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Conductive hydrogels have important potential applications in the field of flexible sensors; however, most
hydrogel sensors usually possess only a single functional property. In this study, a multifunctional hydrogel
with both high mechanical toughness and temperature-responsive properties was successfully constructed

by introducing PEDOT:PSS into polyvinyl alcohol/sodium alginate (PVA/SA) hydrogel networks. In this study,

a multifunctional conductive hydrogel with both high mechanical toughness and temperature-responsive

properties was constructed by modifying PEDOT:PSS with dilute sulfuric acid and introducing it into the
PVA/SA hydrogel network. The modified PEDOT:PSS significantly enhanced the electrical conductivity
(48.69 mS m™1), mechanical properties (fracture strength of 45.38 kPa, ductility of 209.13%) and fatigue
resistance of the hydrogel through electrostatic interaction and hydrogen-bonded cross-linking. The

hydrogel has excellent strain sensing ability to detect small deformation (2.5%), which is suitable for
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monitoring physiological signals such as joint motion, vocal cord vibration and breathing; it also has

temperature response characteristics (—2.43 Q K™, 791 mV K™, which can be used for body
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1 Introduction

In recent years, with the rapid development of wearable devices
and smart sensing technologies, low-cost and high-performance
multifunctional sensors are increasingly in demand in the fields
of health monitoring," motion tracking,” and human-computer
interfaces.®> However, the preparation methods of rigid materials
face many challenges, such as high cost, complex preparation
processes and functional limitations. Conductive hydrogel, as
a flexible material, has demonstrated a wide range of potential
applications in the field of sensors due to its excellent mechan-
ical properties and biocompatibility.*® Its flexible characteristics
make conductive hydrogel a significant advantage in strain
sensors, which can monitor the dynamic changes of the human
body in real time,*™ such as joint movements and muscle
activities. Therefore, conductive hydrogels have an important
potential for application in the field of flexible sensors. Although
recent reports have highlighted multimodal hydrogel sensors,
achieving sensors with high toughness, low detection limits, and
decoupling of temperature/strain remains a challenge.”*™*

PVA is commonly used as a base material for hydrogels, and
due to its hydrophilic hydroxyl (-OH) group, it can be physically
or chemically crosslinked with a variety of compounds through
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temperature monitoring. The introduction of PEDOT:PSS realizes the multifunctional sensing of
hydrogel, which provides a new idea for wearable biosensors with new ideas.

hydrogen bonding to form a solid hydrogel structure.** Through
freeze-thaw treatment™ or cross-linking with borates,*® PVA is
able to provide a rigid scaffold for hydrogels. Meanwhile, SA is
widely used in biomedical applications due to its good
biocompatibility and antimicrobial properties.’”””** SA contains
a large number of carboxyl groups (-COOH) and -OH, which are
able to form flexible scaffolds together with PVA through
hydrogen bonding interactions as well as coordination between
the carboxyl groups and the metal ions, and to enhance the
flexibility of the hydrogels.”*** However, hydrogels prepared
solely through the interaction of PVA and SA usually fail to meet
the demand for high electrical conductivity. To overcome this
problem, it is usually necessary to introduce conductive fillers,
such as carbon-based nanomaterials, metallic nanomaterials,
or conductive polymers, to enhance the conductivity of
hydrogels.?** Although carbon-based and metal nanomaterials
excel in electrical conductivity, their high cost and poor proc-
essability limit their widespread use in practical applications. In
contrast, conductive polymers, especially PEDOT:PSS, are
important constituents in conductive hydrogels due to their
good conductivity, flexibility, and processability.>® PEDOT is
insoluble in water, making its in situ incorporation into
hydrogels challenging. However, PEDOT:PSS aqueous disper-
sions can blend and crosslink uniformly with hydrophilic
networks, providing both electronic and ionic conduction
channels while maintaining a high water content, making it the
preferred component for conductive hydrogels. PEDOT:PSS

© 2026 The Author(s). Published by the Royal Society of Chemistry
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combines the electrical conductivity of PEDOT with the di-
spersibility and stability of PSS, with the sulfonic acid groups (-
SOz;H) enhancing the compatibility with the hydrogel network
through hydrogen bonding. In contrast, pure PEDOT requires
complex modifications to disperse in aqueous systems. There-
fore, PEDOT:PSS is selected for this study.””**

The conductive properties of PEDOT:PSS originate from its
unique molecular interaction system. The negatively charged PSS
chains bind to the PEDOT conjugated backbone through elec-
trostatic interaction, optimizing the molecular chain conforma-
tion while maintaining the charge balance and promoting the
charge migration along the conjugated chain. Among them, the
electrostatic attraction between PEDOT and PSS chains, the -
stacking between PEDOT chains, and the mutual entanglement
between PSS long chains work together to form an efficient
charge transport network. This multilevel interaction mechanism
makes PEDOT:PSS exhibit excellent electrical conductivity.”
With the help of these three forces, PEDOT:PSS-based conductive
hydrogels with high electrical conductivity, mechanical strength
and uniform dispersion can be prepared. In addition,
PEDOT:PSS, as a highly conductive, temperature-responsive
properties,® is able to realize the temperature sensing function
through carrier hopping.** Zhang et al.** prepared conductive
hydrogels with the help of PVA, PEDOT:PSS and liquid metal
nanoparticles, which possessed excellent self-repairing and
bonding properties, and were able to realize the strain sensing
with a maximum strength of 80 kPa. The PVA/PEDOT:PSS based
hydrogel prepared by Yin et al.** showed a large Seebeck coeffi-
cient of 1.31 mV K *. Zhao et al.** prepared a PVA/SA/PEDOT:PSS-
based hydrogel capable of multifunctional sensing for moni-
toring signals from strain, temperature, and electrophysiology.
Chai et al*® prepared PEDOT:PSS-based hydrogels as wearable
resistive sensors for breathing pattern detection.

