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Wearable CNTs‑based humidity sensors
with high sensitivity and flexibility for real‑time
multiple respiratory monitoring
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Abstract
Sensors, such as optical, chemical, and electrical sensors, play an important role in our lives. While these sensors
already have widespread applications, such as humidity sensors, most are generally incompatible with flexible/inac‑
tive substrates and rely on conventional hard materials and complex manufacturing processes. To overcome this, we
develop a CNT-based, low-resistance, and flexible humidity sensor. The core–shell structured CNT@CPM is prepared
with Chit and PAMAM to achieve reliability, accuracy, consistency, and durability, resulting in a highly sensitive humid‑
ity sensor. The average response/recovery time of optimized sensor is only less than 20 s, with high sensitivity, consist‑
ent responsiveness, good linearity according to humidity rates, and low hysteresis (− 0.29 to 0.30 %RH). Moreover, it is
highly reliable for long-term (at least 1 month), repeated bending (over 15,000 times), and provides accurate humidity
measurement results. We apply the sensor to smart-wear, such as masks, that could conduct multi-respiratory moni‑
toring in real-time through automatic ventilation systems. Several multi-respiratory monitoring results demonstrate its
high responsiveness (less than 1.2 s) and consistent performance, indicating highly desirable for healthcare monitor‑
ing. Finally, these automatic ventilation systems paired with flexible sensors and applied to smart-wear can not only
provide comfort but also enable stable and accurate healthcare in all environments.
Keywords: Wearable humidity sensor, Flexible sensor, Core–shell structure, Resistive type sensor, Multiple respiratory
monitoring
1 Introduction
Wearing of face masks by the general population has
become a common and ubiquitous daily lifestyle worldwide. The daily wearing of personal protective equipment
such as masks creates moisture inside owing to sweat and
differences in internal and external temperature. Electrostatics-based masks are especially vulnerable to humidity,
reducing the performance of the mask, and causing not
only discomfort and nervous temperament to the wearer
but also harm to the skin [1, 2].
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Recently, many researchers have made great efforts
to eliminate this inconvenience, including sensors and
ventilation systems with additional filters. However,
most of the early wearable sensors added to various
accessories have been focused on function and performance rather than user convenience [3, 4]. In addition,
owing to the lack of batteries, wireless communication technology, and measurement efficiency, these
were operated internally via various communication
devices, and sensors were also based on existing medical sensors, which caused great inconvenience to users.
While the target performance of these state-of-the-art
sensors has already been reached, most sensors so far
have generally been incompatible with flexible/variable
substrates and have relied on conventional inorganic
hard materials and complex fabrication processes [5].
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Multi-functional sensors with flexibility and scalability
are rapidly being developed using various properties of
organic materials, and the design of wearable sensors
has become a major research topic. Wearable sensors
can simplify daily life procedures and provide useful
tools for on-site monitoring of internal and external
parameters. These next-generation sensors must have
low cost, low weight, and low energy to ensure compatibility with wearable technologies [6, 7].
To overcome this bottleneck, many researchers have
been striving to develop more flexible and smaller bands,
patches, clothing, and contact lenses that are easier for
users to wear [8, 9]. Recently, the development of flexible electronic sensors has attracted interest for potential applications in industry and agriculture, as well as in
personal healthcare, health assessment, and sports monitoring [10–14]. Meanwhile, flexible humidity sensors are
rarely reported compared to other sensors because of a
lack of recognition of their importance, despite humidity being one of the most intensively measured variables
in our lives, as it is associated with a comfortable living
environment, medical facilities, and body health information, among others [5]. However, flexible humidity sensors are promising candidates for potential applications
in skin-like electronics, robotic human–machine interfaces, wearable electronic systems, soft robotics, and biomedical applications [15–18]. As a result, many studies
on flexible humidity sensors are required. Humidity sensors work on two main operating principles: capacitive
and resistive sensing methods [19]. Capacitive sensors
are the most commonly used sensors and have the advantage of being quick and simple to react to; however, their
accuracy is low owing to their large error range. Resistive
sensors can be accurately measured; however, their measurement efficiency and response speed decrease depending on the range of resistance [20]. To compensate for
the drawbacks of capacitive and resistive sensors, many
studies have been conducted using carbon-based materials such as graphene, carbon nanotubes (CNTs), carbon
black, and carbon fibers. However, despite many of these
studies, flexibility and efficiency are limited by the rigidity and high resistance of the flexible humidity sensor [21,
22].
Among various materials to overcome the above limitations, the core–shell structural material has the most
efficient structure competent of forming organic–inorganic nanocomposites that have attracted attention in
various fields, including sensors [23]. Core–shell structured materials can be expected to have many advantages
such as enhanced electrical properties, versatility, material stability, dispersibility, and minimized consumption
of valuable materials based on a large surface part due
to an efficient structure [24]. Therefore, it is the most
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attractive structure competent of overcoming the limitations of existing humidity sensors.
Here, we aim to develop a flexible humidity sensor that
can measure precise humidity intuitively and stably by
enabling humidity measurement with very fast and consistent resistance changes depending on the atmospheric
humidity. To facilitate this, we employed a complex of
chitosan (Chit) and PAMAM dendrimer G3 (PM) as
an organic phase that acted as an adhesive to coat individual carbon nanotubes (CNTs) uniformly. The materials formed were characterized by a core–shell structure
encased in numerous amines of Chit and PM, and these
amines allowed for flexible properties and quick reactions with moisture through self-assembly. When applied
to smart wear, such as face masks, we confirmed that
real-time multi-respiratory monitoring and ventilation
systems showed very accurate and consistent outcomes.

2 Experimental section
2.1 Materials

Pristine multi-walled carbon nanotubes (CNTs, > 95%,
20–30 nm of diameter, 10–30 μm of length) were purchased from Carbon Nanotech Co. (Pohang, Korea).
CNTs were refluxed in a 5 N HCl solution for 1 d prior
to use and washed in deionized water. All chemicals,
chitosan (Chit, low molecular weight, 75–85% degree of
deacetylation, 50–190 kDa), PAMAM dendrimer, ethylene core, generation 3.0 solution (PM), and including
organic solvents, which were purchased from SigmaAldrich (St. Louis, MA, USA), were of analytical grade
and used without further purification.
2.2 Fabrication of PM‑embedded Chit/CNT
nanocomposites (CNT@CPM)

In order to fabricate CNT@CPM nanocomposites, each
CNT was wrapped with PM-embedded Chit molecules
in a core–shell structure that was prepared as follows:
First, 45 mg of Chit was dissolved in 10 ml of acetic acid
(1 v/v%) to make a Chit solution. 15 mg of CNT and each
mol% of PM (Table 1) were then homogenized in the Chit
solution using a homogenizer (MN600P-200, Micronox

Table 1 Code names of nanocomposites with different ratios of
CNT, Chit, and PM
Code name

CNT (mg)

Chit (mg)

PM (mg / wt%)

Free amine
ratio
(times)

