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The rapid advancement of flexible and wearable electronics calls for humidity sensors that combine mechanical com-
pliance with high sensitivity and fast response. However, conventional rigid-substrate sensors cannot conformally attach
to soft surfaces and often suffer from signal instability under deformation. Here, we report a porous conductive triple-
network hydrogel humidity sensor designed through synergistic structural, electrical, and mechanical engineering. An
interconnected microporous structure created by in situ CO, foaming accelerates water vapor transport..Carboxylated car-
bon nanotubes construct a uniform conductive network that enables efficient electrical signal transmission, whereas the
triple-network matrix, integrated with covalent polyacrylamide crosslinks, sodium alginate—Ca2* ionic coordination, and
tannic acid—Fe> metal-phenolic interactions, effectively suppresses volumetric swelling and imparts outstanding mechan-
ical stability. The sensor achieves a wide RH sensing range (11.3%-97.3% RH), an ultrafast response/recovery time of
< 0.144 s, and stable operation over 300 cycles. It successfully distinguishes different breathing patterns and pathways in
real time and enables non-contact finger proximity detection at millimeter distances. This work provides a rational design
strategy for high-speed wearable humidity sensors and intelligent non-contact interfaces.
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1. Introduction

The rapid development of flexible and wearable electron-
ics demands that humidity sensors possess multiple perfor-
mance attributes, including flexibility, durability, high sen-
sitivity, and fast response.!l?! However, most commercially
available resistive and capacitive humidity sensors are still
fabricated on rigid substrates such as silicon and ceramics.!
This makes it difficult to achieve effective conformal contact
with soft, irregular surfaces, and they tend to suffer from sig-
nal drift or even failure under dynamic deformation. These
limitations severely restrict their use in emerging applications
that require intimate contact with the human body, such as
respiration monitoring, skin moisture mapping, wound mi-
croenvironment assessment, and non-contact human—machine
interaction.>~7! As application scenarios impose increasingly
strict requirements for both flexibility and signal stability, the
inherent rigidity of existing commercial sensors has become a
major bottleneck, highlighting the urgent need for new sensing
materials that combine mechanical compliance with reliable
humidity responsiveness.

Hydrogels, with their three-dimensional hydrophilic net-
works rich in polar groups and bound water, offer tissue-like

TThese authors contributed equally to this work.
fCorresponding author. E-mail: jiangjie] @nbu.edu.cn

CSTR: 32038.14.CPB.ae%e17

softness, high deformability, and intrinsic moisture affinity,
making them ideal candidates for next-generation humidity
sensors.[®] Changes in ambient humidity dynamically mod-
ulate their hydration state, ionic mobility, interfacial polar-
ization, and even volumetric swelling, which can be further
transduced into electrical signals such as resistance, current, or
capacitance.>1% Nevertheless, the direct use of conventional
bulk hydrogels for humidity sensing faces three major bottle-
necks: slow water vapor transport, weak electrical signal trans-
duction, and poor mechanical stability. Specifically, the dense
polymer network hinders water molecule adsorption and dif-
fusion, leading to sluggish response/recovery that fails to cap-
ture rapid humidity fluctuations. Humidity-induced changes
in the intrinsic ionic conductivity of hydrogels are often in-
sufficient for efficient signal transduction, and the lack of effi-
cient electronic conduction pathways leads to a poor signal-to-
noise ratio. Under high humidity, excessive swelling not only
disrupts the connectivity of the conductive network but also
causes mechanical degradation, leaching of conductive fillers,
and progressive signal deterioration over repeated swelling—
drying cycles. Collectively, these issues constitute the core ob-
stacles to the practical application of hydrogel-based humidity
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Sensors.

To address these challenges, we adopt a synergistic de-
sign strategy from three perspectives: structural engineering,
electrical transduction, and mechanical reinforcement. To
accelerate water vapor transport, we construct an intercon-
nected microporous architecture that increases the specific sur-
face area and shortens the diffusion path of water molecules,
thereby enhancing both sensitivity and response speed.[!!-16]
To improve electrical transduction, we introduce high-aspect-

17,181 and

ratio carbon nanotubes (CNTs) as conductive fillers!
use their uniformly dispersed network to efficiently convert
humidity-induced swelling and microstructural changes into

19201 Ty ensure mechanical

reproducible electrical signals. !
stability, we develop a multi-network system consisting of the
covalent PAAm network, the SA—Ca?t ionic network, and the
TA-Fe?t metal-phenolic coordination network. This system
effectively suppresses swelling under high humidity, stabilizes
the porous framework, and maintains the connectivity of con-
ductive channels under repeated deformation.[?1-241