In this study, a highly tough PVA/SA/PEDOT:PSS hydrogel
(PSPSH) was prepared by cyclic freeze-thawing using PVA and SA
as the main network materials of the hydrogel in combination
with PEDOT:PSS. Modified by dilute sulfuric acid, PSS* and
HSO,  in PEDOT:PSS were bound by electrostatic interactions,
while -SO;H formed hydrogen bonding with hydroxyl groups in
PVA/SA, which significantly enhanced the electrical conduc-
tivity, mechanical toughness, and anti-fatigue properties of the
hydrogel, and it was able to respond accurately under small
strains PSPSH is capable of human joint movement (finger,
wrist, elbow, knee), vocal cord vibration (coughing, talking),
body temperature change, and respiration monitoring. In
addition, the hydrogel demonstrates excellent temperature
sensing capability. It demonstrates that PSPSH not only
possesses excellent mechanical properties and sensing func-
tions, but also has a wide range of application prospects,
especially in the field of health monitoring and wearable
devices.

2 Experimental section

2.1 Experimental materials and instruments

2.1.1 Materials. Polyvinyl alcohol-124 (PVA, AR, hydrolysis
degree 98-99%, average polymerization degree 2400-2500,

© 2026 The Author(s). Published by the Royal Society of Chemistry

View Article Online

RSC Advances

Xilong Scientific Co., Ltd); sodium alginate (SA, AR, viscosity
200 £ 20 mPa s, Shanghai McLean Biochemical Technology Co.,
Ltd); poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate)
(PEDOT:PSS, solid content 1.0-1.3 wt%, Shanghai McLean
Biochemical Technology Co., Ltd); calcium chloride (CaCl,, AR,
Sinopharm Chemical Reagent Co., Ltd); sulfuric acid (H,SOy,,
AR, 98%, Guangdong Guanghua Technology Co., Ltd).

2.1.2 Characterization equipment. Field Emission Scan-
ning Electron Microscope (SEM, Zeiss Sigma 500, Germany,
equipped with GEMINI column and InLens SE detector); Four-
ier Transform Infrared Spectrometer (FTIR, Bruker Tensor 37e,
Germany, equipped with platinum ATR attachment and dia-
mond crystal); X-ray Diffractometer (XRD, Bruker D8 Advance,
Germany, Cu Ko radiation source, A = 1.5406 A, LynxEye XE-T
detector); X-ray Photoelectron Spectrometer (XPS, Thermo
Scientific ESCALAB 250Xi, USA, Al Ko X-ray source, 1486.6 eV,
spot size 500 pm).

2.1.3 Testing equipment. Electrochemical Workstation
(CHI 660E, Shanghai Chenhua Instrument Co., Ltd); Digital
Source Meter (Keithley 2450, Tektronix Inc., 41 digit resolution);
Flexible Electronic Multimodal Testing System (ST600C, Suz-
hou, China, load sensor range 0-100 N, accuracy +0.5%);
Intelligent Constant Temperature Heating Platform (BY1010,
Bangyuan, temperature control accuracy +0.1 °C, adjustable
heating rate 0-10 °C min'); Precision Electronic Balance
(ME203E, Mettler-Toledo, accuracy 0.001 g); Vacuum Drying
Oven (DZF-6020, Shanghai Jinghong, temperature control
accuracy +1 °C).

2.2 Preparation of PVA/SA hydrogels

1 g of polyvinyl alcohol (PVA) powder was dissolved in 9 mL of
deionized water. The mixture was heated at 95 °C with magnetic
stirring for 2 h until fully dissolved to obtain a 10 wt% PVA
solution. 0.1 g, 0.2 g, and 0.3 g of sodium alginate (SA) powder
were separately dissolved in 9.9 mL, 9.8 mL, and 9.7 mL of
deionized water, respectively. Each mixture was heated at 60 °C
with magnetic stirring for 2 h to prepare 1 wt%, 2 wt%, and
3 wt% SA solutions. The PVA and SA solutions were uniformly
mixed at mass ratios of PVA:SA=3:1,2:1,1:1,1:2,and 1:3,
followed by magnetic stirring for 30 min to ensure homoge-
neity. The mixed solution was poured into molds, frozen at
—20 °C for 12 h, and subsequently thawed at room temperature
(25 °C) for 6 h. This freeze-thaw cycle was repeated four times to
obtain the final PVA/SA hydrogels (labeled as PSH). A pure PVA
hydrogel, prepared using the same method without SA addition,
was labeled as P,(SoHy.

