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ABSTRACT: Flexibility endows humidity sensors with new applications in
human health monitoring except for traditionally known environmental
humidity detection in recent years. In this study, a flexible, mesh-structured,
and self-supported humidity sensor was designed and manufactured by direct
writing in a homemade two-dimensional stepping numerical control
workstation. Bacterial cellulose with humidity sensitivity and good film-
forming properties was applied as the self-supporting substrate, in which

. . . . . e print exible
conductive activated carbon and water-absorptive magnesium chloride %
(MgCl,) were incorporated. The humidity sensing performance of the %,

. . . . . . *,
printed sensor was measured and optimized. Besides, the fundamental insight C——

into the sensing mechanism of the printed humidity sensor was analyzed by a
complex impedance spectrum. The multifunctional applications of the self-
supported humidity sensor were demonstrated by human breathing detection,
noncontact distance sensing, and speaking recognition. The simple self-
supported structure combined with the meshed attribute of the flexible sensor showed large use potential in real-time monitoring of
human respiration, voice detection, environmental humidity monitoring, and noncontact switches.

Bl INTRODUCTION human-machine interaction can lower the risks of viruses/
bacteria spread.

Resistance or impedance-type chemical sensors with simple
structures have been greatly developed as a promising sensing
device to achieve various applications including health
monitoring.'’ "> There are three-layered structured humidity
sensors including substrate, electrode, and sensing film. For
example, Wu et al."” fabricated a resistive humidity sensor on a
flexible liquid crystal polymer substrate, on which carbon
nanocoils bridged the gaps on the Au interdigital electrodes.
Molybdenum disulfide (MoS,) ink was aerosol-jet printed on a
PET substrate containing Au/Cr interdigital electrodes to
prepare a humidity sensor by Pereira et al.'® Further
simplification of sensor structures was realized by integrating
the electrode with a sensing layer, or substrate with a sensing
layer, or the substrate with an electrode. For example, Zhu et
al."” reported a paper-based flexible humidity sensor. It
consisted of a rationally designed bilayered structure consisting
of a nanoporous cellulose nanofiber/carbon nanotube sensitive
layer and a microporous paper substrate. Li et al.”’ fabricated a

Humidity, or relative humidity (RH), is an environmental
factor that plays a crucial role in industrial, agricultural
production, and medical practice.' > Various humidity sensors
are in essential need for these scenarios, where RH needs
accurate monitoring, regulation, and control. With the
advancements in wearable devices and flexible electronics, a
diverse range of flexible humidity sensors, including resistive,
impedance, capacitive, and even self-powered types, have been
reported for accurate humidity detection.””® The flexibility
attribute of humidity sensors endows them with new
applications like human health-related monitoring, noncontact
switches, etc.””"® For example, a flexible humidity sensor was
used for monitoring human respiration to identify different
breathing statuses and behaviors.”'""”
respiratory frequency and intensity are telltale symptoms of
respiratory diseases. The detection of human respiration can
offer valuable assistance in diagnosing sleep apnea syndrome,
asthma, cardiac arrest, and cardiovascular and cerebrovascular
diseases. Real-time or continuous and precise monitoring of
respiration allows for earlier detection of abnormalities, which

Since abnormal

is of immense significance for early disease detection and Received: June S, 2024
effective treatment to provide robust health safeguards for Revised:  July 9, 2024
patients.*'® Besides, humidity sensor-based noncontact switch Accepted:  July 12, 2024

can be used in the human-machine interaction to replace the Published: July 18, 2024 |
traditionally applied contact hardware such as computer -
keyboards, mouses, touch screens, etc.'® The noncontact
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flexible and breathable humidity sensor for skin humidity
monitoring. The sensor includes shape memory poly(lactic
acid) fiber as the substrate and crumpled graphene oxide
membrane as the top humidity-sensitive layer. Guan et al.”’
fabricated self-supported polymer films by the thiol-ene click
cross-linking reaction, on which the interdigitated electrodes
were screen printed with silver paste to obtain a humidity
sensor. The self-supported film acts as both the sensor
substrate and the humidity-sensing material. Pan et al*
fabricated a carbon nanotube/carbon nanofiber (CNT/CNF)
composite flexible humidity sensor via near-field electro-
hydrodynamic direct writing. The thin CNT/CNF sensing
film on a flexible poly(ethylene terephthalate) substrate was
designed in the form of a quadrilateral grid to facilitate the full
absorption of moisture by the CNTs. Our previous work
reported on cellulose and conductive tape-based flexible
humidity sensors, which combined the flexible substrate and
electrode within the conductive tape.”®