The resulting hydrogel humidity sensor integrates rapid
water vapor transport channels, abundant hydrophilic adsorp-
tion sites, and an efficient ionic/electronic hybrid conductive
network. Owing to the synergistic optimization of structure
and materials, the sensor exhibits sensitive and distinguish-
able responses over a wide relative humidity range of 11.3%—
97.3%, with response and recovery times of < 0.144 s. It also
maintains stable signal output over 300 consecutive humidity
cycles. In addition, the sensor can distinguish different breath-
ing patterns and airways in real time and achieve non-contact
finger proximity detection at millimeter-scale distances. By
combining porous structural design, dynamic network rein-
forcement for structural stabilization, and nanotube-mediated
electrical transduction within a soft hydrogel platform, this
work provides a viable technological pathway toward high-
speed wearable humidity sensors and intelligent non-contact

interfaces.

2. Materials and methods
2.1. Materials

Acrylamide N, N’-methylenebisacrylamide
(MBA), (APS), N,N,N' N'-
tetramethylethylenediamine (TEMED), polyethylene glycol
(PEG-4000), sodium dodecyl sulfate (SDS), sodium bicarbon-
ate (NaHCO3), and citric acid were obtained from Shanghai
Macklin Biochemical Co., Ltd. (Shanghai, China). Sodium
alginate (SA), tannic acid (TA), anhydrous calcium chloride
(CaClp), and ferric chloride hexahydrate (FeCl3-6H,O) were
obtained from Shanghai Aladdin Biochemical Technology
Co., Ltd. (Shanghai, China). Concentrated nitric acid (HNO3)

(AAm),

ammonium  persulfate

and concentrated sulfuric acid (H,SO4) were obtained from
Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China).
Pristine multi-walled carbon nanotubes (MWCNTSs; > 99%
purity, outer diameter of 8-15 nm, length of 8-14 um, and
specific surface area of > 250 m?.g~!) were obtained from
Shenzhen Suiheng Technology Co., Ltd. (Shenzhen, China).
Lithium chloride (LiCl), magnesium chloride (MgCl,), potas-
sium carbonate (K,CO3), sodium chloride (NaCl), and potas-
sium sulfate (K,SO4), which were used to establish the ref-
erence RH environments, were obtained from Aladdin. All
chemical reagents were of analytical-reagent grade unless oth-
erwise noted; the assay concentrations of concentrated HNO3
and H,SO4 were 65-68 wt% and 95-98 wt%, respectively.
Deionized water with a resistivity of 18 MQ-cm at 25 °C was
used throughout. All materials were used as received.

2.2. Preparation of carboxylated MWCNTs

To prevent aggregation and sedimentation of pristine
MWCNTs and to facilitate the formation of a homogeneous,
stable, and humidity-sensitive conductive network within the
hydrogel matrix, we carboxylated the nanotubes before use.
Briefly, 3 g of MWCNTSs powder was gradually added to
130 mL of a mixed acid solution of concentrated HNO3 and
H,SO4 with a volume ratio of 1:3. The mixture was ultra-
sonically dispersed for 20 min and then stirred continuously
at 80 °C in an oil bath for 2 h. After cooling to room tem-
perature, the reaction mixture was diluted with deionized wa-
ter to a final volume of 1 L and centrifuged at 10000 rpm for
30 min. The collected precipitate was redispersed in deionized
water and dialyzed until neutral, yielding carboxylated MWC-
NTs. The introduction of carboxyl groups improved the aque-
ous dispersibility of the nanotubes and promoted their uniform

incorporation into the hydrogel matrix.[>!

2.3. Preparation of PEG-assisted carboxylated MWCNTs

dispersion

PEG-4000 (0.50 g) was dissolved in deionized water
(5 mL) at 60 °C with magnetic stirring for 1 h until a clear and
homogeneous solution was obtained. Complete dissolution of
PEG-4000 was confirmed by placing a small drop of the solu-
tion on a glass plate and allowing it to cool to room temper-
ature; no crystalline precipitate was observed. Carboxylated
MWCNTs (0.03 g) and SDS (0.05 g) were then added to the
PEG solution, and the mixture was ultrasonicated in an ice
bath at 40 kHz and 100 W for 60 min to obtain a uniformly

dispersed suspension of carboxylated MWCNTs. [26]