2.3 Preparation of PVA/SA/PEDOT:PSS hydrogels

A 10 wt% PVA solution was homogeneously mixed with a 2 wt%
SA solution according to the mass ratio PVA: SA = 3:1, and
magnetically stirred for 30 min to ensure adequate mixing.
Subsequently, 0.5 mL, 1 mL, 1.5 mL, and 2 mL of PEDOT:PSS
solution were added to the mixed solution and supplemented
with deionized water to make the total volume of each addition
2 mL, and stirring was continued for 30 min to ensure uniform
dispersion. The mixed solution was poured into a mold and
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placed at —20 °C for 12 h. Subsequently, it was thawed at room
temperature (25 °C) for 6 h. The freeze-thaw cycle was repeated
four times to obtain the final PVA/SA/PEDOT:PSS hydrogel
(denoted as PSPH). The samples were labeled as PSP;H, PSP,H,
PSP;H and PSP,H according to the amount of PEDOT:PSS
added.

2.4 Preparation of PVA/SA/PEDOT:PSS/H,SO, hydrogels

1 mL of PEDOT:PSS solution was mixed with 1 mL of dilute
sulfuric acid (6 mg mL™", 12 mg mL ™", 18 mg mL™"), respec-
tively, and magnetically stirred at room temperature (25 °C) for
2 h to fully acidify PEDOT:PSS. Subsequently, the acidified
PEDOT:PSS solution was added into a mixture of PVA (10 wt%)
and SA (2 wt%) (PVA:SA mass ratio = 3:1), and magnetic
stirring was continued for 30 min to ensure uniform dispersion.
The mixed solution was poured into a mold and placed at —20 ©
C for 12 h. Subsequently, it was thawed at room temperature (25
°C) for 6 h. The freeze-thaw cycle was repeated four times to
obtain a PVA/SA/PEDOT:PSS/H,SO, hydrogel (noted as PSPSH).
The PSPSH hydrogels were immersed in 2 w/v% CacCl, solution
for 24 h to further crosslink the SA molecular chains and
enhance the mechanical properties of the hydrogels. The
samples were labeled asPSPS;H, PSPS,H and PSPS;H according
to the dilute sulfuric acid concentration.

2.5 Characterization and testing

2.5.1 Characterization part. A cold field emission scanning
electron microscope (SEM, Zeiss Sigma 500, Germany) was
employed to characterize the cross-sectional micromorphology
and porous structure of the hydrogels. The accelerating voltage
was set at 5 kV, with a working distance of 8 mm. For sample
preparation, the hydrogels were frozen at —80 °C for 12 hours,
followed by freeze-drying at 60 °C until fully dehydrated. The
dried samples were brittle and fractured along the cross-
sectional direction, then gold-coated using a Q150R ES
sputter coater (Quorum, UK) with a current of 20 mA for 90
seconds. The test conditions were set at a resolution of 2.0 nm
at 30 kv, with an InLens secondary electron detector and
magnification ranging from 500 to 50000x. The chemical
structure of the hydrogels was analyzed by Fourier transform
infrared spectroscopy (FTIR, Bruker Tensor37e, Germany),
focusing on the presence of specific functional groups and
dynamic covalent bonds. These were confirmed by comparing
the characteristic peak position changes of monomer raw
materials and reaction products. X-ray diffraction (XRD, Bruker
D8 Advance, Germany) was used to assess the crystallinity and
molecular chain arrangement, with conditions set at 40 kV and
40 mA, scanning from 26 = 5-80° at a rate of 2° min~ " and
a step size of 0.02°. X-ray photoelectron spectroscopy (XPS,
Thermo Scientific ESCALAB 250Xi, USA) was used to charac-
terize the elemental composition and chemical state of the
hydrogel surface.

2.5.2 Test section. An electrochemical workstation
(CHI660E, Shanghai Chenhua) was used to test the conductivity
of hydrogels. Before the test, the samples were uniformly cut
into rectangular samples with dimensions of 10 mm x 2 mm x
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2 mm, and the excess water on the surface was gently absorbed
with filter paper to ensure that the electrodes were in good
contact with the samples, and in the DC mode, a voltage of 1 V
was applied, and the stabilized current value () was recorded.
The hydrogel (R) was calculated by Ohm's law:*®

R= 7 (1)

In eqn (1), R is the resistance of the hydrogel, Q; U is the
voltage set by the electrochemical workstation, V; and I is the
stabilized current, A. The conductivity (¢) is calculated as:*

L

"7 RS

(2)

In eqn (2), L is the sample length, m; R is the sample resis-
tance, Q; and S is the sample cross-sectional area, m>. Each
group of samples was tested at least three times and the average
value was taken to minimize the error.

The swelling properties of hydrogels were characterized by
water content (M.) and equilibrium swelling rate (Esg). The
hydrogel samples were immersed in deionized water and
allowed to stand at room temperature (25 &+ 1 °C) for 48 h to
reach the swelling equilibrium. After removing the samples,
excess water was gently wiped off the surface with filter paper,
and the mass after swelling equilibrium (M.) was immediately
weighed and recorded. Subsequently, the samples were dried in
a constant temperature drying oven (60 °C) until constant
weight, and the dried mass (M,) was recorded. The water
content (M.) and equilibrium swelling (Esg) were calculated
according to the following equations, respectively:**

_ My, — My

M. x 100% (3]

w

M#de x 100% (4)

ESR =

In eqn (3) and (4), M. is the water content and Egy is the
equilibrium swelling rate. M, is the mass of dry hydrogel, g; M,,
is the mass of wet hydrogel, g, and M.is the mass of hydrogel at
the equilibrium of swelling, g. Each group of samples was tested
at least three times and the average value was taken to minimize
the error.