The simplest structured humidity sensor is undoubtedly one
layer that simultaneously acts as the substrate, electrode, and
sensing film. Zhu et al.>® reported a flexible cellulose
nanofiber/carbon nanotube (NFC/CNT) humidity sensor
with high sensitivity performance developed via fast vacuum
filtration. A transparent and flexible cellulose/KOH composite
ionic film was fabricated as a humidity sensor via a simple
casting method by Wang et al.”” Guan et al.”® fabricated a
glycidyl trimethylammonium chloride (EPTAC) modified
cellulose paper humidity sensor via a facile solution method.
The paper was used for the purpose of the humidity sensing
material and the sensor substrate. Zhu et al.”’ demonstrated
the direct CO,-laser writing of electrodes onto 2,2,6,6-
tetramethylpiperidine-1-oxyl radical (TEMPO)-oxidized cellu-
lose paper to realize an all-cellulose-derived humidity sensor.

With the advent of the wearable smart device society, there
is a growing requirement for miniaturization and conform-
ability of the humidity sensor. When used for real-time or
wearable human health detection, the humidity sensor should
be miniaturized, portable, comfortable, and skin-friendly.
Breathable humidity sensors are more attractive than those
that are made of airtight-based materials**~* from this aspect.
Ryotaro et al.”’ employed nanomesh electrodes to create a
humidity sensor for monitoring skin epidermis humidity.
These electrodes, with their biocompatible properties, adhere
seamlessly to the skin surface without hindering the
evaporation of water from the skin. They also exhibit a certain
degree of air permeability. However, the flexibility of the
sensor needs further improvement to guarantee enough
comfort for the user. Furthermore, a simple and cost-effective
preparation method is also in demand for facile and rapid
fabrication of humidity sensors instead of complex manufactur-
ing processes.

In this study, a flexible humidity sensor with a meshed
structure was directly printed via a homemade two-dimen-
sional stepping numerical control workstation. A composite
material consisting of bacterial cellulose (BC), activated carbon
(AC), and MgCl, was printed onto the surface of polyimide
(PI). After drying, the printed film was completely detached
from the PI surface to form a self-supported humidity sensor. It
is more integrated by combining the sensing film with the
supporting substrate in the self-supporting humidity sensor.
The designed circular mesh-structured pattern endows the
sensor with outstanding breathability. Detailed character-
izations in morphological and compositional information on

the sensor were conducted. The humidity sensing performance
of the sensor was tested, and the sensing mechanism was
explored. The potential multifunctional applications of the
prepared humidity sensor in respiratory monitoring, non-
contact switches, and voice detection were also demonstrated.

B EXPERIMENTAL SECTION

Materials. The bacterial cellulose dispersion (BC 2s
dispersion) with a solid content of approximately 0.8%,
diameter ranging from 50 to 100 nm, and length exceeding
20 pm was purchased from Guilin Qihong Technology Co.,
Ltd. MgCl,-6H,0 was obtained from Shanghai Sinopharm
Chemical Reagent Co. Ltd. The activated carbon with a
specific surface area (SSA) of 1800 m*/g was purchased from
Jiangsu Xianfeng Nanomaterials Technology Co., Ltd. All
materials mentioned above were used directly without further
purification or processing.

Preparation of BC/AC/MgCl, Composite Material.
Activated carbon powder was dispersed in the bacterial
cellulose dispersion with ultrasonic treatment for 30 min,
followed by magnetic stirring for 2 h to achieve a uniform
mixture. Composite solutions with concentrations of 0.1, 0.2,
0.3, and 0.4 wt % of AC were obtained by varying the mass
percentage. The hygroscopic metal salt of MgCl, (with mass
percentages of 0.5, 1, and 2 wt %) was further added and mixed
through magnetic stirring for 1 h for the preparation of the
BC/AC/MgCl, composite containing different contents of AC
and MgCl,.