CNT@CPM-1

15

45

0/0

1

CNT@CPM-2

1.8 / 3

40.5

CNT@CPM-3

3.0 / 5

66.8

CNT@CPM-4

6.0 / 10

132.7
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Corp., Seongnam, South Korea). This acidic CNT@CPM
solution was slowly neutralized by 1 N ammonia solution, followed by dialysis membrane tube at a molecular
weight cut-off of 12,000–14,000 Da (Spectrum Laboratories, Savannah, GA, USA) against deionized water for 3
d to remove any small molecules including organic and
inorganic side products. The aqueous CNT@CPM solution showed a high degree of dispersion and stably with
high hydrophilicity. (Additional file 1: Fig. S1).
2.3 Immobilization of CNT@CPM nanocomposites
on the flexible polyimide surface of a gold electrode

CNT@CPM nanocomposites were immobilized on the
gold electrode with a flexible polyimide surface. The flexible substrate was first washed ultrasonically in deionized
water for 30 s. CNT@CPM nanocomposite solution (20
µL) was dropped on a gold electrode and dried at 60 °C.
The resulting CNT@CPM nanocomposite-coated electrodes were thoroughly rinsed with water and absolute
ethanol to remove any small molecules, including inorganic side products.
2.4 Characterizations

The Chit, CNT, PM, and CNT@CPM nanocomposites
were characterized through qualitative analysis using
Fourier transform infrared spectroscopy (FT-IR PerkinElmer, Spectrum BXII FT-IR spectrometer, USA), which
was repeated 16 times under potassium bromide pellet conditions over a spectral range of 400–4000 cm−1
at 4 cm−1 resolution. Raman spectroscopy (RAMAN
DXR2xi, ThermoFisher, USA) was repeated 16 times
under probing conditions over a spectral range of
50–3500 cm−1 at a resolution of 2 cm−1 using 532 nm
laser excitation wavelengths, and X-ray photoelectron
spectroscopy (XPS) was performed using an Electron
Spectroscopy for Chemical Analysis II system (AXIS
SUPRA, Kratos, UK) with a monochromatized aluminum
K anode (350 W, 25 mA) at the National Center for Interuniversity Research Facilities (NCIRF) at Seoul National
University. Atomic field microscopy (AFM) was used to
show these characteristics, and the measurement conditions were as follows. The sample size was 5-μm diameter square, and analysis was conducted in contact mode
using a cantilever with a resolution of 0.2 nm for the X/Y
axis and 0.01 nm for the Z axis. The Brunauer–Emmett–
Teller (BET) surface of the samples (100 mg) was determined from triplicate analysis using the BJH equation
N2-desorption method (Quantachrome, PM33, USA).
The contact angles were measured by dropping 20 μL
of water droplets onto the sample surface. The relative
amine number was calculated by calculating the molar
amount of PM added in method parts. The morphological analysis of the CNT@CPM nanocomposite samples

Page 3 of 14

was performed using high-resolution transmission electron microscopy (HR-TEM; JEOL Ltd, JEM 3010, Japan)
with a resolution of 0.17 nm and field emission scanning
electron microscopy (FE-SEM; TESCAN, MIRA LMH
microscope, Tescan, Czech Republic). The FE-SEM studies were conducted using samples that had been sputtercoated with a 5-nm Pt layer prior to analysis. Energy
dispersive X-ray spectroscopy (EDS, BRUKER, Quantax,
USA) and line-scan analysis were conducted under the
resolution conditions of 125 eV and SDD type.
2.5 Humidity sensing properties

A humidity and temperature controller (Model TMNFM-L, Jeio Tech, Korea) was used to measure relative
humidity (RH) at 25 °C. Resistance was measured with an
LCR meter (Model EDC-1635, 0.1 Ω–20 MΩ) at 1 kHz,
1 V, and 25 °C. The resistance variation graph for humidity was analyzed every 10 s by measuring the resistance
of each humidity every 10 s when the relative humidity
was adjusted every 10 percent from 30%RH to 100%RH.
The hysteresis curves were repeated 5 times from 30%RH
to 100%RH and again to 30%RH, and dynamic transient response curves were measured by changing from
30%RH up to each RH. The long-term stability test of
each CNT@CPM flexible sensor was conducted by measuring the resistance once every 3 d for over 1 month
while sensor was maintained at 50, 70, and 90%RH. The
hysteresis extracted the average of the relative humidity differences (i.e., the average of the x-axis differences)
between the adsorption and desorption graph at the same
resistance value in range of 30–100%RH [25]. These average values compared in steps of 10% RH for each sample.
2.6 Electrochemical analysis

All electrochemical analyses were performed directly
using the CNT@CPM flexible sensors. The current–
voltage (I-V) curves were measured using a Voltage sag
protector (VSP) potentiostat (BioLogic, France), the
measurement conditions were increased and decreased
by 50 mV per second from − 1.0 V to 1.0 V at 25 °C
and 30%RH, and the average value was used after three
repeated measurements. A three-electrode system was
used with Ag/AgCl (3.0 M KCl) from Cypress systems
(Lawrence, KS, USA) as a reference electrode, a 0.5 mm
Pt wire counter electrode, and 4 mm diameter CNT@
CPM flexible sensors as the working electrode. Cyclic
voltammetry (CV) curves were measured in a mixed
solution of 2.0 mM K3Fe(CN)6 (0.5 M KCl) and 2.0 mM
K4Fe(CN)6 (0.5 M KCl). Impedance measurements (EIS)
were performed after each sample in the impedance
analyzer (PalmSens BV, Nederland) was for 30 min per
humidity range in the 25 °C humidity chamber, and the
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measurement conditions were increased and decreased
by 0.01 V per second from − 1.0 V to 1.0 V at frequencies
(61 = 10/dec.).
2.7 Statistical analysis

All experiments were repeated at least three times and
data are presented as means ± standard deviation (S.D.).

3 Results and Discussion
A schematic illustration summarizing the overall progress of our present paper is presented in Fig. 1. A flexible sensor based on the CNT@CPM nanocomposites
was composed of a CNT core and PM trapped in a Chitshell structure. As depicted in Fig. 1a, Chit acted as a
biocompatible glue on the surface of CNT, an excellent
conductive material, as the shell and PM was utilized to
increase the humidity efficiency via the augmentation
of amine groups that were formed as core–shell structures via self-assembly by adjusting the pH level. More
specifically, PM was trapped in the shell of the Chit and
immobilized, resulting in an increased surface area, and
it had a direct effect on sensitivity and linearity for effective humidity sensing. It is worth noting that in this process, the core–shell fiber could be formed as a flexible
nanocomposite film pursuant to strong hydrogen bonds.
These advantages are reflected in the flexible humidity sensor for smart wear. The CNT@CPM composites
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were immobilized on a flexible polyimide (PI) substrate,
which was made from an Au/Ni electrode through masking, producing a flexible humidity sensor. To monitor respiration, we fabricated a humidity-controllable mask by
integrating a microcontroller that activated the fan when
the humidity was above 70% and a high-performance
CNT@CPM-3 humidity sensor. It was confirmed that
not only did it monitor the respiratory rate, depth, and
occurrence of exhalation or inhalation, but it also controlled the humidity level inside the mask, validating its
performance for realistic applications (Fig. 1b). This flexible humidity sensor is not limited to masks and could be
used for multiple smart wear in everyday life (Fig. 1c).
The morphological changes and properties of the
samples formed at different PM concentrations (0–10
wt%) are compared in Fig. 2. Based on HR-TEM images
(Fig. 2a), the CPM thickness values of 4.4 ± 0.51 nm
for CNT@CPM-1, 7.5 ± 0.68 nm for CNT@CPM-2,
12.2 ± 0.94 nm for CNT@CPM-3, and 17.4 ± 1.77 nm for
CNT@CPM-4, as derived from 50 thickness measurements. The thickness values used to acquire the average
thickness are shown in the distribution graph in Additional file 1: Fig. S2. The HR-TEM images clearly show an
increase in the thickness of the shell layer on the surface
of CNTs with increasing concentration of PM, clearly
indicating the formation of the CNT core and Chit/
PM-shell structured nanocomposites. The PM was very