The mechanical properties of hydrogels were tested at 25 °C
using a flexible electronic multimodal test system (ST600C,
Suzhou, China). The tests were conducted at a temperature of
25 £ 1 °C and a relative humidity of 45 & 5%. The samples were
cut into rectangular specimens of 10 mm x 5 mm x 2 mm with
a gauge length of 5 mm. The testing parameters were set as
follows: tensile rate of 20 mm min ™", preload of 0.1 N, data
acquisition frequency of 50 Hz, and load cell range of 100 N
(accuracy +0.5%). P3;S;H, samples without PEDOT:PSS were
used as a control for mechanical performance. At least five
parallel specimens were tested in each group. Tensile strength,
elongation at break, and Young's modulus were calculated
according to the ISO 37:2017 standard.*

© 2026 The Author(s). Published by the Royal Society of Chemistry
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To construct the strain and human motion sensors, the
hydrogel was cut into rectangular samples with dimensions of
10 mm x 2 mm x 2 mm and the two ends of the samples were
connected to the ends of a digital source meter (Keithley 2450,
Tektronix Technologies Ltd). The relative resistance change rate
(g) was calculated by the following equation:*

0
AR R-R,
Ry R

x 100% (5)

In eqn (5), Ry is the initial resistance, Q, and R is the real-time
resistance under stretching or compression, Q. The hydrogel
sheets were fixed to different joints (e.g., fingers, wrists, and
elbows) of the volunteers using medical tapes, and the signals of
the resistance change when the joints were flexed or extended
were recorded to analyze the sensor's real-time monitoring
capability of the human body movement. Before testing,
volunteers sat quietly for 15 minutes to stabilize their physio-
logical state. The resting state (no movement) was used as the
baseline control. Each movement was repeated 5 times, with a 2
minutes recovery interval between each test. Each set of tests
was repeated at least 3 times to ensure data reliability.

To construct the temperature sensor, the hydrogel was cut
into a rectangular sample with a size of 10 mm x 5 mm X 5
mm, and the top and bottom ends of the sample were con-
nected to the electrode clips of a digital source meter (Keithley
2450, USA). The hydrogel samples were placed on a tempera-
ture-raising platform, and the temperature range was set from
15 °C to 42 °C(BY1010), with a temperature-raising rate of 0.5 °C
s~'. The voltage changes at different temperature differences
were recorded by the digital source meter, and the temperature
sensitivity (S) of the hydrogel was calculated by the following
equation:**

A
S = A—? x 100% (6)

In eqn (6), AV is the voltage change, V, and AT is the
temperature change, °C,. Each set of tests was repeated at least 3
times and averaged to minimize error.

3 Results and discussion
3.1 Hydrogel structure design

PVA molecular chain is rich in hydroxyl group (-OH), and its
linear structure forms a physical network of alternating crys-
talline and amorphous regions through freeze-thaw cycle,
which becomes the rigid scaffold of hydrogel.** Carboxyl group
(-COOH) and hydroxyl group (-OH) in the molecular chain of SA
can form dynamic reversible physical cross-links by interacting
with PVA through hydrogen bonding.** The density and distri-
bution of this hydrogen bonding network directly determines
the mechanical properties of the hydrogel - high-density
hydrogen bonding enhances the modulus of elasticity,** while
reversible fracture and reorganization of dynamic hydrogen
bonding endows the material with a certain degree of self-

© 2026 The Author(s). Published by the Royal Society of Chemistry

View Article Online

RSC Advances

repairing ability.** In addition, the carboxyl group of SA is
partially ionized (-COO-) under alkaline conditions, which
increases the network porosity through electrostatic repulsion
and thus enhances the swelling performance.*> The conjugated
m-electronic structure of PEDOT confers intrinsic electrical
conductivity to the hydrogel, while the sulfonic acid group (-
SO3H) of PSS is bound to the hydrogel network through
hydrogen bonding. In addition, the addition of dilute sulfuric
acid induces competitive binding of PEDOT" to PSS, reducing
the insulating barrier effect of PSS while forming PEDOT'-
HSO;~ ion pairs that significantly enhance the -carrier
mobility.*® The electrical conductivity of PEDOT:PSS exhibits
a negative temperature the conductivity of PEDOT:PSS exhibits
a negative temperature coefficient with increasing temperature,
which originates from the enhancement of the carrier thermally
activated hopping mechanism.” Combined with the porous
structure of the hydrogel, this property enables its application
in temperature sensing. PEDOT:PSS is physically entangled into
the PVA/SA network, and its rigid skeleton can share the
external stresses and further enhance the mechanical proper-
ties. Ca®" crosslinking is realized by the “egg carton” model,
where two neighboring carboxylates of SA are linked to the PVA/
SA network, which can be used for the temperature sensing of
the carriers. The two neighboring carboxyl groups of SA form an
octahedral coordination structure with Ca*', and this ionic
cross-linking not only improves the network rigidity, but also
enhances the fatigue resistance by restricting the molecular
chain slip.*® Notably, the degree of Ca*" cross-linking can be
precisely regulated by immersion time.****> The structural
design of the hydrogel is shown in Fig. 1.