2.4. Fabrication of porous PAAm/carboxylated MWCNTs
hydrogel

AAm (2.00 g) and MBA (0.04 g) were first dissolved in
deionized water (5 mL) under magnetic stirring for 30 min
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to obtain a homogeneous monomer solution. The PEG/SDS-
assisted carboxylated MWCNTs dispersion was then added to
the monomer solution and stirred thoroughly to ensure uni-
form distribution of the conductive nanotubes. Subsequently,
APS (0.02 g) and NaHCO3 (0.15 g) were sequentially intro-
duced under continuous stirring until complete dissolution. An
aqueous citric acid solution (0.10 g in 1 mL deionized wa-
ter) was then added dropwise to trigger in situ CO, genera-
tion, which served as the foaming process for constructing the
porous structure. Immediately afterward, TEMED (20 uL)
was added, and the precursor was rapidly stirred for 10 s,
poured into a mold, and cured at 40 °C for 5 min. The ob-
tained porous PAAm/carboxylated MWCNTs hydrogel, with-
out subsequent SA/TA infiltration or Fe/Ca post-crosslinking
treatment, was defined as the pristine hydrogel and used as
the control sample for subsequent structural and wettability
comparisons.?”}

2.5. Preparation of SA/TA infiltration solution

SA (1.50 g) and TA (0.45 g) were dissolved in deionized
water (30 mL) with magnetic stirring at 500 rpm for 1.5 h until
a uniform solution was obtained. Mild heating at 40 °C was
applied if needed to facilitate dissolution. SDS (0.30 g) was
then added, and the mixture was stirred for another 15 min
to obtain a transparent and homogeneous infiltration solution.
The SA/TA mass ratio of 3.33:1 was selected because it pro-
duced the largest and most repeatable response among the
tested ratios of 2:1, 3.33:1, and 5:1 (Fig. S1).

2.6. Construction of the ionic/coordination networks by
SA/TA infiltration and post-crosslinking

The porous PAAm/carboxylated MWCNTs hydrogel was
first left at room temperature for 10 min to complete initial
gelation. It was then immersed in the SA/TA infiltration solu-
tion at 4 °C for 24 h to allow sufficient diffusion of SA and TA
into the porous framework. After infiltration, the hydrogels
were transferred into three different FeCl3-6H,0O/CaCl, post-
crosslinking solutions to study the effect of the Fe/Ca ratio
on the hydrogel structure and sensing performance. Specifi-
cally, for Group I, FeCl3-6H,0 (0.9 g) and anhydrous CaCl,
(0.1 g) were dissolved in 30 mL of deionized water, giving
a nominal molar ratio of 3.7:1. For Group II, FeCls-6H,O
(0.7 g) and anhydrous CaCl, (0.3 g) were dissolved in 30 mL
of deionized water, giving a nominal molar ratio of 1.0:1. For
Group III, FeCl3-6H,O (0.5 g) and anhydrous CaCl, (0.5 g)
were dissolved in 30 mL of deionized water, giving a nomi-
nal molar ratio of 0.4:1. After post-crosslinking at room tem-
perature for 4 h, the hydrogels were washed three times with
deionized water to remove residual free ions. Through this se-

quential treatment, the hydrogel matrix was transformed into

a covalent/ionic/coordination triple-network structure consist-
ing of the original PAAm covalent network, the SA—Ca’*
ionic network, and the TA-Fe3* coordination network. In
this work, the term “triple network” refers to the three deliber-
ately constructed and dominant networks within the hydrogel
matrix, including the covalent PAAm network, the SA-Ca?*
ionic network, and the TA—-Fe3* coordination network. Ad-
ditional interactions, such as Fe3*—SA and Ca2"-TA interac-
tions, may coexist in this multicomponent system but are re-
garded as secondary interactions rather than independent net-
work structures. The resulting hydrogel was defined as the
post-crosslinked hydrogel and was used for subsequent char-
acterization and humidity-sensing measurements unless other-

wise specified.[?%23]

2.7. Sensor assembly and humidity-sensing measurements

For sensor assembly; the prepared porous conductive hy-
drogel was cut into the desired shape and integrated with flex-
ible copper tape electrodes in a sandwich configuration. The
device consisted of a bottom Cu electrode, a porous hydrogel
sensing layer, and a top patterned Cu electrode. The patterned
upper electrode maintained electrical contact while allowing
water vapor to access the hydrogel surface, whereas the bot-
tom Cu electrode served as the counter/contact electrode. The
assembled device was connected to a source meter, and the
electrical signals were recorded at a constant bias voltage of
0.05 V.