Fig. 1 A schematic illustration summarizing the overall process. a Process for making the flexible humidity sensor based on a flexible CNT@CPM
nanocomposite (CNT core, and Chit/PM shell) structure immobilized and physically adhered to an Au/Ni electrode on the PI flexible surface. b
Schematic and composition plot for an actual application involving a respiration mask with a ventilation system. c Various types of commonly
available smart wear
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Fig. 2 The morphology and physicochemical properties of nanocomposites formed at different PM concentrations. a HR-TEM images of shell
thickness ranged from 4.4 to 17.4 nm depending on the PM ratio. b FE-SEM images of CNT@CPM; CPM shell thickness became thicker. c AFM
surface images of CNT@CPM, exhibiting a highly rough nanoto-pographical surface, d with a roughness ranged from 32.1 nm to 98.2 nm as the
ratio of PM increased, and contact angles; hydrophilicity varies depending on concentration of PM. e XPS scanned revealing that the self-assembled
CNT@CPM had clear shift of binding energy

evenly distributed among the polymers of Chit, resulting
in an increase in the overall coating thickness as the shell
structure became loose (Additional file 1: Fig. S3). These
results are described with a consistent nano-rough topology. The FE-SEM images (Fig. 2b) also showed the same
results as those of the HR-TEM. Obviously, the nanopores between the nanofiber strands shown in CNT@
CPM-1 became thicker and were being blocked owing to
the increasing PM ratio. Strong interaction with density
changes according to fiber thickness can allow the flexible
PI-based sensor to be strongly and reliably attached. The
AFM images were measured to determine the change in
the hydrophilic properties according to the ratio of PM.
The AFM data (Fig. 2c, d) showed that the PM was very

evenly attached to the core–shell structure of CNT@
CPM-1. The surface morphological topography emerged
as peaks and valleys originating from the structure of
CNT@CPM. The surface roughness of each substrate,
given by the average roughness parameter (Ra) value of
39.7 ± 1.24 nm for CNT@CPM-1, 32.18 ± 2.32 nm for
CNT@CPM-2, 76.43 ± 4.11 nm for CNT@CPM-3, and
98.25 ± 6.83 nm for CNT@CPM-4, showing a threefold difference. The CNT@CPM nanocomposites well
reflected that the nanocomposites exhibited a consistent morphology with varying shell thickness. The relative height deviation increases because the diameter
of CNT@CPM increases according to the amount of
PM (Additional file 1: Fig. S4). These innate hydrophilic
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properties of Chit and PM, as well as the highly nanorough surface topological features of the nanocomposites, might influence the increased hydrophilicity [26].
The nanocomposites also exhibited a level of wateruptake capacity, which allowed for the rapid appearance
of adhesion and reactivity with humidity. The wettability
(decrease in the water contact angle, Fig. 2d) increased
as the PM ratio increased (each contact angle results
are shown in Additional file 1: Fig. S5). These phenomena were due to the increased ratio of primary amines
caused by PM, which increased the surface roughness
and hydrophilicity [27]. Qualitative analysis was conducted using XPS to confirm whether the CNT, Chit, and
PM were efficiently combined with the core–shell structure. The XPS analysis is shown in Fig. 2e for comparison and analysis of the variation in the binding energy
between elements by the efficient core–shell structure.
The CNTs-related characteristic peaks at 284.68 (C 1s)
and 533.08 eV (O 1s) and Chit-related characteristic
peaks at 286.68 (C 1s), 533.28 (O 1s), and 399.98 eV (N
1s) were observed. The CNT@CPM-3 nanocomposites
spectra of oxygen and nitrogen were slightly shifted (O
1s; 533.28 to 532.28 eV, and N 1s; 399.98 to 398.42 eV).
After PM was added, the peaks related to Chit and
CNT@CPM-3 were generally shifted to lower positions
by 1.0–1.56 eV, indicating intimate physicochemical
interactions between the highly polar functional groups
of the PM and Chit (C = O, N–H, and O–H). These phenomena indicated efficient complexation due to the large
contact area between the CNTs, Chit, and PM. Numerous hydrogen bonds were formed between the Chit shell
and the PM functional groups in the core–shell structure, consequently decreasing their binding energy [28,
29] (full spectra in Additional file 1: Fig. S6). The characteristic peaks of CNTs, Chit, and PM [30, 31] are well
represented in the FT-IR spectra (Additional file 1: Fig.
S7) of the CNT@CPM-3 nanocomposite. The RAMAM
analysis results (Additional file 1: Fig. S8) from CNTs,
CNT@CPM-1, and CNT@CPM-3 all demonstrated feature D and G bands [32]. The RAMAN spectra of postcomposition via the core–shell nanocomposite CNT@
CPM-3 simply superimposes the relative strength change
for the D and G bands, suggesting a change in the amorphous content of CNT@CPM-3. The ID/IG ratio of the

core–shell nanostructure increased from 0.839 to 1.196,
as it was synthesized into Chit and PM.
These results were also confirmed using BET measurements of the surface area. The results of measuring the
surface area according to the PM ratio of CNT@CPM
are summarized in Table 2. As the ratio of PM increased,
the surface area and pore volume increased; however, a
tendency to decrease again occurred at 10 wt% PM. This
appeared to be caused by reduced nanopores as hydrogen
bonds became stronger, because the number of primary
amines and coating thickness increased as more PM was
embedded in Chit.
The CNT@CPM nanocomposites were immobilized, as
shown in Fig. 3a, on a sensor physically adhered to the
Au/Ni electrode on the PI flexible surface, and it can be
seen that it was still flexible owing to the efficient structure of the core shell after immobilization (applied using
flexible properties of CNT@CPM film). As the conductive sensing film was immobilized, the gold electrode
was connected to each other, and the primary amines
were greatly increased by the added PM (over 40 times
to 132.7 times, Table 1), which increased the reaction and
efficiency of water molecules in humidity. A photograph
and actual size of a bare flexible sensor is shown in Additional file 1: Fig. S9. EDS mapping and line scanning analysis were conducted to confirm that the materials were
evenly coated on the sensor. By showing the distribution of C and Au in the EDS mapping and line scanning
images of the humidity sensors, it was shown that gold
electrodes were fully covered by individual CNT@CPM
core–shell nanocomposites (the FE-SEM images for each
ratio of PM are compared in Fig. 2b, all clearly showing
core–shell structures). The EDS results (Additional file 1:
Fig. S10) and mapping images (Additional file 1: Fig. S11)
clearly show that these were evenly coated. Additionally,
the FE-SEM image of the cross-sectional flexible humidity sensor (Additional file 1: Fig. S12) shows that CNT@
CPM-3 is coated very stably, and thickness of each layer
can be confirmed that thickness of Au and Ni are average 3.75 ± 0.04 μm and 1.80 ± 0.01 μm, respectively, and
coated CNT@CPM layer is average 2.76 ± 0.16 μm. The
humidity sensor showed that the even coating of these
core–shell structures not only provides a wide surface
area for responsiveness to humidity, but it can also establish a fast and consistent response. The CNT@CPM