In this study, using pure PVA hydrogel (P,,SoH,) as a control,
we systematically investigated the effect of the PVA-to-SA mass
ratio on the mechanical properties of PSH hydrogels. The
results indicated that as the proportion of PVA increased, both
the fracture strength and tensile stress of the PSH hydrogels
exhibited an initial increase followed by a decrease, demon-
strating that an appropriate amount of SA can effectively
enhance the overall material performance. Mechanism analysis
revealed that the incorporation of SA helps optimize the cross-
linking network density, thereby improving the material's
cohesion. Within a suitable SA concentration range, the
hydrogel properties were significantly improved; however,
excessive SA led to a reduction in tensile performance. Further
investigation showed that a continuous increase in SA content
resulted in the deterioration of the overall material properties,
particularly when the SA concentration exceeded a critical value,
beyond which both fracture strength and tensile stress
decreased markedly. This can be attributed to the complete
crosslinking between excess SA and PVA, whereby the inherent
toughness provided by PVA was replaced by the flexibility of SA,
ultimately leading to excessive softening of the material. A
comprehensive evaluation of the performance indexes of the
different ratios (Fig. 2a) reveals that the P;S;H, system exhibits
an optimal combination of properties: a rupture strength of
109.68 kPa, a tensile strain of 413.65%, and an appropriate
Young's modulus (33.62 kPa) and toughness (207.117 k] m—3).
Combined with the multi-dimensional parameter analysis such

RSC Adv, 2026, 16, 1240-1254 | 1243
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(4) PVA/SA/PEDOT:PSS/H,S0,/CaCl, hydrogel

Fig.1 Structural design of hydrogels (1) PVA/SA hydrogel (2) PVA/SA/PEDOT:PSS hydrogel (3) PVA/SA/PEDOT:PSS/H,SO4 hydrogel (4) PVA/SA/

PEDOT:PSS/H,SO4/CaCl, hydrogel.

as the swelling characteristics (90.36% water content and
126.97% swelling), P3;S;H, was finally determined as the
optimum quality ratio and SA concentration ratio. The system
demonstrated good deformation ability while maintaining
excellent mechanical strength, providing an important refer-
ence for the development of high-performance hydrogel
materials.

The synergistic modulation of PSH properties by the intro-
duction of the conductive material PEDOT:PSS was further
investigated (Table 1 for details of the experimental ratios). By
comparing the control P;S;P,H, without added conductive
components, it was found that the introduction of PEDOT:PSS
significantly improved the mechanical properties of the mate-
rial. In terms of strain characteristics, P3S,P;H, exhibited the
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Fig. 2 (a) Tensile properties of the hydrogels; (b) summary of fracture strength, fracture strain, Young's modulus, and toughness; (c) water

content and swelling ratio; (d) stress—strain curves with the incorporation of PEDOT:PSS; (e) electrical conductivity; (f) water content and swelling

ratio with the incorporation of PEDOT:PSS.
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Table 1 Formulation table for the addition of PEDOT:PSS

PEDOT:PSS Deionized water
Mark PVA:SA  SA (wt%) (mL) (mL)
P;S.PoH, 3:1 2 0 2
P,S;P;H, 3:1 2 0.5 1.5
PsS;P,H, 3:1 2 1.0 1.0
P,S,P;H, 3:1 2 1.5 0.5
P;S,P,H,  3:1 2 2.0 0

optimal fracture strength (48.77 kPa), while P;S,P,H, achieved
the maximum tensile strain (305%). It is worth noting that the
swelling and water content of the samples in each group did not
show significant differences, indicating that the introduction of
the conductive component did not significantly change the base
swelling properties of the materials. Further analysis of the
conductive properties reveals that the P;S;P,H, system exhibits
the optimal overall performance: it reaches a conductivity of
19.44 mS m~ ', while maintaining good mechanical properties
(fracture strength of 47.88 kPa, strain of 262%). This phenom-
enon can be attributed to the fact that the addition of
PEDOT:PSS in the right amount achieves a balance between the
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construction of the conductive network and the maintenance of
the mechanical properties - the conductive pathway is not well
constructed when the addition is insufficient, whereas the
addition of too much may destroy the original crosslinked
network structure. Based on the need for synergistic optimiza-
tion, P;S,P,H, was finally selected as the benchmark system for
the subsequent study, which ensured a significant increase in
the conductive properties while maintaining the original
mechanical strength, demonstrating an ideal balance of
properties.

The gradient modulation effect of dilute sulfuric acid
concentration on the performance of the P;S,P,H, system was
then explored (Fig. 3a and b, see Table 2 for details of the ratios).
Using the un-acidified treated P;S;P,SoH, as a control, the
PSPSH system showed a significant structure-function evolu-
tion pattern with the elevated H,SO, concentration (6 mg
mL '~18 mg mL"): the fracture strength was increased from
28.14 to 36 kPa, and the conductivity jumped from 19.44 mS
m~' to 34.51 mS m~ " (P;S;P,S;H,). This phenomenon is
attributed to the dual mechanism of sulfuric acid: on the one
hand, its protonation effect promotes the conformational
transition of PEDOT:PSS molecular chain, which enhances the
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(a) Stress—strain curves (b) conductivity of hydrogels with different concentrations of dilute sulfuric acid added; and (c) stress—strain

curves (d) conductivity of hydrogels immersed in solutions of CaCl, for different durations.
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Table 2 Formulation table for the addition of H,SO4

K
Mark PVA:SA SA (Wt%) PEDOT:PSS (mL) H,S0, (mg mL ™) H,S0, (mL)

(IIIL)
P,S,P,SoH, 3:1 2 1.0 0 0 1
P,;S,P,S.H, 3:1 2 1.0 6 1.0 0
P;S,P,S,H, 3:1 2 1.0 12 1.0 0
P,;S,P,S;H, 3:1 2 1.0 18 1.0 0

continuity of the conductive pathway through the planarization
and reconstruction of benzene ring; on the other hand, the
excessive acid concentration (18 mg mL ™) leads to the over-
densification of the crosslinked network, which results in the
decrease of the tensile strain from 262% to 198%, and exhibits
the typical strength-ductility trade-off effect. Based on the
principle of performance balance, the moderately acidified
strength system P;S;P,S,H, (breaking strength of 32.45 kPa,
conductivity of 28.76 mS m ™", and strain of 235%) was selected
as the substrate for subsequent optimization.

