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ABSTRACT: We report a sustainable resistive-type humidity
sensor based on chitosan (CS) film deposited on an interdigitated
Ti/Au electrode coated SiO2 substrate using a simple drop cast
approach for human health monitoring. The sensor revealed
remarkably high sensitivity (5.8 MΩ/%RH), fast response/
recovery time (21 s/25 s), low hysteresis (∼9.3%), excellent
reversibility, wide detecting range (11−95% RH), and high
selectivity toward water vapor. The calculated associated
uncertainty at different %RH indicates the excellent repeatability
and stable performance of the sensor. The developed sensor is
tested for different human breath patterns, and it is found that the
sensor can clearly distinguish between the variations in rate and
depth of respiration patterns during normal, fast, deep, and nasal
breathing and can monitor for apnea-like situations. The sensor is also utilized to perform noncontact skin humidity sensing. Overall,
the developed CS film humidity sensor provides a viable approach for the detection of respiratory disorders and human health issues,
detected by skin moisture, in a noninvasive manner.

1. INTRODUCTION
Humidity sensors have become an essential component of
many advanced electrical equipment monitoring systems due
to their diversified applications in industrial processes,
agriculture, medicine, food industry, human comfort, and
environmental monitoring.1−3 One of the most significant
physiological indicators for human health care is respiratory
monitoring and noncontact sensing, which may give a
noninvasive approach to valuable health data and identify
potential illness risks.4,5 Recent pandemic situations like
COVID-19, SARS, Ebola, etc. have further facilitated the
demand for detection techniques that can operate in a
noncontact way to monitor human health continuously in an
isolated situation.6,7 The humidity method is a recent
technique that uses differences in the humidity level when a
person inhales or exhales. Also, diseases such as diabetes,
thyroid conditions, etc. affect the skin humidity conditions and
hence can be identified using humidity sensors. Humidity
sensors offer cheaper cost, little interference, noncontact, high
sensitivity, quick reaction, and high comfort capabilities, in
comparison to other health detection techniques.8−10 There-
fore, researchers are focused on developing high-performance,
accurate, benign, and resource-friendly humidity sensors to
monitor human respiration and skin-sensing systems under
severe health conditions in real time.

A wide variety of humidity sensors have been developed
using porous ceramics, semiconductors, polymeric materials,
and carbon-based materials based on resistance, capacitance,
impedance, optical sensors, colorimetry, quartz crystal micro-
balances (QCMs), and surface acoustic waves (SAWs).11−22

Among these, polymer-based humidity sensors are extensively
explored because of their numerous remarkable qualities,
which include their low weight, simplicity of production, and
flexibility.23−25 Further, efforts are being made to develop high-
quality humidity sensors based on natural polymers due to
their nontoxicity, biocompatibility, easy functionality, and
chemical inertness. Recently, Li et al. reported a silk fabric
coated with a graphene oxide (GO) sensing layer fabricated by
successive electroless plating of conductive interdigital electro-
des and discussed its excellent humidity-sensing response.26

Zhang et al. prepared a versatile stretchable ionic hydrogel
(PTSM)-based triboelectric nanogenerator to develop a glove-
based human−computer interaction system with gesture
recognition and object classification potential.27 Liu et al.
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reported a high-performance QCM-based humidity sensor
using chitosan/polypyrrole composite to record and monitor
patient respiratory patterns via an app.28 Wang et al. designed a
self-powered flexible humidity sensor using PVA/Ti3C2Tx
nanofibers and a monolayer MoSe2 piezoelectric nano-
generator, which offers high-performance humidity monitoring
and energy harvesting for wearable devices.29

Chitosan (CS) is one of the natural polymers that emerged
as a popular humidity sensor due to its additional advantage of
affinity toward water molecules. CS is extracted from the
exoskeleton of living organisms, shellfish, crabs, shrimp, etc. It
comprises a linear chain of arbitrarily distributed β-linked D-
glucosamine and N-acetyl-D-glucosamine that may be easily
transformed into a hydrogel with exceptional elasticity by
dispersing it in diluted organic acids like acetic acid, lactic acid,
etc. The water affinity comes from the repeated functional
groups like hydroxyl and amine, and these functional groups
interact with water molecules through hydrogen bonding.
Because of this, a large number of researchers have become
interested in investigating the adsorption of water molecules by
employing CS and modified CS.30−32 Most of the reports
available are based on optical techniques such as Fabry−Perot
interferometers,33 fiber Bragg grating,30 Mach−Zehnder
interferometer,34 and QCM35,36 and include high manufactur-
ing costs for the sensor development and complicated
detecting techniques which restrict their applications in
commercial applications. In contrast to QCM and optical
measurements, resistance measurements are much more
straightforward, easy to set up, and cost-effective. To our
knowledge, there is no report available on resistive- or
capacitive-type CS-based humidity sensors. In this view, the
novelty of the present work lies in developing a sustainable,
cost-effective humidity sensor based on the intrinsic properties
of pristine and biocompatible CS polymer (without any further
modifications), with possible applications in monitoring
respiration rate, skin moisture, and apnea-like situations,
which have not been shown earlier.

In this paper, we report a viable CS-film-based humidity
sensor with a simple drop cast method and an easy
measurement setup for real-time respiratory monitoring and
skin humidity detection. The sensor revealed high sensitivity to
humidity changes, a broad detection range, long-term stability,
and a quick response and recovery time. The associated
standard uncertainty and possible sensing mechanism for the
CS sensor are also discussed in the paper. The sensor was
tested under various gas environments for selectivity analysis.
The sensor was tested for different human breathing patterns,
and it is revealed that the sensor is efficient to detect and
record respiratory traits associated with different health
conditions. The sensor further showed its ability to measure
human skin moisture in a noncontact manner, suggesting its
application in medical as well as other diverse areas.