Fabrication of Mesh-Based Flexible Humidity Sensor.
The mesh structured pattern was designed by G-coding and
directly printed by a homemade two-dimensional stepping
numerical control workstation as depicted in Figure la. The

Figure 1. Photographs of (a) homemade printing equipment, (b)
printing process, and (c) printed humidity sensor. (d) Electro-
chemical workstation for the humidity sensing test.

equipment comprises a two-axis motion platform, needle
fixture, injection system (syringe pump), and control system.
In the printing process, a micrometer-scale jet of the printing
solution was delivered from the needle to the surface of the
flexible PI substrate fixed on the motion platform. The pattern
and thickness of the printed film were precisely adjustable by
controlling the injection speed of the syringe pump and the
motion speed of the two axes. The extrusion speed of the
composite ink was set as 6 mL/h in the printing process, as
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Figure 2. SEM images of (a) pure bacterial nanocellulose, (b) composite film with 0.2 wt % AC, (c) composite film with 0.2 wt % AC and 0.5 wt %
MgCl, (d) elemental mapping results of C, O, Mg, and Cl in composite sensing film (content of 0.2 wt % AC and 0.5 wt % MgCl,).

shown in the photo in Figure 1b. After printing and drying
naturally, the circular mesh-based flexible film was removed
from the PI surface. The mesh is cut into a regular rectangle
and its two sides are connected with copper wire (cured by
conductive silver paste) as electrodes for the following
humidity-sensing performance tests. As shown in Figure I,
the pores on the mesh pattern have a diameter of
approximately 3 mm, and the distance is about 1.5 mm
between each pore.

Instrumentation and Analysis. The micromorphology
and surface elements of the BC/AC/MgCl, composite sensing
material were characterized on a field emission scanning
electron microscope (SEM, Helios SCX, Thermo Fisher
Scientific, USA) equipped with an energy dispersive
spectrometer. The crystalline structure of the sensing material
was analyzed using an X-ray diffractometer (XRD, Haoyuan
DX 2700-BH, China). The surface hydrophilicity of the
sensing film was evaluated by contact angle measured on a
drop shape analyzer (DSA30S, KRUSS, Germany).

Humidity Sensitivity Tests. The humidity sensing
performance of the prepared sensor was conducted in an
electrochemical workstation (SAS101, Sino Aggtech), as
illustrated in Figure 1d. Different saturated solutions were
used to generate various RH conditions, which are also known
as static humidity. Specifically, RHs of 11, 33, 54, 75, 85, and
95% were obtained by oversaturated solution of lithium
chloride, magnesium chloride, magnesium nitrate, sodium
chloride, potassium chloride, and potassium nitrate, respec-
tively. The sensitivity of the sensor was evaluated by recording
the impedance changes under different RHs at a frequency of
100 Hz. Additionally, complex impedance spectroscopy was
conducted at various RHs to get insight into the sensing
mechanism of the sensing layer with the frequency range of 10
Hz to 100 kHz.

Application Demonstration of the Humidity Sensor.
In the respiratory monitoring performance test, the flexible
humidity sensor was placed 3 cm in front of the mouth or nose
to simulate different respiratory states. For the speaking test,
the prepared humidity sensor was positioned 3 c¢m in front of
the mouth of the volunteer to measure the humidity variations

around the sensor during the pronunciation of different words.
In the noncontact distance detection experiment, a finger was
placed S, 10, and 20 mm above the sensor. The impedance
changes in these tests were all recorded by an SAS101
electrochemical workstation.