Humidity sensing performance was evaluated under con-
trolled relative humidity (RH) conditions generated by satu-
rated salt solutions, namely 11.3%, 33.1%, 43.2%, 75.3%, and
97.3% RH. The relative response was calculated as

Al/Iy (%) = (I —1y)/Ip x 100%,

where I is the baseline current and / is the current under the
target humidity. Response and recovery times were defined
as the time required to reach 90% of the full signal change
during adsorption and desorption, respectively. The current
was recorded at intervals of 0.144 s, and both the response
and recovery reached the defined 90% criterion within the
first sampling interval. Therefore, the response and recovery
times are reported as < 0.144 s, which represents the tempo-
ral resolution of the measurement system rather than the in-
trinsic response time of the sensor. Cycling stability was as-
sessed by repeatedly switching the humidity between approx-
imately 35% and 95% RH for 300 cycles over approximately
3000 s (50 min), with each humidification—dehumidification
cycle lasting about 10 s. Respiratory and non-contact sens-
ing tests were performed under ambient conditions by placing
the device near the mouth or nose, or close to a finger without

direct contact.[?8]
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3. Results and discussion

3.1. Structural design of the porous conductive triple-
network hydrogel

As illustrated in Fig. 1(a), the hydrogel was fabricated
via a stepwise process involving polymerization, foaming, in-
filtration, and post-crosslinking. First, acrylamide (AAm) un-
derwent free-radical polymerization initiated by APS/TEMED
and covalent crosslinking mediated by MBA, forming a sta-
ble PAAm network as the primary skeleton. Concurrently, the
citric acid/NaHCOs3 foaming reaction generated CO, bubbles
that were trapped during gelation, yielding an interconnected
porous structure. Subsequently, sodium alginate (SA) and tan-
nic acid (TA) diffused into the porous PAAm scaffold and
served as precursors for secondary network formation. After
post-treatment in a FeClz-6H,0O/CaCl, solution, the carboxy-
late groups of SA formed an ionically crosslinked network
with Ca>* through the classical egg-box structure, while TA
coordinated with Fe*T to establish a dynamic metal-phenolic

network. To ensure stable electrical signal transduction, car-
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boxylated MWCNTs were introduced as conductive fillers.
Carboxylation improved the aqueous dispersibility of the nan-
otubes, and the addition of PEG and SDS further suppressed
re-aggregation, enabling a uniform distribution of MWCNTs
throughout the precursor system.

In this work, the term “triple network”™ refers to the three
deliberately constructed and dominant networks within the hy-
drogel matrix, including the covalent PAAm network, the SA—
Ca”* ionic network, and the TA-Fe3* metal—-phenolic coordi-
nation network. Additional interactions, such as Fe3t—SA and
Ca’*—TA interactions, may coexist in this multicomponent
system but are regarded as secondary -ionic/coordination in-
teractions rather than independent network structures, as they
mainly contribute to interfacial reinforcement. Finally, the hy-
drogel layer was sandwiched between a bottom Cu electrode
and a top patterned Cu electrode to form a flexible humidity
sensor (Fig. 1(b)).. This configuration ensures stable electri-
cal contact; while the interdigitated upper electrode and the
porous hydrogel surface allow efficient exposure to water va-
por.
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Fig. 1. (a) Fabrication scheme of the porous conductive triple-network hydrogel. (b) Device structure of the flexible humidity sensor.
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3.2. Morphological and chemical characterization

The porous morphology of the hydrogels was exam-
ined by scanning electron microscopy (SEM). As shown in
Fig. 2(a), both the pristine PAAm/carboxylated MWCNTSs
hydrogel and the post-crosslinked hydrogel exhibited open
and interconnected porous architectures, providing continu-
ous channels for water vapor transport. Compared with the
pristine hydrogel (Fig. 2(a)(i)), the post-crosslinked hydro-
gel (Fig. 2(a)(i)) retained the porous framework, while its
pore walls became thicker and the network skeleton became
more compact and reinforced. Energy-dispersive x-ray spec-
troscopy (EDS) of the post-crosslinked hydrogel membrane
further confirmed the successful incorporation of the post-
crosslinking components (Fig. 2(b)). In addition to the dom-
inant C, N, and O signals from the polymer matrix, clear Ca
and Fe signals were detected in the post-crosslinked hydrogel.
Elemental mapping (Fig. 2(c)) showed that Ca and Fe were
distributed throughout the analyzed cross-section, supporting
the incorporation of the post-crosslinking components in the
imaged region. However, these data do not by themselves ver-
ify or quantify homogeneous ionic and coordination network
formation throughout the entire hydrogel.