Table 2 Surface area, pore size, and pore volume measured by BET N2-adsorption method at each samples
2

−1

Surface area (m g )
Pore size (nm)
Pore volume (cc g
 −1)

CNT@CPM-1

CNT@CPM-2

CNT@CPM-3

CNT@CPM-4

11.09 ± 1.20

26.36 ± 4.93

25.14 ± 5.13

12.11 ± 3.56

0.05 ± 0.01

0.06 ± 0.01

0.06 ± 0.01

0.05 ± 0.02

3.10 ± 0.16

3.80 ± 0.50

3.73 ± 0.77

3.76 ± 0.56
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Fig. 3 Physical adhesion of a flexible sensor with CNT@CPM and humidity dependence of different PM ratio. a Actual photograph of a humidity
sensor and EDS mapping and line scanning analysis; the flexible sensor was evenly coated and revealed to be completely covered by individual
CNT@CPM core–shell nanocomposites. b Sensitivity and hysteresis integrated graph, showing sensitivity was 10 to 237 Ω/%RH from 0 to 10 wt%,
and hysteresis was (− 0.291 ± 0.079) ~ (0.300 ± 0.001) %. c Humidity hysteresis curves of CNT@CPM, showing high reproducibility, repeatability, and
constant values; linearity reached 0.998 (R2) in CNT@CPM-3

contained numerous amino groups (− NH2) that can act
as proton donors and acceptors, providing a possible proton transport mechanism with humidity [33]. Here, the
electrical conductivity could be generated by H
 + ions
generated through the dissociation of humidity molecules
[34] that were first chemically adsorbed on the amine
surface and increased by the transfer of the generated H+
ions through the humidity phase that is physiosorbed,
as shown in Additional file 1: Fig. S13 (Grotthuss chain
reaction) [34, 35]. Consequently, a higher level of humidity would increase the number of physically adsorbed
humidity molecule layers, allowing faster proton hopping among adjacent water molecules in a continuous
water layer and increasing the resistance [34]. The reason
for the increase in the electrical resistance of CNTs, due
to adsorption of water molecules, can be the donation
of electrons by adsorbed water molecules to the valence
band of CNTs, which exhibit a hole transport similar to
that of a p-type semiconductor [21]. Electron transfer
quickly reduces the concentration of holes in the CNTs,
resulting in a rapid increase in resistance. This implies a

decrease in the number of holes and an increase in the
separation between the Fermi level and valence band
[36]. The resistance variation curves of the CNT@CPM
nanocomposite humidity sensors exhibited a linear function of RH with a positive slope (dR/dRH > 0). Here, the
increasing number of water molecules with an extremely
high resistance compared to the CNT@CPM phase
caused a positive slope [34]. The response and sensitivity
(S) values of the CNT@CPM nanocomposite sensors to
humidity were calculated using the following equations
[34]:

Response (R) = �R

(1)

Sensitivity (S) = �R/RO /�%RH

(2)

where ΔR/R0 = (RRH − R0)/R0 is the resistance change, R0
is the initial resistance value (30 RH%) of the device, and
RRH is the steady-state resistance when exposed to different RH values. The sensor response, curve slope, and linearity of the sensors resulting from the sensor materials
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with different PM concentrations are shown and summarized in Fig. 3b, c, and Additional file 1: Table S1.
The CNT@CPM nanocomposites exhibited high sensitivity and low hysteresis (Fig. 3b). Sensitivity and hysteresis integrated graph, showing sensitivity was 10 to
237 Ω/%RH from 0 to 10 wt%, and hysteresis was (− 0.
291 ± 0.079) ~ (0.300 ± 0.001) %. Furthermore, the curve
showing hysteresis through repeated testing of sensors
(even 5 cycles) according to each humidity showed high
reproducibility, repeatability, and low measuring factors
(Fig. 3c). These data clearly show that the CNT@CPM-3
nanocomposite sensors have relatively high values of sensor response, sensitivity, and linearity among the tested
sensor materials. When the PM concentration ratio
increased from 0 to 5 wt%, the linearity of the resistance
curves gradually increased, reaching an R
 2 value of 0.998
(CNT@CPM-3), because the increase in PM concentration caused an improvement in the sensor response
by efficient hydrogen bonding due to an efficient reaction even at low humidity. At 10 wt%, the R2 value was
reduced to 0.968 because the reactivity was too high in
the low humidity range. EIS measurements for our sensors according to humidity showed that %RH was related
to the direct resistivity of the sensor itself (Additional
file 1: Fig. S14). Nevertheless, the resultant absolute
impedance Nyquist plots disclosed no useful information and did not follow the common EIS curves. These
plots only indicated that there were differential charge
transfers according to the amounts of water molecules
in chamber. Higher water molecule content in the cell
could increase the charge transfer resistance and the gap
between the carbon electrodes, eventually leading to the
resistance trends observed in Fig. 3c. As the humidity
increased from 30 to 100%, the resistance of the CNT@
CPM-3 sensors increased from 150 to 300 Ω. In addition, there is a rapid and direct increase in the resistant
responses when the humidity increases from 30 to 100%
RH, as shown in the logarithmic representation shown in
Additional file 1: Fig. S15, which indicates that moisture
absorption is enhanced in these humidity sensors. These
results demonstrate that the resistance exhibits excellent
logarithmic linearity toward RH as an excellent humidity sensor [37]. Additional file 1: Fig. S16 shows the I-V
characteristics of the sensors under different PM concentrations at 25 °C. It is clear from these I-V curves that the
current of the sensor decreases with an increase in the
core–shell structured CNT@CPM nanocomposites. The
curves are linear, proving the ohmic characteristics of the
contacts, as the resistance of the sensor increases with
the increase in PM nanocomposites. Hence, the CNT@
CPM-3 nanocomposite could be used as the maximum
concentration to maintain these I-V characteristics. Figure 3c shows that the resistance of the sensors increases
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significantly with an increase in humidity, which is consistent with the CV curve shown in Additional file 1: Fig.
S17, resulting in the stable maintenance of the resistance
values of the humidity sensor. CV data indicates that the
oxidation and reduction peaks of CNT@CPM nanocomposites are well shown and that compared with those of
CNT@CPM-1, the peaks of CNT@CPM-3 modified electrodes increased dramatically according to the increased
electrochemical reactions between the electrolytes and
the amino groups of CNT@CPM nanocomposites on the
electrode surface [38].
The dynamic transient responses were among the
most important characteristics for evaluating the performance of the humidity sensors (Fig. 4). The patterns
differed depending on the PM ratio. The sensors containing small amounts of PM (CNT@CPM-1; Fig. 4a, and
CNT@CPM-2; Fig. 4b) exhibited an exponential trend in
the sensitivity graph. When the PM ratio was relatively
high, the graph showed a linear trend for CNT@CPM-3
(Fig. 4c) and a logarithmic trend for CNT@CPM-4
(Fig. 4d). These changes in the trends were due to the
rapid response to resistance changes in the low humidity range caused by a hydrophilicity that increased with
the increasing number of free amines from the added
PM. Nevertheless, the response time of the humidity
sensor was still shown to change very quickly, with less
than 10–40 s, when RH was increased or decreased from
30%RH to each %RH. These characteristics enable efficient adsorption and desorption from water molecules
due to influence of a large surface area by CNT@CPM
core shell structure. After aggregating these results, we
applied the CNT@CPM-3 flexible sensor, which has the
most linear responsiveness, for subsequent experiments.
Our sensor could provide fast and stable attainment of
sensitivity and long-term stability as an optimal humidity
sensor. The CNT@CPM sensors were immobilized on a
flexible sensor that could provide good contact with the
skin or wearable devices. However, the development of
wearable electronics requires long-term and mechanical stability characteristics that require sensor reliability
and durability under harsh conditions. The long-term
stability results of CNT@CPM-3 showed few resistance
changes for each relative humidity over a period of over
1 month (Fig. 5a), indicating that it remains a stable sensor over a long duration at 50, 70, and 90%RH. Different
proportions of sensors (CNT@CPM) showed the same
long-term stability results and unchanged morphologies
(Additional file 1: Fig. S18, S19). The mechanical properties of the flexible sensor were evaluated by monitoring
their responses under different bending angles (Fig. 5b).
The resistance of the device did not change even after
bending at 180°. Additionally, there was no change in
resistance after 15,000 bending cycles, demonstrating the
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Fig. 4 Dynamic transient response of flexible CNT@CPM sensors. a CNT@CPM-1, b CNT@CPM-2, c CNT@CPM-3, and d CNT@CPM-4, showing
patterns were exponential (0 and 3 wt% PM), linear (5 wt% PM), and logarithmic pattern (10 wt% PM) with less than 10–40 s of response time