B RESULTS AND DISCUSSION

Morphology and Composition of the Sensitive Layer.
The surface morphology and elemental information on the
sensitive film were analyzed by SEM observation and EDS
results. The low magnification SEM image of the pure BC film
in Figure Sla presents a flat surface, while a multilayered
structure with numerous pores distributed across it is seen in
Figure 2a. It is the typical morphology of randomly
accumulated nanofibers. It increased in surface roughness
when 0.2 and 0.4 wt % of activated carbon were added into the
BC solution as shown in Figure S1b,c. The higher magnified
image in Figure 2b for the 0.2 wt % addition of AC film
remained the porous structure with carbon particles scattered
on it. When 0.5 and 1 wt % of hygroscopic MgCl, were further
added into the composite film, there was no obvious change in
surface morphology as the low magnified SEM images (Figure
Sld,e) as compared to that of the BC/AC film. However, it
shows a denser surface in the higher magnified image, as shown
in Figure 2c. The nanofibers are encapsulated and the pores
between the fibers disappear, while the surface is still uneven.
The strong hygroscopicity of MgClL,-6H,0 allows the BC/AC/
MgCl, composite film to adsorb moisture more easily,
resulting in the swelling of the BC nanofiber to fill the pores
between fibers and encapsulate some of the AC particles. The
composite film maintained high hygroscopicity even with a
denser surface structure because of the MgCl,. When the mass
percentage of MgCl, increased to 1 wt %, the water absorption
properties of the composite film surface were further enhanced.
As shown in Figure S2, the pores and activated carbon particles
are almost completely covered and the surface becomes
smooth and flat. Detailed surface elemental information on the
composite film with a 0.2 wt % AC content and a 0.5 wt %
MgCl,-6H,0 content was conducted using energy-dispersive
X-ray spectroscopy (EDS). As shown in Figures 2d and 3a,
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Figure 3. (a) EDS spectra of the BC/AC/MgCl, sensing film. (b) XRD pattern of the BC/AC/MgCl, sensing film. (c) Contact angle of pure BC
film. (d) Contact angle of the BC/AC/MgCl, sensing film (content of 0.2 wt % AC and 0.5 wt % MgCl,).
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Figure 4. (a) Impedance variation curves of the sensors with different AC mass fractions under different RH levels. (b) Impedance variation curves
of humidity sensors with different MgCl,-6H,O mass fractions (AC content of 0.2 wt %) under different RHs. (c) Humidity hysteresis
characteristic of the BC/AC/MgCl, based humidity sensor (AC content of 0.2 wt %, MgCl,-6H,O content of 0.5 wt %).

there are C, Mg, and Cl elements on the film surface. Mg, Cl,
and O elements originating from the hydrophilic material
MgCl,-6H,0 are all distributed uniformly on the film surface.
Some of the O elements originate from the BC. The elemental
mapping image of C shows a uniform distribution from the
BC, while the stronger C signals are from active carbon (see

33264

the SEM image for elemental mapping in Figure S3). XRD
patterns of the BC, BC/AC/MgCl, film, and the AC, MgCl,
powers were collected to confirm the crystalline information
on them (Figure 3b). The BC and BC/AC/MgCl, displayed
similar peaks at 26 angles of about 14.3° and 22°, which
correspond to the (1—10, 200) planes of typical cellulose 1.**
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Figure S. (a) Impedance variation curves of the humidity sensor with RH from 11 to 95% for 11 successive cycles. (b) Response and recovery time
of the sensor from RH 11—-95%. (c) Impedance variation curves in different bending states. (d) Impedance variation curve in a hair dryer

experiment.