Surface wettability was evaluated by dynamic water con-
tact angle measurements, as this parameter directly affects hu-
midity adsorption and diffusion. As shown in Fig. 3(a)(i), the
pristine hydrogel showed a water contact angle of 29.4° at
100 ms after droplet deposition, confirming its intrinsic hy-
drophilicity and rapid interaction with water molecules. No-
tably, after SA/TA infiltration and Fe/Ca post-crosslinking, the
water droplet spread and permeated into the hydrogel surface

@ o

Pristine hydrogel

(ii) Post-crosslinked hydrogel (b) c=c

almost immediately, giving an apparent contact angle close to
0° (Fig. 3(a)(ii)). This rapid wetting behavior is closely re-
lated to the post-crosslinked porous morphology: the inter-
connected pores increase the accessible interfacial area and
facilitate liquid/vapor penetration; meanwhile, the introduced
SA and TA provide abundant hydroxyl, carboxylate, and phe-
nolic groups for water capture. Thus, the contact angle re-
sults, together with the SEM observations, demonstrate that
the post-crosslinked hydrogel integrates a stable porous scaf-
fold with substantially enhanced hydrophilicity, which ben-
efits rapid water vapor adsorption, diffusion, and transport
within the sensing layer.
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Fig. 2. (a) SEM images of the pristine (i) and post-crosslinked (ii) hydro-
gels; (b) EDS spectrum of the post-crosslinked hydrogel; (c) elemental
mapping of the post-crosslinked hydrogel.
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Fig. 3. (a) Dynamic water contact angles of the pristine (i) and post-crosslinked (ii) hydrogels; (b) FTIR spectrum of the post-crosslinked
hydrogel; (c) XPS survey spectra of the pristine and post-crosslinked hydrogels; (d) high-resolution XPS spectrum of Ca 2p; (e) high-resolution

XPS spectrum of Fe 2p.
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Fourier-transform infrared spectroscopy (FTIR) identi-
fied the characteristic functional groups within the hydro-
gel. In the FTIR spectrum of the post-crosslinked hydro-
gel membrane (Fig. 3(b)), the broad bands at 3335 cm™!
and 3206 cm~! were assigned to overlapping O-H and N—
H stretching vibrations from PAAm, SA, TA, and bound wa-
ter. The peak at 1651 cm™! corresponded to the amide
C=O0 stretching of PAAm, while the band at 1603 cm™!
was attributed to overlapping aromatic C=C stretching and
asymmetric COO~ vibration. The peaks at 1456 cm~! and
1423 cm~! arose from —CH,— bending vibrations, and the
band at 1310 cm™! was associated with C—N or COO~-related
vibrations. In addition, the peaks at 1201 cm~!, 1089 cm™!,
and 1045 cm~! were assigned to C-O and C—O—C stretch-
ing vibrations mainly derived from TA, SA, and PEG-related
oxygen-containing groups. These characteristic signals con-
firm the coexistence of amide, hydroxyl, carboxylate, pheno-
lic, and ether groups in the hydrogel network, providing abun-
dant active sites for water molecule adsorption.

X-ray photoelectron spectroscopy (XPS) further con-
firmed the elemental composition. The survey spectrum of
the pristine hydrogel mainly showed C 1s, N 1s, and O
Is signals from the PAAm network, carboxylated MWC-
NTs, and oxygen-containing components in the hydrogel ma-
trix (Fig. 3(c)). After SA/TA infiltration and Fe/Ca post-
crosslinking, distinct Fe 2p and Ca 2p signals appeared in
the spectrum of the post-crosslinked hydrogel, confirming the
successful introduction of Fe- and Ca-containing crosslinking
species. Combining the SEM, contact angle, elemental map-
ping, FTIR, and XPS results, it can be confirmed that a hy-

drophilic, porous, and triple-network hydrogel has been suc-

cessfully constructed.

3.3. Humidity-sensing performance

All measurements were conducted at a constant bias volt-
age of 0.05 V and a temperature of 25 °C, with the relative
response defined as Al /Iy (%). We first investigated the ef-
fects of the Fe’/Ca?" post-crosslinking ratio and the sensing
layer thickness on humidity response. Among the three ratios
tested (Fe3*:Ca®* =3.7:1, 1:1, and 0.4:1), the equimolar sam-
ple (1:1) exhibited the strongest and most reproducible current
response. The Fe-rich sample (3.7:1) gave a much weaker
response, whereas the Ca-rich sample (0.4:1) showed an in-
termediate response. Additionally, under identical humidity-
switching conditions, the double-network hydrogel exhibited a
normalized response of approximately 170%, while the triple-
network hydrogel reached approximately 280%, demonstrat-
ing that the TA-Fe3* coordination network provides addi-
tional reinforcement and improves humidity response ampli-
tude (Fig. S2). This result indicates that the humidity-sensing
performance depends on a balance between coordination re-
inforcement and ionic network regulation, rather than simply
increasing either type of crosslinking.