superior flexibility and durability of the sensor (Fig. 5c,
Additional file 1: Fig. S19, S20). The RH response to
humidity changes was evaluated over 15,000 bending cycles as well. These results demonstrated that the
response was nearly unchanged even when the device
was bent up to 180° over 15,000 bending cycles, which
indicates the excellent mechanical durability, stability,
and robustness of the CNT@CPM based humidity sensor. When bending was performed about 18,000 times,
CNT@CPM was detached, which is a result of bending in a harsher condition than the actual condition.
Therefore, the sensor can be effectively applied to practical applications such as skin-attachable or wearable
devices. It is clear that the humidity detection performance of the flexible sensors remained almost constant
within experimental errors at different bending numbers

and angles, demonstrating their potential as a promising flexible wearable sensing device [39]. More interestingly, the sensor can also respond to other volatile
polar organic molecules (chloroform, acetone, ethanol,
methanol, dichloromethane, tetrahydrofuran, acetic acid,
and ammonia) through resistance changes in a different
manner, indicating its great potential for application in
organic molecule sensing (Fig. 5d).
The humidity sensing performance and characteristics
of the CNT@CPM flexible sensors were compared with
other previously published resistance-based humidity
sensor papers [40–50]. Obtained using various sensor
materials, as shown in Table 3. The references showed
that sensors with high sensitivity typically exhibited
consistent performance due to high sensitivity and linearity but showed limitations, such as high response
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Fig. 5 Mechanical stability property of CNT@CPM-3. a Long-term stability, showing sensor maintained consistent resistance values at 50, 70, and
90 RH% humidity for 30 days. b Stability at each bending angle, showing sensor maintained consistent responsiveness from all angles. c Mechanical
durability test of sensor under repeated bending cycles, showing stable resistance values after 15,000 tests. d Detection of several organic vapors;
several different polar organic gases can be detected

Table 3 Summary and comparison of flexible humidity sensing performance using various sensor materials
Material

Working range (%)

Working resistance (Ω)

Response time (s)

Recovery time (s)

Sensitivity (%)

Reference

CuO nano wire

20–80

0.5 ~ 3*106

120

120

-

[40]

SnO2 nanowire

30–85

8*105 ~ 2*107

120–170

30–60

35

[41]

GO/PDDA film

11–97

0.5 ~ 2.7*106

108–147

94–133

37.43

[42]

0.6 ~ 2*104

255–360

10–480

42.85–99.17

[43]

0–50

5*103 ~ 3*105

30–40

12–50

300

[44]

Epoxy/CNT

10–90

0.8 ~ 1.3*103

38

60

1,990

[45]

CNT/PVA fiber

46–98

> 0.8*104

–

–

140,000

[46]

GO/PANI

11–97

–

8

5

20

[47]

Pt/GO fiber

6.1–99

> 500

2

4

4.51

[48]

GO/PEI

11–97

–

34

10

27.3

[49]

CNT/GO

10–80

13 ~ 96

4

3

9.8

[50]

CNT@CPM

30–100

12 ~ 370

10–40

10–40

56.7–111.1

This work

Black phosphorous
VS2

11.3–97.3
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and recovery times, very high resistance ranges, and
high-power requirements (low efficiency). Conversely,
references showed that sensors with high response and
recovery times can operate at low power (high efficiency)
owing to low resistance but have limited operational
range and inconsistent limitations owing to low sensitivity and linearity. For CNT@CPM flexible sensors, we
demonstrated the advantages of having high sensitivity and linearity over a full range that complements the
limitations of other existing references, consistent performance with low power (high efficiency), and high
response and recovery times.
Fig. 6 shows the results of adsorption and desorption
over real-time and photographs of the attached 3 M
mask (6200 dust mask) for electrical signal amplification and sensor processing. Fig. 6a shows an image of the
mask that was created by stitching a microcontroller and
CNT@CPM-3 flexible sensor directly to an ordinary 3 M
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mask for real-time respiratory monitoring. The analog
value of the CNT@CPM-3 flexible sensor was measured
consistently as the resistance; therefore, a standard curve
was drawn (Additional file 1: Fig. S21). This linear standard curve enabled us to produce accurate and consistent
results. When deep breathing out, the exhaled air reached
the humidity sensor, and the RH increased immediately,
thus generating an exhalation signal. In contrast, during
inhalation, dry air reaches the sensor, and an inhalation
signal was generated (Fig. 6b). The actual performance
of the sensor is shown in the Additional file 2: Video S1.
With this high responsiveness and consistency, normal,
fast, and deep breathing could be easily distinguished by
the curve of the graph according to the frequency of rapid
change in values, which presents a clear difference in current frequency (Fig. 6c). Apnea was simulated during
the breathing process and measured to evaluate the performance of the sensor (Fig. 6d). The sensor accurately