Various types of cellulose have been reported for the
fabrication of the humidity sensor as well as other gas
sensors.' ”*>*72%35737 Besides, the BC solution was applied in
this work because of the suitable fluidity and good film
formation performance, which is an important factor to
consider in printing technology. There is no diffraction peak
for AC, indicating the amorphous nature of the active carbon.
Besides, the typical peaks of crystallized MgCl, were not
observed in the BC/AC/MgCl,, indicating that the loaded
MgCl, exhibited an amorphous state in the composite film.
The sensitive properties of the humidity sensor are closely
related to the water adsorption capacity of the sensitive layer.
Hence, the hydrophilic surface is the basic requirement for the
humidity sensing material, and the hydrophilicity of the
sensing layer plays a crucial role in the sensing performance.
The contact angle of the BC/AC/MgCl, sensing film was
measured to evaluate the hydrophobic and hydrophilic
performance. It is worth noting that a printed planar film
with the same composition (0.2 wt % AC and 0.5 wt % MgCl,)
was employed in the test instead of the mesh film for full
contact with the water droplet. In the experiment, the dynamic
changes in contact angle were recorded for both the pure BC
film and the BC/AC/MgCl, sensing film. As shown in Figure
3¢,d, when a water droplet initially contacted the surface of the
pure BC film, the contact angle was close to 90°. It decreased
to 74.7° within S s and further decreased to 55.4° within 100 s
(Figure 3cl,c2). On the other hand, the hydrophilic property
of the BC/AC/MgCl, composite film was measured in the
same way. As illustrated in Figure 3d1,d2, the contact angle
underwent a noticeable decrease to 31.3° within 0.2 s. By 0.7 s,
the water droplet lay flat on the composite film surface so that
the instrument could hardly capture the contact angle data.
The significantly improved hydrophilicity was caused by the
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addition of the hygroscopic MgCl, that enhanced the water
absorption capacity of the sensing film. It can capture water
molecules from the environment rapidly and spread into the
film to improve the humidity-sensitive characteristics of the
sensing layer. Although the hydrophilic groups and porous
surface (Figure 2a) of the BC film endow it with hydrophilicity
to some extent, the addition of MgCl, enhanced the water
absorption ability and hydrophilicity significantly.

Optimization of Sensitive Film Composition. As an
advanced manufacturing technology, 3D printing has been
applied to the fabrication of various sensors. Some of the
research used a 3D printing process to make the electrodes of
the sensor,”® while some others to the fabrication of a sensitive
layer.”” It has the advantage of more freedom in film pattern
and thickness design as compared to the coating method. An
additional basic requirement for the sensing material is the
formation of a continuous and stable print jet by the specific
printing technology, which needs optimization of the sensitive
material composition.

Figure 4a shows the impedance response curves of flexible
BC/AC humidity sensors prepared with AC mass fractions of
0, 0.1, 0.2, 0.3, and 0.4 wt %. The lowest RH achieved was 11%
due to experimental restriction. All of the prepared sensors can
respond to RH change in the form of corresponding
impedance variations. The impedance of all the humidity
sensors decreased when the RH increased gradually from 11 to
95%, and then increased stepwise when the RH decreased to
11%. It is seen that the pure BC film without AC responds to
RH change, indicating the hydrophilic property of the BC
substrate. Because of the rich hydroxyl and carboxyl functional
groups on its surface, BC can be positively or negatively
charged by water absorption. The addition of AC improved the
conductivity of the film, especially in a humid environment. As
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the mass fraction of AC increased, a higher impedance
response was observed for the same humidity change,
especially at a low humidity range from 11 to 33%. However,
much more AC added (exceeds 0.2 wt %) decreased the
response of the sensor at high RH from 85 to 95%. The
dispersed AC in the sensing film acted as a conductive filler by
electronic conducting. The expansion of the BC induced by
water absorption changed the distance of AC particles to
decrease the conductivity of the AC part. However, the ionic
conductivity was enhanced because of the water absorption. As
a result, the BC/AC composite film with an AC mass fraction
of 0.2 wt % was selected for further optimization. Figure 4b
illustrates the impedance response curves of the BC/AC/
MgCl,-based flexible humidity sensors with MgCl,-6H,0O mass
fractions of 0.5, 1, and 2 wt % under different RHs. It is
obvious that the addition of MgCl,-6H,0 enhanced the sensor
response, especially for a low RH range from 11 to 33%.
However, the excess mass fraction of MgCl,-6H,0 than 0.5 wt
% showed a negative impact on the recovery speed of the
sensor. When the mass fraction of MgCl,-6H,0O reached 2 wt
%, the BC/AC/MgCl, sensing film was hygroscopic enough to
absorb moisture from the environment within RH of 54%. The
impedance response to the RH change was weak when further
increasing RH from 54 to 95% because of absorption
saturation. Therefore, BC/AC/MgCl, sensing film with AC
content of 0.2 wt % and MgCl,-6H,0O content of 0.5 wt % was
chosen for the subsequent investigations and applications.
Figure 4c depicts the mild hysteresis of 7% RH in the
absorption and desorption processes of the printed humidity
sensor.