We then examined the influence of hydrogel thickness
(0.5 mm, 0.8 mm, 1.0 mm, and 1.2 mm) on response ki-
netics (Fig. 4(b)).

the shortest average response and recovery times.

The 0.8 mm sensing layer delivered
The
thickness-dependent behavior may arise from multiple cou-
pled factors, including vapor diffusion distance, water uptake,
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Fig. 4. (a) Current responses of the hydrogel sensors with different Fe?t/Ca?*t post-crosslinking ratios (3.7:1, 1:1, and 0.4:1). (b) Response and
recovery times of sensors with different thicknesses (0.5, 0.8, 1.0, and 1.2 mm). (c¢) Dynamic current responses of the optimized sensor upon
exposure to various relative humidity levels (11.3%-97.3%). (d) Sensitivity curve of the sensor. (e) Long-term cycling stability of the sensor
over 300 cycles between ~ 35% and 95% RH. (f) Single-cycle response/recovery curve.
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surface-to-volume ratio, thickness uniformity, electrode con-
tact, and conductive pathway continuity. A thinner hydrogel
layer provides a shorter diffusion distance and lower overall
water content, which may contribute to faster humidity equili-
bration; however, its sensing performance may also be more
sensitive to local thickness variation and interfacial contact
conditions. In contrast, a thicker layer requires water trans-
port through a longer diffusion path before reaching equilib-
rium. The present experiments do not allow quantitative sep-
aration of these individual contributions or identification of a
single dominant cause. Based on these findings, all subse-
quent experiments were performed with a post-crosslinking ra-
tio of Fe3*:Ca®* = 1:1 and a membrane thickness of 0.8 mm.
Compression tests were performed on three independently
prepared post-crosslinked hydrogel specimens. The stress—
strain curves showed good reproducibility, and the compres-
sive stress reached approximately 14—15 kPa at 50% strain
(Fig. S3). Photographs of the hydrogel in its initial, stretched,
folded, and knotted states are also provided in Fig. S3, qualita-
tively demonstrating its flexibility and macroscopic deforma-
bility.

The optimized sensor exhibited a clear humidity-
dependent response over the entire tested RH range (Fig. 4(c)).
As the relative humidity increased from 11.3% to 97.3%, the
peak Al /I increased progressively. Repeated humidity pulses
at each RH level generated highly similar signal profiles, con-

firming that the hydrogel sensor reversibly converts humidity
variations into electrical output. The sensitivity curve further
revealed a nonlinear response (Fig. 4(d)): the sensitivity in-
creased from approximately 0.5 %/%RH in the low-humidity
region to 1.4 %/%RH in the intermediate region, and fur-
ther to 4.1 %/%RH in the high-humidity region. The ac-
celerated signal rise at high RH suggests the gradual forma-
tion of more continuous water pathways within the hydrogel,
which markedly enhances ion transport and conductive path-
way modulation.

Long-term cycling stability was evaluated by repeatedly
switching the sensor between approximately 35% and 95%
RH (Fig. 4(e)). The device maintained stable and distinguish-
able current signals over 300 cycles, with no obvious signal
failure or severe baseline drift, indicating that the porous con-
ductive network can tolerate repeated adsorption—desorption
processes. In addition, the sensor displayed ultrafast dynamic
behavior under abrupt humidity changes. An enlarged single-
cycle curve from Fig. 4(e) yielded response and recovery times
of <£0.144 s, demonstrating rapid water adsorption/desorption
and prompt electrical transduction of vapor stimuli. Finally,
we added a comparison table summarizing key performance
parameters (response time, recovery time, and relative humid-
ity range) from previous reports; the comparison shows that
our sensor exhibits a shorter response time than those reported
in the selected literature (Table 1).

Table 1. Comparison of humidity sensing performance between this work and previously reported sensors, including response time, recovery

time, and relative humidity range.