Further studies on the modulation law of CaCl, crosslinking
aging (2% w/v solution, 6-24 h) on the material properties
(Fig. 3c and d) revealed that the immersion time was positively
correlated with the crosslinking density: the performance
threshold was reached at 18 h, at which time Ca*" formed an
optimal coordination network with carboxyl groups of SA to
achieve a synergistic enhancement of strength-conductivity and
obtain the breakthrough performance parameters were
209.13% tensile strength, 45.38 kPa breaking strength (38.6%
increase from the unsoaked system), and 48.69 mS m ™'
conductivity (2.5 times increase from the initial value). The
optimized process successfully breaks through the technical
bottleneck of traditional hydrogel's high strength and high
conductivity by regulating the ion cross-linking density and
proton doping level step by step (Table 3).

3.2 Analysis of characterization results

In this study, the PSPSH system was systematically structurally
characterized by XRD, XPS, FTIR, and SEM techniques. XPS full
spectrum analysis showed that the sample surface was mainly
composed of five elements, C (63.11 at%), O (27.17 at%), Cl
(2.79 at%), Ca (1.54 at%), and Na (0.63 at%) (Fig. 4a). The high-
resolution C 1s spectrum can be fitted to three characteristic
peaks of 284.6 eV (C-C/C-H), 286.0 eV (C-O) and 288.8 eV
(COOH) (Fig. 4b), whereas the Ca 2p spectrum shows a bimodal

structure of 347.0 €V (2ps/,) and 350.5 eV (2p,,), with spin-orbit
splitting energy of 3.5 eV (Fig. 4c). It is noteworthy that the
surface exhibits significant carbon enrichment (O/C ratio of
0.43) and the Ca/Cl atomic ratio (0.55) is in good agreement
with the theoretical value of CaCl, (0.5). The ionic crosslinking
efficiency was quantitatively calculated to be 91%. In particular,
the Ca 2p binding energy was negatively shifted by 0.5 eV
compared to free CaCl,, a feature that confirms the coordina-
tion between Ca®" and the carboxyl groups of sodium alginate,
restricting polymer chain segment mobility, providing direct
evidence for the cross-linking mechanism of the hydrogel. O 1s
spectra showed characteristic peaks at 531.8 eV (OH™) and
529 eV (0*7) indicating the presence of hydroxyl and oxide
fractions on the surface of the sample (Fig. 4d).

The XRD pattern (Fig. 4e) showed three characteristic
diffraction peaks at 19.6°, 31.3° and 40.8°.The diffraction peak
at 19.6° mainly originates from the amorphous structure of PVA
and sodium alginate, which suggests that the hydrogel matrix is
predominantly amorphous. The weak diffraction peak at 31.3°
corresponds to the (200) crystalline plane of anhydrous CacCl,,
and its lower peak intensity suggests that most of the Ca>" ions
are involved in the cross-linking reaction with the carboxyl
group (-COO-) of sodium alginate, forming an amorphous
cross-linked network structure. This result is corroborated with
the non-detection of the diffraction peak at 45.2° (the (220)
crystal plane of anhydrous CaCl,), which further confirms that
Ca*" exists predominantly in a ligandic form. The diffraction
peak at 40.8° is attributed to the (101) crystal plane of the pure
PVA, which suggests that part of the crystalline region of PVA
still exists in the system.

The molecular structure of the PVA/SA/PEDOT:PSS
composite hydrogels was systematically analyzed by FTIR
spectroscopy to characterize the molecular structure of the
composite hydrogels (Fig. 4f and g). Spectroscopic analysis
showed that the broad absorption peak at 3430 cm !
attributed to the stretching vibration of the hydroxyl group (-

was

Table 3 Summary of advanced conductive hydrogel sensors and performance

Materials Stretchability (%) Fracture Strength (kPa) Sensitivity (GF) Ref.
CS/SA/PMIA 48% 16.8 — 53
AA/SBMA/LMA 176% 158 1.23/1.32 54
PVA/Ca/CNT 100% 110 4.5/11.1 55
PAAmM/PEDOT:PSS 1000% 190 1.67 56
CNF/PVA/PEDOT:PSS 926% 36.82 — 57
PVA/NaCl/GO 180% 65 74.18 58
PVA/SA/PEDOT:PSS 209.13% 45.38 0.46/0.57 This work
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OH) in PVA and SA, and the peak was shifted to 3400 cm ™' in
the PSPSH composite system, confirming the formation of
a complex hydrogen-bonding network between PVA hydroxyl,
SA carboxylate, and PSS sulfonate groups. This structural
feature is directly associated with the excellent solvation prop-
erties and mechanical strength of the material. It is particularly
noteworthy that the vibrational peak of the carboxylate in the
composite system is shifted to 1632 cm™' compared with the
characteristic peak of pure SA at 1625 cm ™, and this redshift of
7 em* clearly reveals that there are significant intermolecular
interactions between SA, PVA and PEDOT components. Inter-
actions between SA and the PVA and PEDOT components. In
addition, the low-frequency vibrational signal at 540 cm™ ' may
originate from the out-of-plane deformation vibration of the
PEDOT thiophene ring or metal-ligand interactions, which
provides an important basis for elucidating the conductive