The repeatability and long-term stability of humidity sensors
are also crucial properties for practical applications. After
storing for about 1 month, the sensor was tested for its
repeatability to humidity as shown in Figure Sa. The
impedance of the sensor increased rapidly when moving
from an RH of 11—95%, and decreased to an initial impedance
value when moving back to an RH of 11%. The response was
stable in the 11 consecutive cycles, indicating the satisfying
stability as well as good long-term stability of the prepared
humidity sensor. The response and recovery time (defined as
the time span to reach 90% of the total impedance change) of
the humidity sensor was calculated accordingly. As the
impedance variation curve shown in Figure Sb, the response
time was calculated to be 12 s and the recovery time 112 s.
Although the recovery is somewhat slurry because of the strong
hydrophilicity of the sensing film. It would not affect the
practical application of the sensor, where the change in
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impedance is enough without full recovery. The sensor was
also tested for its flexibility by recording the response to
humidity in three different bending states, i.e., 180°, 135°, and
110° (see the digital photo in Figure S4). As shown in Figure
Sc, the impedance variation curves were almost overlapped in
the three bending angles, indicating the satisfying flexibility of
the printed sensor. A simple hair dryer experiment was
implemented to investigate the effect of the temperature on the
humidity sensor response. Specifically, the sensor was put in air
conditioning, blown by cold air and hot air, and then moved to
RH of 95% condition. As shown in Figure 5d, there is a slight
decrease in impedance when blown by cold air, while there is a
slight increase when blown by hot air as compared to that in air
condition. The impedance decreased drastically when moving
to RH or 95%. This simple experiment demonstrates that
temperature has little effect on the impedance of the humidity
sensor.

Sensing Mechanism Exploration. To investigate the
fundamental sensing principle of the BC/AC/MgCl,-based
humidity sensor, complex impedance spectra were collected at
different RHs and frequencies. As shown in Figure 6a, the
complex impedance curve of the sensitive layer approached a
semicircle under RH of 11%. Ionization rarely occurred
because the vapor was little at this low RH. As a result, the
conductivity was mainly attributed to the electron transition by
AC in the film. At a higher RH of 33%, the complex impedance
plots consist of two parts: a semicircle at high frequency and a
straight line at low frequency. Water molecules absorbed by
the BC/AC/MgCl, sensor would dissolve into H* and OH~
ions (eq 1), which can travel in the film through the proton
exchange mechanism.*®*” Besides, Mg?* and CI~ generated by
MgCl, (eq 2) can also move freely to produce ionic
conduction. When H*, Mg®, and CI” ions take part in
conduction, the straight line will be observed on the complex
impedance plots. The semicircle becomes flattened and the
straight line becomes more obvious when the RH is further
increased to higher than 54%, indicating that ionic conduction
plays a major role. When the humidity reaches 95%, the
semicircular shape disappears indicating that the electronic
conduction is negligible. One can conclude that there is
saturation for the humidity response because there are limited
ions in the BC/AC/MgCl, film.

H,0 - H" + OH"~ (1)
MgCl, —» Mgt + 2CI” (2)
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Figure 7. Impedance-time curves of simulated human oral breathing (a) and nasal breathing (b) at different frequencies. (c) Digital photo of the
volunteer wearing masking on which the BC/AC/MgCl, sensor was fixed. (d) Repeated response to the speaking of different words.

Figure 6b depicts the variation of phase angle with frequency
for the BC/AC/MgCl, sensor at different RHs. At an RH of
11%, the phase angle decreased from —12° to —90° as the
frequency increased, indicating that the BC/AC/MgCl, sensor
tends to be a resistive device at low frequency and a capacitive
device at high frequency. At the operating frequency of 100
Hz, the sensor exhibited resistive character at RH higher than
11% because of the ionic conductivity.