Fig. 6 Performance evaluation of mask with micro-controlled flexible humidity sensor (CNT@CPM-3) for respiration measurements. a Photograph
of a volunteer wearing respirator mask with the sensor fixed to monitor respiration. b Real-time respiration measurements of deep breathing. c
Response of signal variations for different respiration. d Variation in relative response over time during respiration and voluntary apnea. e Detection
of the rate and strength of an adult breathing via the mouth and nose (f) Photograph of the wearable device and actual operation for respiratory
monitoring subject (g) Real-time respiratory monitoring results of a volunteer during cycling; Compared according to the intensity of exercise using
ventilation system. (10 m∙s-1; mild condition → up to 25 m∙s-1; harsh condition → 10 m∙s-1; mild condition)
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determined and measured repeated breathing and apnea,
indicating that the sensor could be used to detect sleep
apnea symptoms. In addition, the CNT@CPM-3 flexible
sensor also distinguished breathing through the mouth
and nose (Fig. 6e). The two types of breathing have different slopes of moisture exhaled due to the different levels of moisture exhaled from the mouth and nose. These
results show that our humidity sensors have high sensitivity and rapid response, which can be used practically
to accurately and conveniently monitor human respiration and other respiratory processes. The CNT@CPM-3
flexible sensor with fast response, low power, and consistency can be used as an efficient respiratory monitoring
system. Fig. 6f shows that the humidity inside the mask
can be adjusted through a ventilation system by applying
additional fans to the previously identified mask humidity sensors. The humidity sensor was attached to the
inside of the mask to measure humidity in real time and
was configured to ventilate through a fan if it exceeded a
certain humidity (set to over 70 RH%). To verify that the
established system was working, the sensor was inserted
into the preset humidity and temperature controller to
confirm that the Light emitting diode (LED) lamp was
lit by humidity and the fan was turning. The actual performance is shown in Fig. 6f, Additional file 1: S22 and
Additional file 3: Video S2. Compared to the conditions
without the fan system and with the fan system (Fig. 6g),
the humidity gradually increased under medium-intensity conditions. Under harsh conditions, the humidity
inside the modalities of the two masks increased rapidly,
and the humidity inside was reduced quickly and effectively by the fan system. As a result, if the humidity inside
the masks and smart clothes increased due to exercise
and activities, it could be detected by sensors and ventilated through fans to create a pleasant internal environment. This fast, consistent, and responsive sensor and
reactive fan ventilation system can be applied to masks
and clothing, giving the wearer comfort in a partially or
completely enclosed environment.

4 Conclusions
Here we reported that resistance-type CNT@CPM flexible humidity sensors were realized from core–shell
structure. The structure of the CNT@CPM nanocomposites was confirmed through qualitative and quantitative analyses. As the ratio of PM increased, the resistance
graph over a RH range was transformed from an exponential graph to a logarithmic graph as the shell thickness
and hydrophilicity increased. Among them, the CNT@
CPM-3 flexible sensor showed a linear graph, and the
sensor response hysteresis was only (− 0.152 ± 0.093) in
the RH range of 30–100%, which was superior to conventional electric resistance humidity sensors. Moreover,
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we apply the sensor to smart-wear that could perform
accurate human health monitoring of multiple types of
respiration (normal, fast, deep, oral, nasal, and apneic
breathing). These flexible sensors not only exhibited the
ability to detect several organic gases, but it also showed
consistent and stable results even after prolonged exposure to physical stress, such as bending. Taken together,
novel CNT@CPM flexible sensor, which demonstrated
stability and high and accurate response times, is a promising and convenient human healthcare monitoring
system.
Abbreviations
AFM: Atomic field microscopy; BET: Brunauer–Emmett–Teller; Chit: Chitosan;
CNTs: Carbon nanotubes; PM: PAMAM dendrimer ethylenediamine core,
generation 3; CNT@CPM: PM-embedded Chit/CNT nanocomposites; CV: Cyclic
voltammetry; EDS: Energy dispersive X-ray spectroscopy; EIS: Impedance
measurements; FE-SEM: Field emission scanning electron microscopy; FT-IR:
Fourier transform infrared spectroscopy; HR-TEM: High-resolution transmission
electron microscopy; I-V curves: Current–voltage curves; PI: Polyimide; RH:
Relative humidity; XPS: X-ray photoelectron spectroscopy;; ID/IG: Intensity of D
band/Intensity of G band.

Supplementary Information
The online version contains supplementary material available at https://doi.
org/10.1186/s40580-022-00326-6.
Additional file 1. Information on the characterization of CNT@CPM nano‑
composites and the flexible sensor coated with CNT@CPM, including shell
thickness distribution graph, schematic illustration, water contact angle
results, XPS test, FT-IR spectra, Raman spectra, EDS results, humidity sensor
traits table, EIS curves, I-V characteristics, CV curves, long-term stability
results and actual performance videos of humidity sensing.
Additional file 2. Video S1, The practical and actual application video of
humidity sensor.
Additional file 3. Video S2, Actual performance video of humidity sens‑
ing and automatic ventilation system.
Acknowledgements
This work was supported by the National Research Foundation of Korea (NRF)
grant funded by the Korea government (MSIT) (No. 2020R1F1A1072210),
National Research Foundation of Korea (NRF) grant funded by the Korea
government (MSIT) (No. 2022R1C1C2010863), and Priority Research Center
Program provided by Ministry of Education (2019R1A6A1A11034536).
Author contributions
HSK and JHK contributed equally. HSK carried out most of the experimental
studies, conceptualization, writing of original draft preparation, review, editing,
and revision. JHK carried out most of the experimental studies, conceptual‑
ization, and writing of original draft preparation. JYH carried out supporting
experiments and writing of original draft preparation. USS carried out con‑
ceptualization, writing of review, editing, revision, and supervision. All authors
read and approved the final manuscript.
Funding
This work was supported by the National Research Foundation of Korea (NRF)
grant funded by the Korea government (MSIT) (No. 2020R1F1A1072210),
National Research Foundation of Korea (NRF) grant funded by the Korea
government (MSIT) (No. 2022R1C1C2010863), and Priority Research Center
Program provided by Ministry of Education (2019R1A6A1A11034536).

Kim et al. Nano Convergence

(2022) 9:35

Availability of data and materials
The datasets used and/or analyzed during the current study are available from
the corresponding author, upon reasonable request.