Materials

RH range (%) Response time (s) Recovery time (s) Reference

Porous PAAm/SA/TA/carboxylated-MWCNT triple-network hydrogel
PAM/k-carrageenan-EG/Gly double-network organohydrogel

Ultrathin transparent anti-freezing organohydrogel film
PAM/tapioca double-network hydrogel film
Crosslinked sodium alginate/MXene hydrogel

SA/PVA/glycerol conductive flexible hydrogel sponge (SPS@PVDF)

Tonically crosslinked gum tragacanth (GT) hydrogel film

Carrageenan-modified MXene nanocomposite (CAMX-2), all-printed on paper

MXene/LiCl/PAAm/PVA organic hydrogel

Aloe polysaccharide-based self-healing/freeze-resistant hydrogel

CaAlg hydrogel-coated tapered optical fiber
PNIPAM hydrogel-filled fiber Fabry—Perot cavity
Bilayer double-network hydrogel ionic skin

Ultrathin hierarchical hydrogel-carbon nanocomposite on PDMS

Droplet-enabled porous PVA/QD composite gel
Acrylic acid/bagasse cellulose/GO porous hydrogel

PAM/Kk-carrageenan ion-conductive double-network hydrogel thin film
PVA—cellulose nanofiber organohydrogel film/biomimetic iontronics

11.3-97.3 <0.144 <0.144 This work
4-90 0.270 0.300 Ref. [10]
20-90 0.410 0.300 Ref. [29]
11-98 1.410 1.940 Ref. [9]
10-90 4.000 11.000 Ref. [30]
None 2.500 4.000 Ref. [31]
0-97 5.500 43.300 Ref. [32]
11-97 4.600 5.800 Ref. [33]
40-85 0.165 0.248 Ref. [34]
None 0.700 0.800 Ref. [35]
55-75 0.710 1.650 Ref. [36]
45-75 0.910 1.910 Ref. [37]
None 3.000 94.000 Ref. [38]
11-96 13.000 0.480 Ref. [39]
11-93 43.000 46.000 Ref. [40]

33.7-75.3 177.400 150.600 Ref. [41]
11-98 201.000 41.000 Ref. [42]
11-98 380.000 140.000 Ref. [43]

3.4. Humidity-sensing mechanism

The rapid humidity switching is attributed primarily to
the interconnected porous architecture and optimized sensing-

layer thickness, which provide rapid channels for water vapor

diffusion, while the polar groups in PAAm, SA, and TA fa-
cilitate water adsorption. The TA—Fe3* coordination network
is considered to contribute mainly to signal enhancement and
structural stabilization rather than to faster vapor diffusion.

The measured electrical response is not caused by dif-
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ferent ionization states between the two hydrogel surfaces.
The sensor has a symmetric structure without intentionally de-
signed surface asymmetry and is operated under an external
bias voltage. Instead, the measured current originates from
the humidity-dependent impedance variation of the entire elec-
trode/hydrogel/electrode system. Specifically, the humidity
response arises from coupled ionic and electronic transport
processes: hydrated pathways formed within the hydrogel pro-
mote ion migration, while the carboxylated MWCNT network
provides electronic conduction. Ionic and electronic transport
are not independent outputs but jointly determine the overall
resistance and measured current of the sensor. The phenolic
hydroxyl groups of TA and the carboxyl/carboxylate groups
of SA and carboxylated MWCNTs provide hydrated sites and

2. Hydrophilic
adsorption

may participate in water-mediated proton transfer. In contrast,
the amide groups of PAAm mainly contribute to water adsorp-
tion through hydrogen bonding rather than proton dissociation.
Therefore, the sensing mechanism is attributed to bias-driven
mixed ionic—electronic transport rather than to a single proton-
conduction process.

Consistently, the RH-dependent EIS results show a con-
tinuous decrease in impedance with increasing relative humid-
ity, indicating enhanced overall charge transport after hydra-
tion (Fig. 5(b)). Although EIS cannot quantitatively distin-
guish the individual ionic and electronic contributions, it sup-

ports the humidity-induced improvement in overall conductiv-

ity.

3. Water pathway
formation & ion
transport

N
4. Hybrid conduction \
enhancement

I
|
I
I
I
|
/

—9—11.3% RH
33.1% RH
—9—43.2% RH
75.3% RH
—9—97.3%

7 (kQ)

Fig. 5. (a) Schematic illustration of the humidity-sensing mechanism of the porous conductive triple-network hydrogel. (b) Nyquist plots of the
sensor at relative humidity levels of 11.3%, 33.1%, 43.2%, 75.3%, and 97.3% RH.