B APPLICATION TESTING OF HUMIDITY SENSOR

Monitoring of Human Respiration. To demonstrate the
application of the developed humidity sensor in human
respiration monitoring, it was attached to a mask and placed
approximately 3 cm away from the volunteer’s mouth and
nose. Normal, rapid, and deep breathing was performed
through the mouth and nose to simulate respiratory
frequencies under different exercise conditions. As shown in
Figure 7a, when the volunteer breathed normally through their
nose, the humidity around the sensor increased during
exhalation, resulting in a decrease in the impedance.
Conversely, impedance increased rapidly during inhalation.
After several cycles of breathing, the overall impedance of the
sensor exhibited an upward trend. The impedance response for
the nasal breathing test shows a similar result, as listed in
Figure 7b. Breathing behaviors including frequency of normal,
rapid, and deep breathing through the nose and mouth were
calculated to be S, 3, and 10 s/breath, corresponding to 12
bpm (breaths/min), 20 bpm, and 6 bpm. The slower the
exhalation rate, the longer the duration of each exhalation,
leading to a higher surface humidity and a greater change in
impedance. Conversely, a faster exhalation rate results in lower
humidity and impedance changes. The response and recovery
speed of the prepared humidity sensor can be further
improved, which is enough for respiratory monitoring
applications.
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Speech Monitoring and Recognition. The sensor was
placed approximately 3 cm away from a volunteer’s mouth to
verify the feasibility of the prepared humidity sensor for speech
recognition (Figure 7c). When the volunteer pronounced six
words of “a,” “b,” “c,” “d,” “hello,” and “good” to simulate daily
conversatlons, the amount of moisture exhaled from the mouth
varied with different pronunciations. As shown in Figure 7d,
the exhalation of “a,” “c,” and “hello” contained significantly
more moisture than the other three words, resulting in a larger
variation in the impedance of the sensor. By comparing “a”
with “c” and “b” with “d”, one can observe that the duration of
the pronunciation of “a” and “d” was longer than the other two.
Consequently, the time taken for the impedance change, or the
response and recovery time of the sensor, was also longer for
these sounds. Based on these observations, it can be concluded
that the sensor can distinguish between simulated speech
sounds by analyzing both the numerical humidity response and
the duration from response to recovery. Therefore, the sensor
fulfills the function of speech monitoring.

Noncontact Switch Test. Humidity sensor-based non-
contact switches can be used in human—machine interactions
or wireless locations. Since the humidity of human skin is
generally higher than the ambient humidity, it can be used as a
stimulus for a humidity sensor. As inserted in Figure 8, a finger
was placed a certain height above the surface of the sensor for
S s, and then removed for another 5 s to verify the noncontact
sensing. As seen, the impedance change relies on the finger
distance, the closer the distance, the lower the impedance. The
sensor is able to respond promptly to the approach and
departure of the finger, indicating its application potential in
noncontact switching and object positioning.

B CONCLUSIONS

In summary, a meshed, self-supporting, and flexible humidity
sensor was fabricated by a simple printing method on a

https://doi.org/10.1021/acsomega.4c05316
ACS Omega 2024, 9, 33261-33269


https://pubs.acs.org/doi/10.1021/acsomega.4c05316?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c05316?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c05316?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c05316?fig=fig7&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.4c05316?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega

http://pubs.acs.org/journal/acsodf

1.5x10’)

|— Non-contact detection

1.2x10’)

9.0x10°

Impedance (2)

6.0x10°

3'0x10(| 1 1 1 1 1
0 50 100 150 200 250 300

Time (s)

Figure 8. Impedance variation curves of the noncontact experiment.

homemade two-dimensional stepping numerical control work-
station. The sensitive layer, flexible substrate, and electrodes
were integrated into one of the BC/AC/MgCl, self-supporting
sensors. The preparation process was simplified, and the
structure of the sensor was integrated. Experimental results
demonstrate that the sensor exhibits a highly sensitive response
to a wide RH range of 11—95% with validated stability and
reliability. Complex impedance spectra results demonstrated
that the ionic conduction played the dominant role in the
sensor response in RH higher than 11%. The prepared
humidity sensor showed satisfying sensing properties that can
be applied for human respiration monitoring, speech
recognition, and noncontact locating. The abundant, cost-
effective, and eco-friendly BC and AC combined with the facile
preparation technique in this work could provide a useful
strategy for developing a multifunctional humidity sensor.
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