Declarations
Competing interests
This article has not been accepted for published elsewhere. The authors
declare that they have no competing interests.
Author details
1
Institute of Tissue Regeneration Engineering (ITREN), Dankook University,
Cheonan 31116, South Korea. 2 Department of Nanobiomedical Science &
BK21 FOUR NBM Global Research Center for Regenerative Medicine, Dankook
University, Cheonan 31116, South Korea. 3 Convergence Research Division,
Korea Carbon Industry Promotion Agency (KCARBON), Jeonju 54853, South
Korea.
Received: 25 May 2022 Accepted: 13 July 2022

References
1. Matusiak Ł, Szepietowska M, Krajewski P, Białynicki-Birula R, Szepietowski
JC. Inconveniences due to the use of face masks during the COVID-19
pandemic: a survey study of 876 young people. Dermatol. Ther. 33,
e13567 (2020)
2. H.-J. Kim, S.J. Park, D.-I. Kim, S. Lee, O.S. Kwon, I.K. Kim, Moisture effect on
particulate matter filtration performance using electro-spun nanofibers
including density functional theory analysis. Sci. Rep. 9, 1–8 (2019)
3. S. Chen, L. Sun, X. Zhou, Y. Guo, J. Song, S. Qian, Z. Liu, Q. Guan, E. Meade
Jeffries, W. Liu, Mechanically and biologically skin-like elastomers for biointegrated electronics. Nat. Commun. 11, 1–8 (2020)
4. S. Gong, S. Du, J. Kong, Q. Zhai, F. Lin, S. Liu, N.R. Cameron, W. Cheng, Skinlike stretchable fuel cell based on gold-nanowire-impregnated porous
polymer scaffolds. Small 16, 2003269 (2020)
5. L. Tian, Y. Li, R.C. Webb, S. Krishnan, Z. Bian, J. Song, X. Ning, K. Crawford,
J. Kurniawan, A. Bonifas, Flexible and stretchable 3ω sensors for thermal
characterization of human skin. Adv. Funct. Mater. 27, 1701282 (2017)
6. W.A.D.M. Jayathilaka, K. Qi, Y. Qin, A. Chinnappan, W. Serrano-García, C.
Baskar, H. Wang, J. He, S. Cui, S.W. Thomas, Significance of nanomaterials
in wearables: a review on wearable actuators and sensors. Adv. Mater. 31,
1805921 (2019)
7. D. Castaneda, A. Esparza, M. Ghamari, C. Soltanpur, H. Nazeran, A review
on wearable photoplethysmography sensors and their potential future
applications in health care. Int. J. Biosens. Bioelectron. 4, 195 (2018)
8. L. Ma, R. Wu, A. Patil, S. Zhu, Z. Meng, H. Meng, C. Hou, Y. Zhang, Q. Liu, R.
Yu, Full-textile wireless flexible humidity sensor for human physiological
monitoring. Adv. Funct. Mater. 29, 1904549 (2019)
9. J.J. Kim, Y. Wang, H. Wang, S. Lee, T. Yokota, T. Someya, Skin electronics:
next-generation device platform for virtual and augmented reality. Adv.
Funct. Mater. 31, 2009602 (2021)
10. S. Yao, A. Myers, A. Malhotra, F. Lin, A. Bozkurt, J.F. Muth, Y. Zhu, A wearable
hydration sensor with conformal nanowire electrodes. Adv. Healthc.
Mater. 6, 1601159 (2017)
11. X. Wang, Z. Xiong, Z. Liu, T. Zhang, Exfoliation at the liquid/air interface to
assemble reduced graphene oxide ultrathin films for a flexible noncon‑
tact sensing device. Adv. Mater. 27, 1370–1375 (2015)
12. J. Wu, Y.-M. Sun, Z. Wu, X. Li, N. Wang, K. Tao, G.P. Wang, Carbon nanocoilbased fast-response and flexible humidity sensor for multifunctional
applications. ACS. Appl. Mater. Inter. 11, 4242–4251 (2019)
13. J. Lee, H. Sul, W. Lee, K.R. Pyun, I. Ha, D. Kim, H. Park, H. Eom, Y. Yoon, J.
Jung, Stretchable skin-like cooling/heating device for reconstruction
of artificial thermal sensation in virtual reality. Adv. Funct. Mater. 30,
1909171 (2020)
14. A. Shit, S.B. Heo, I. In, S.Y. Park, Mineralized soft and elastic polymer dot
hydrogel for a flexible self-powered electronic skin sensor. ACS. Appl.
Mater. Interfaces. 12, 34105–34114 (2020)