© 2026 The Author(s). Published by the Royal Society of Chemistry

mechanism of the material. These FTIR analysis results
corroborate with the previous XPS and XRD characterizations,
and together reveal the multiscale structural features of the
hydrogel system, including the surface chemical composition,
the dispersed PVA microcrystalline regions in the bulk amor-
phous matrix, and the three-dimensional network structure
constructed by hydrogen bonding and ligand bonding. This
unique structural design provides an important theoretical
basis for the development of hydrogel materials with control-
lable performance and multifunctional properties. SEM images
show that PSPSH exhibits more pore structure features (Fig. 4h
and i). Which directly correlates with the macroscopically
observed low mechanical hysteresis and stable resistance
signal. This pore structure morphology may be closely related to
its excellent mechanical properties and stable electrical
characteristics.
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3.3 Strain sensing

The strain sensing properties of PVA/SA/PEDOT:PSS ternary
composite hydrogel were revealed (Fig. 5). The material exhibits
excellent linear response properties over a wide strain range of
0-200%, and its sensitivity shows strain-dependent character-
istics: the sensitivity factor (GF) is 0.46 in the 0-100% interval,

1248 | RSC Adv, 2026, 16, 1240-1254

and it is enhanced to 0.57 in the 100-200% interval (Fig. 5a).

The dynamic response test shows that the response time and
recovery time of the material to 10% step strain under 100
mm min " tensile rate are both in the order of 100 ms (Fig. 5b),
and the hysteresis return line remains basically stable after 100
cycles of loading, which confirms

its reliable sensing

© 2026 The Author(s). Published by the Royal Society of Chemistry
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repeatability (Fig. 5c). Further multi-dimensional performance
validation reveals that the material resistivity change rate
basically does not fluctuate under different applied strains (10—
100%) (Fig. 5d), and the resistivity change rate basically remains
flat (8%) under different loading rates (10-50 mm min )
(Fig. 5e), and its strain detection threshold is as low as 2.5%
(Fig. 5f). Notably, PSPSH maintains stable resistance response
after 500 cycles of loading (Fig. 5g), with a stress decay rate of
less than 11.76%, demonstrating excellent fatigue resistance.
This performance is attributed to the synergistic energy-
dissipation mechanism between the Ca>" crosslinked network
and the PVA crystalline regions.*»*® Mechanical test data show
that the material has an elastic recovery stress of 17.5 kPa at
100% tensile strain (Fig. 5h), can withstand 500 N load in
compression mode and generate a compressive stress of 12.5
kPa, which can be detected as low as 1 N load (Fig. 5i and j), and
the compression rate increases with the increase of pressure
(Fig. 6a). This strong property originates from the synergistic
energy dissipation mechanism between the crystalline regions
of PVA and the SA-Ca®" ionic crosslinking network.
Innovatively, the study extends the mechanical-electrical
coupled sensing of the material, confirming its 3D deforma-
tion sensing capability (Fig. 6b and c). Application validation
experiments show that the hydrogel can stably carry a 500 g
weight (breaking strength > 45 kPa) (Fig. 6d) and act as a flexible
conductor to drive LED circuits (Fig. 6e), and the PSPSH is
compared with the optical image after 30 days of placement (at
6 °C/45% humidity), and its adjustable conductivity range of
19.44~48.69 mS m™ " is highly matched with the electrical
characteristics of the human tissue. Properties are highly

© 2026 The Author(s). Published by the Royal Society of Chemistry

matched, laying a material foundation for the development of
a new generation of bioelectronic interface devices. The fulfill-
ment of both strain and temperature sensing functions lays the
material foundation for developing next-generation bi-
oelectronic interface devices.

3.4 Temperature sensing

The temperature sensing properties of PEDOT:PSS arise from
the enhanced thermally stimulated carrier hopping and
tunneling effects. Its resistance decreases with increasing
temperature (negative temperature coefficient), while the
voltage response is attributed to the Seebeck effect. The distinct
PVA crystalline peaks in the XRD pattern reveal the presence of
ordered crystalline domains that serve as physical crosslinking
points. The intensified thermal vibrations of these regions at
elevated temperatures indirectly modulate carrier scattering
within the PEDOT:PSS conductive pathways, thereby contrib-
uting to the observed negative temperature coefficient (NTC)
effect. The temperature sensing properties of PEDOT:PSS arise
from the enhanced carrier hopping and tunneling effects within
individual grains and between neighboring nanosheets under
thermal stimulation.'” At room temperature, the charge carrier
mobility in PEDOT:PSS composites is relatively limited.
However, as the temperature increases, electrons in the valence
band are excited and jump to the conduction band, leading to
an increase in conductivity.®**> In addition, in PEDOT:PSS
materials, the movement of carriers from the hot end to the cold
end creates a potential difference, resulting in a reverse flow of
charge. When the thermal movement of charges reaches
a dynamic equilibrium with the internal electric field, a stable