3.5. Practical applications of the humidity sensor

3.5.1. Real-time respiratory monitoring

Respiratory- frequency, depth, and rhythm reflect daily
activity, respiratory function, and disease states. As shown
in Fig. 6(a), the hydrogel sensor attached near a face mask
recorded real-time respiration-induced current signals. As
shown in Fig. 6(b), the sensor clearly distinguished three
mouth-breathing modes. Deep breathing produced the largest
Al /Iy peaks due to higher moisture output, normal breathing
gave moderate peaks, and fast breathing exhibited higher fre-
quency but lower amplitude. These distinct waveforms con-
firm that the sensor captures breathing patterns, rather than
merely detecting humid airflow.

The representative traces yield respiratory rates of ap-
proximately 21, 33, and 55 breaths min~! for deep, nor-

mal, and fast breathing, with corresponding peak Al/Iy val-
ues of approximately 230%, 105%, and 65%, respectively.
These measurements demonstrate proof-of-concept breathing-
pattern discrimination and respiratory-rate estimation under
controlled conditions; they do not constitute clinical valida-
tion or establish diagnostic accuracy across subjects.

The sensor also responded differently to mouth and nose
breathing. For mouth breathing, the response and recovery
times were 0.287 s and 0.433 s, respectively (Fig. 6(d)); for
nose breathing, they were 0.432 s and 0.575 s (Fig. 6(e)). The
faster mouth response may result from the stronger and more
direct humid airflow generated by oral exhalation, which ac-
celerates water vapor adsorption and desorption at the sensing
surface. These results demonstrate that the hydrogel sensor
can resolve not only breathing rhythm but also differences in
breathing pathways.
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Fig. 6. (a) Sensor setup for breathing monitoring. (b) Current responses to three mouth-breathing modes. (¢) Respiratory rate and amplitude. (d)
Response and recovery times for mouth breathing. (e) Response and recovery times for nose breathing.

3.5.2. Non-contact humidity sensing and human—
machine interaction

In addition to respiratory monitoring, the high sensitiv-
ity of the hydrogel sensor to local humidity variations makes
it suitable for non-contact sensing applications, including hy-
gienic human—machine interaction, touchless control, and in-
telligent electronic interfaces. Figure 7(a) schematically de-
picts a localized humidity field surrounding the fingertip and
decreasing toward the sensor. We evaluated the non-contact

response by repeatedly bringing a finger close to the sensor at

distances of 2 mm, 3 mm, and 5 mm (Fig. 7(b)). The sensor
produced clear and repeatable current signals without physi-
cal contact. The response was strongest at 2 mm, decreased
at 3 mm, and remained detectable at 5 mm. This distance-
dependent behavior is attributed to the gradual weakening of
the local moisture gradient as the finger-sensor separation in-
creases. The enlarged view of the response at 5 mm (Fig. 7(c))
further confirms that the sensor can still capture weak humid-

ity perturbations at a relatively short range.

(a) \ y f ' (b) 300 (c) 100
W 4 . .
b \l‘_] r./ Finger approaching %
2 ol r”l u;inge; . —
2 approachin —
—— T, < 5 40
Detacts = 100 b
i = ks 1) < < 20
& § 0
Tabletop 01‘ 1 1 L n n n n n n ‘
0 10 20 30 40 34 36 38 40 42 44 46
Time (s) Time (s)

Fig. 7. (a) Schematic of non-contact sensing with a finger as a localized humidity source. The illustrated humidity field is schematic rather than
a calculated concentration map. (b) Current responses upon finger approach at distances of 2, 3, and 5 mm. (c) Enlarged view of the response

at 5 mm.

4. Conclusion

In summary, we have developed a porous conductive
triple-network hydrogel for high-performance humidity sens-
ing through the synergistic integration of structural engineer-
ing, electrical transduction, and mechanical reinforcement.
The interconnected porous architecture provides rapid wa-
ter vapor diffusion pathways. Carboxylated MWCNTs form
a stable electronic conductive network, while the covalent
PAAm, SA-Ca%t ionic, and TA—Fe3T coordination networks

collectively suppress swelling and enhance mechanical stabil-

ity. As a result, the sensor exhibits a wide detection range
(11.3%-97.3% RH), an ultrafast response and recovery time of
< 0.144 s, and excellent cycling stability over 300 consecutive
humidity cycles. Furthermore, it enables real-time differentia-
tion of breathing patterns and pathways, as well as non-contact
finger proximity detection at millimeter distances. This work
demonstrates that the synergy of porous architecture, hybrid
conductive pathways, and multi-network reinforcement pro-
vides a viable strategy for developing next-generation wear-

able humidity sensors and intelligent non-contact interfaces.
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