Page 13 of 14

15. S.H. Kim, S. Jung, I.S. Yoon, C. Lee, Y. Oh, J.M. Hong, Ultrastretchable con‑
ductor fabricated on skin-like hydrogel–elastomer hybrid substrates for
skin electronics. Adv. Mater. 30, 1800109 (2018)
16. R. Yin, D. Wang, S. Zhao, Z. Lou, G. Shen, Wearable sensors-enabled
human–machine interaction systems: from design to application. Adv.
Funct. Mater. 31, 2008936 (2021)
17. J.Y. Sun, C. Keplinger, G.M. Whitesides, Z. Suo, Ionic skin. Adv. Mater. 26,
7608–7614 (2014)
18. W.R. Illeperuma, P. Rothemund, Z. Suo, J.J. Vlassak, Fire-resistant hydrogelfabric laminates: a simple concept that may save lives. ACS. Appl. Mater.
Interfaces. 8, 2071–2077 (2016)
19. R. Alrammouz, J. Podlecki, A. Vena, R. Garcia, P. Abboud, R. Habchi, B. Sorli,
Highly porous and flexible capacitive humidity sensor based on selfassembled graphene oxide sheets on a paper substrate. Sens. Actuators.
B Chem. 298, 126892 (2019)
20. H. Farahani, R. Wagiran, M.N. Hamidon, Humidity sensors principle,
mechanism, and fabrication technologies: a comprehensive review. Sen‑
sors 14, 7881–7939 (2014)
21. J.-M. Tulliani, B. Inserra, D. Ziegler, Carbon-based materials for humidity
sensing: a short review. Micromachines 10, 232 (2019)
22. J.F. Fennell Jr., S.F. Liu, J.M. Azzarelli, J.G. Weis, S. Rochat, K.A. Mirica, J.B.
Ravnsbæk, T.M. Swager, Nanowire chemical/biological sensors: status and
a roadmap for the future. Angew. Chem. Int. Ed. 55, 1266–1281 (2016)
23. H. Zou, Z. Luo, X. Yang, Q. Xie, Y. Zhou, Toward emerging applications
using core–shell nanostructured materials: a review. J. Materials. Sci. 1, 31
(2022)
24. P.K. Kalambate, Z. Huang, Y. Li, Y. Shen, M. Xie, Y. Huang, A.K. Srivastava,
Core@ shell nanomaterials based sensing devices: a review. TrAC. Trends.
Anal. Chem. 115, 147–161 (2019)
25. S.-W. Yun, J.-R. Cha, M.-S. Gong, Water-resistive humidity sensor prepared
from new polyelectrolyte containing both photo-curable 4-styrylpyridin‑
ium function and thiol anchor. Sens. Actuators. B Chem. 202, 1109–1116
(2014)
26. H.-S. Kim, J.-H. Lee, N. Mandakhbayar, G.-Z. Jin, S.-J. Kim, J.-Y. Yoon, S.B.
Jo, J.-H. Park, R.K. Singh, J.-H. Jang, Therapeutic tissue regenerative
nanohybrids self-assembled from bioactive inorganic core/chitosan shell
nanounits. Biomaterials 274, 120857 (2021)
27. W. Guo, B. Chen, V.L. Do, G.H. ten Brink, B.J. Kooi, V.B. Svetovoy, G. Palasant‑
zas, Effect of airborne hydrocarbons on the wettability of phase change
nanoparticle decorated surfaces. ACS. Nano. 13, 13430–13438 (2019)
28. C. Tan, M. Arshadi, M.C. Lee, M. Godec, M. Azizi, B. Yan, H. Eskandarloo,
T.W. Deisenroth, R.H. Darji, T.V. Pho, A robust aqueous core–shell–shell
coconut-like nanostructure for stimuli-responsive delivery of hydrophilic
cargo. ACS. Nano. 13, 9016–9027 (2019)
29. I. Tunc, S. Suzer, M.A. Correa-Duarte, L.M. Liz-Marzán, XPS characterization
of Au (core)/SiO2 (shell) nanoparticles. J. Phys. Chem. B. 109, 7597–7600
(2005)
30. H.-S. Kim, M. Song, J.-W. Seo, U.S. Shin, Preparation of electrically conduc‑
tive bucky-sponge using CNT-cement: conductivity control using room
temperature ionic liquids. Synth. Met. 196, 92–98 (2014)
31. I. Matai, P. Gopinath, Chemically cross-linked hybrid nanogels of alginate
and PAMAM dendrimers as efficient anticancer drug delivery vehicles.
ACS. Biomater. Sci. Eng. 2, 213–223 (2016)
32. J.-Y. Hwang, H.-S. Kim, J.H. Kim, U.S. Shin, S.-H. Lee, Carbon nanotube
nanocomposites with highly enhanced strength and conductivity for
flexible electric circuits. Langmuir 31, 7844–7851 (2015)
33. T. Bayer, B.V. Cunning, R. Selyanchyn, M. Nishihara, S. Fujikawa, K. Sasaki,
S.M. Lyth, High temperature proton conduction in nanocellulose mem‑
branes: paper fuel cells. Chem. Mater. 28, 4805–4814 (2016)
34. H.-S. Kim, J.H. Kim, S.-Y. Park, J.-H. Kang, S.-J. Kim, Y.-B. Choi, U.S. Shin,
Carbon nanotubes immobilized on gold electrode as an electrochemical
humidity sensor. Sens. Actuators. B Chem. 300, 127049 (2019)
35. B. Yadav, R. Singh, S. Singh, Investigations on humidity sensing of nano‑
structured tin oxide synthesised via mechanochemical method. J. Exp.
Nanosci. 8, 670–683 (2013)
36. C. Cao, C. Hu, L. Fang, S. Wang, Y. Tian, C. Pan, Humidity sensor based on
multi-walled carbon nanotube thin films. J. Nanomater. 2011, 1 (2011)
37. L. Jin, Y. Jiang, M. Zhang, H. Li, L. Xiao, M. Li, Y. Ao, Oriented polyaniline
nanowire arrays grown on dendrimer (PAMAM) functionalized multi‑
walled carbon nanotubes as supercapacitor electrode materials. Sci. Rep.
8, 1–10 (2018)

Kim et al. Nano Convergence

(2022) 9:35

38. Q. Chen, S. Ai, H. Fan, J. Cai, Q. Ma, X. Zhu, H. Yin, The immobilization of
Cytochrome c on MWNT–PAMAM–Chit nanocomposite incorporated
with DNA biocomposite film modified glassy carbon electrode for the
determination of nitrite. J. Solid. State. Electrochem. 14, 1681–1688 (2010)
39. J. He, P. Xiao, J. Shi, Y. Liang, W. Lu, Y. Chen, W. Wang, P. Théato, S.-W. Kuo,
T. Chen, High performance humidity fluctuation sensor for wearable
devices via a bioinspired atomic-precise tunable graphene-polymer
heterogeneous sensing junction. Chem. Mater. 30, 4343–4354 (2018)
40. H. Hsueh, T. Hsueh, S. Chang, F. Hung, T. Tsai, W. Weng, C. Hsu, B. Dai, CuO
nanowire-based humidity sensors prepared on glass substrate. Sens.
Actuators. B Chem. 156, 906–911 (2011)
41. Q. Kuang, C. Lao, Z.L. Wang, Z. Xie, L. Zheng, High-sensitivity humid‑
ity sensor based on a single SnO2 nanowire. J. Am. Chem. Soc. 129,
6070–6071 (2007)
42. D. Zhang, J. Tong, B. Xia, Q. Xue, Ultrahigh performance humidity sensor
based on layer-by-layer self-assembly of graphene oxide/polyelectrolyte
nanocomposite film. Sens. Actuators. B Chem. 203, 263–270 (2014)
43. D.J. Late, Liquid exfoliation of black phosphorus nanosheets and its
application as humidity sensor. Microporous. Mesoporous. Mater. 225,
494–503 (2016)
44. J. Feng, L. Peng, C. Wu, X. Sun, S. Hu, C. Lin, J. Dai, J. Yang, Y. Xie, Ultrathin
nanosheets: giant moisture responsiveness of VS2 ultrathin nanosheets
for novel touchless positioning interface. Adv. Mater. 24, 1917–1917
(2012)
45. S. Arunachalam, R. Izquierdo, F. Nabki, Low-hysteresis and fast response
time humidity sensors using suspended functionalized carbon nano‑
tubes. Sensors 19, 680 (2019)
46. P.G. Ramos, N.J. Morales, S. Goyanes, R.J. Candal, J. Rodríguez, Moisturesensitive properties of multi-walled carbon nanotubes/polyvinyl alcohol
nanofibers prepared by electrospinning electrostatically modified
method. Mater. Lett. 185, 278–281 (2016)
47. D. Zhang, D. Wang, P. Li, X. Zhou, X. Zong, G. Dong, Facile fabrication
of high-performance QCM humidity sensor based on layer-by-layer
self-assembled polyaniline/graphene oxide nanocomposite film. Sens.
Actuators. B Chem. 255, 1869–1877 (2018)
48. S.J. Choi, H. Yu, J.S. Jang, M.H. Kim, S.J. Kim, H.S. Jeong, I.D. Kim, Nitrogendoped single graphene fiber with platinum water dissociation catalyst for
wearable humidity sensor. Small 14, 1703934 (2018)
49. Z. Yuan, H. Tai, Z. Ye, C. Liu, G. Xie, X. Du, Y. Jiang, Novel highly sensitive
QCM humidity sensor with low hysteresis based on graphene oxide
(GO)/poly (ethyleneimine) layered film. Sens. Actuators. B Chem. 234,
145–154 (2016)
50. X. Li, X. Chen, Y. Yao, N. Li, X. Chen, X. Bi, Multi-walled carbon nanotubes/
graphene oxide composites for humidity sensing. IEEE. Sens. J. 13,
4749–4756 (2013)

Publisher’s Note

Springer Nature remains neutral with regard to jurisdictional claims in pub‑
lished maps and institutional affiliations.

Page 14 of 14