RSC Adv, 2026, 16, 1240-1254 | 1249
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thermal potential is established.® Based on these mechanisms,
two types of temperature sensors have been developed using
PSPSH: resistance-responsive and voltage-responsive sensors.
As shown in Fig. 8c and d, the resistance monotonically
decreases with increasing temperature difference, while the
voltage monotonically increases. The sensitivity coefficients of
these two sensors are —2.43 Q K~' and 7.91 mV K™, respec-
tively. These sensors exhibit stable cycling performance and can
output consistent voltage signals under different temperature
gradients, showing excellent thermal response stability. Not
only that, the PSPSH was insensitive to the cycling resistance
change under different humidity at 20% strain as shown in
Fig. 7a, moreover, the resistance change when the hydrogel was
stationary at different humidity was also very small (Fig. 7b),
indicating that the hydrogel was insensitive to humidity. After
that the temperature change produced at the moment of
touching the hydrogel using a finger was tested and the voltage
change was recorded as shown in Fig. 7e. It was also possible to
monitor the change in the voltage signal during the breathing
state, as there is exhalation and inhalation in the breathing
process, thus generating a change in temperature, which in turn
generates a voltage signal. These results highlight the potential
of PSPSH for temperature sensing applications.

3.5 Human motion sensing

In this study, we systematically validated the pervasive appli-
cation of PVA/SA/PEDOT:PSS hydrogel sensors for multi-scale
biomechanical monitoring of the human body (Fig. 8), and

1250 | RSC Adv, 2026, 16, 1240-1254

successfully realized the full-dimensional biosignal capture
from macroscopic joint motion (>50% strain) to micro-
expressive muscle movement (<5% strain). For macro-motion
monitoring, by integrating the sensors into biomechanical
nodes such as finger joints (Fig. 8e), wrist joints (Fig. 8f), elbow
joints (Fig. 8d), and knee joints (Fig. 8g), it was found that the
rate of change of the electrical resistance showed a strong linear
correlation with the bending angle of the joints. Especially in
the dynamic monitoring of the finger joints, the sensor can
realize the accurate recognition of 0-90° bending range. In the
microstrain sensing dimension, the laryngeal bio-vibration
monitoring model was innovatively developed (Fig. 8b and c).
Through the submicron deformation (<5% strain) triggered by
vocal fold vibration, the sensor successfully captured the
differentiated waveform characteristics of specific phonemes
such as Z, U, T, etc., and could clearly distinguish the onset
phases of consecutive syllables. In cough monitoring, the
sensor not only detects a single coughing event, but also
quantitatively evaluates the cough intensity grading through the
rate of change of peak resistance (0.1-0.25%). Notably, the
sensor breaks through the technical bottleneck of traditional
flexible devices in micro-expression recognition: it realizes the
feature extraction of smiling expression through the detection
of small contraction strain of 0.1-0.25% in facial muscles
(Fig. 8a). In the field of sports medicine, through arm muscle
tremor monitoring experiments, the sensor can recognize
muscle fiber activation patterns in the lower frequency range,
providing a new method for sports rehabilitation assessment.
To further evaluate the signal interference between strain and

© 2026 The Author(s). Published by the Royal Society of Chemistry
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temperature sensing, we designed a coupled experiment. The
results show that at 20% strain, the resistance change rate
induced by temperature is less than 3%, indicating that PSPSH
exhibits good signal decoupling ability. This is mainly attrib-
uted to the stability of the conductive pathways of PEDOT:PSS
and the mechanical buffering effect of the PVA/SA network,
providing innovative solutions for cutting-edge fields such as
intelligent prosthetic limb control, speech impediment assis-
tance and neurodegenerative disease monitoring. We
acknowledge the limitations of current humidity testing and
pledge to conduct in-depth evaluations under more realistic
wearable conditions, such as simulated sweat and dynamic
humidity variations, in subsequent studies.

4 Conclusion

In this study, a new conductive hydrogel material was designed
and prepared by introducing PEDOT:PSS into the PVA/SA

© 2026 The Author(s). Published by the Royal Society of Chemistry

hydrogel network. By adding PEDOT:PSS and modifying it by
dilute sulfuric acid, hydrogen bonding and electronic interac-
tions were formed between PEDOT:PSS and PVA/SA chains,
which endowed the hydrogel with excellent toughness (fracture
strength of 45.38 kPa and ductility of 209.13%) and conductivity
(conductivity of 48.69 mS m ™). This strategy not only improves
the physical properties of the hydrogel, but also enables it to
exhibit excellent durability under stress. The hydrogel is highly
sensitive to both small (2.5%) and large strains (more than
100%). It not only senses joint flexion in human movement, but
also accurately converts small muscle changes, expression
changes, coughing and talking, and other small movements
into measurable electrical signals. Therefore, the hydrogel it
demonstrates potential for applications in health monitoring,
providing a proof-of-principle for future more complex applied
research, while acknowledging there remains a gap to final
clinical or practical application. In addition, the hydrogel has
high sensitivity to temperature changes (—2.43 Q K ' and
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7.91 mV K '). It can sense movements such as touch and
breathing into measurable electrical signals. Therefore, the
hydrogel can be widely used in the field of wearable temperature
sensors for respiration monitoring. This study not only provides
a new approach for the design of conductive hydrogels, but also
opens up a new direction for the development of multifunc-
tional wearable sensors, which is of great scientific significance
and application value.
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