effectively utilizes the ability of
the hydrogel to mitigate the tendency of the Gr/CNT
conductive network to fracture. It is a simple solution to

Table 1. Material Information in the Experiment

Name Company

Polyvinyl alcohol, PVA Sinopharm Chemical Reagent Corporation
Thermoplastic polyurethanes, TPU 75A. molecular mass 90K Taiwan Risheng Corporation
N,N-Dimethylformamide, DMF Shanghai Sinopharm Group Chemical Reagent Company
Tetrahydrofuran, THF Sarn Chemical Technology (Shanghai) Corporation
Carbon nanofoam, CNT Shanghai Chaowei Nano Technology Co.
Graphene, Gr Suzhou Carbonfund Graphene Technology Co.
Sodium dodecyl sulfonate Suzhou Carbonfund Graphene Technology Co.
Ethylene glycol, EG Sinopharm Chemical Reagent Corporation
Anhydrous ethanol Shanghai Sinopharm Group Chemical Reagent Company
Borax Shanghai McLean Biochemical Technology Co.
Sodium periodate Sarn Chemical Technology (Shanghai) Co.
Glutaraldehyde Shanghai Marel Chemical Technology Co.
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the challenges posed by the need for prestraining in fiber
sensors to achieve a high working range.

(2) The flexible sensor achieves a sensitivity of 74.18, which
significantly outperforms those of the fiber sensor (GF
49.32) and the hydrogel sensor (GF 0.35). The sensor
combines the advantages of fiber and hydrogel sensors,
which makes it suitable for a wider range of applications.

(3) By addressing the common challenges of detecting
minor deformations and achieving rapid response in
strain sensors, this study successfully increases the
detection range to 0.6%, with response and recovery
times improved to 80 and 120 ms, respectively. In
addition, the sensor demonstrates excellent performance
after 800 durability cycles.

6. MATERIALS
The material information used in the experiment is shown in
Table 1.
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