2. EXPERIMENTAL METHODS
2.1. Preparation of Chitosan Solution. For the

preparation of the CS solution, CS (≥95% deacetylation,
Sigma-Aldrich), acetic acid solution (100%, Merck), ethanol
(99.8%, Merck), and acetone (99.5%, Merck), were used
without any further purification. To deposit the film, a 5 mg/
mL concentrated solution was prepared by adding 0.5 g of CS
powder into 100 mL of acetic acid (0.05 M) solution which
was followed by continuous magnetic stirring at 1000 rpm for
24 h at room temperature (RT); the solution was further

ultrasonicated for 20 min, which results in a yellow viscous gel
solution.

2.2. Fabrication of Chitosan Film Sensor. The
molecular structure and steps of fabrication of the CS film
by the drop cast method are shown in Figure 1a,b. First, SiO2

substrates were ultrasonically cleaned in acetone, ethanol, and
deionized water (DI water) successively for 15 min each to
remove any organic impurities from the surface of substrates.
Then, interdigitated electrodes (IDEs, dimensions given in
Figure 1c) of Ti/Au of 100/200 nm thickness were deposited
using a thin (0.4 mm) stainless-steel mask of the desired
pattern on the cleaned substrate by DC sputtering. The as-
prepared CS solution is then dropped (20 μL, to cover the
complete electrode area) on the IDEs coated SiO2 substrate
using a micropipet to form a CS film. The film was then dried
on the hot plate at 60 °C for 20 min to improve the adhesion.

2.3. Characterization and Measurements. The thick-
ness of the film was measured to be ∼1 μm using a NanoMap
500ES Stylus profilometer. The X-ray diffraction pattern was
taken by the Rigaku Tabletop Miniflex-II system using
monochromatic Cu Kα1 radiation (λ = 0.15406 nm) in 2θ
range from 5° to 80° with the scanning rate of 2°/min. A
PerkinElmer Spectrum GX Fourier transform infrared (FTIR)
system was used for determining the functional groups in the
range from 400 to 4000 cm−1 by averaging 64 scans at a 2 cm−1

wavenumber resolution. The surface morphology of the film
was analyzed with field emission scanning electron microscopy

Figure 1. (a) Chemical structure of CS molecule, (b) schematic
diagram of fabrication of CS film on interdigitated electrodes, and (c)
developed humidity sensor with dimensions (not to scale).
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(FESEM, TESCAN MAGNA GMH) with an accelerating
voltage of 15 kV. A Keithley 2450 source meter was used for
gas-sensing measurements. Hydrophilicity was determined in
terms of water contact angle using a DSA 10 Mk2 drop shape
analysis system.

2.4. Humidity-Sensing Measurement Setup. In the
present work, we have used saturated salt solutions with known
humidity values, as a source of relative humidity environment
since it is an efficient, affordable, and simple method.37,38

Different relative humidity environments were created by
dissolving LiCl (RH 11%), KF (RH 33%), Mg (NO3)2 (RH
52%), NaCl (RH 75%), KBr (RH 85%), and KNO3 (RH 95%)
salts into DI water in hydrophobic rubber-capped glass
containers/beakers until the salt solutions achieve their
saturation state. Because some of these salt solutions are
known to change their humidity values with the change in the
surrounding temperature, we kept the salt solutions in a water
temperature bath maintained at a constant temperature of 25
°C during all measurements. The performance of the
fabricated sensor was analyzed in terms of change in the
resistance at different humidity environments. The transient
resistance at the intermediate state, measured by the sensor,
depends on three parameters: the transferring time, data
acquisition sampling rate, and the response time of the sensor.
A competition between the above parameters can give rise to
varying transient resistance of the sensor under different
humidity conditions. A schematic diagram for the humidity-
sensing setup is shown in Figure 2. A two-probe sample holder

was designed for the electrical measurements. The data was
processed using a Keithley Electrometer (Model No. 6517A)
and a data acquisition system, which converts analog signals
into digital data, and was recorded by using Kickstart software.
To measure the resistance of the film with less power
consumption, a low voltage of 1 V was applied. All
measurements were conducted at ambient humidity (50 ±
10) %RH and RT (24 ± 2) °C conditions.

3. RESULTS AND DISCUSSION
3.1. Structural and Morphological Characteristics.

The XRD result of the drop cast film is shown in Figure 3a.
The phase is confirmed by the peak positions at 2θ = 20.2° and
9.5° corresponding to the planes (020) and (010), (100),

respectively, and the broad peak at 20.2° suggests the
amorphous nature of the CS film. The FESEM image of the
CS film shows a smooth, flat, and uniform surface, which
suggests that the particles are arranged very close to each other
in a uniform manner, as shown in Figure 3c. The FTIR
spectrum (Figure 3b) shows a broad peak at 3424.74 cm−1 due
to overlapped absorption peaks of hydroxyl (O−H) and amino
(N−H) groups present in the CS chain.39 Also, spectra show
absorption peaks at 897.16 cm−1, 1031.7 cm−1, and 1159.27
cm−1, attributed to the glycosidic bond, O−H bending
vibration, and C−O−C stretching, respectively, while peaks
at 2926.03 and 2860.30 cm−1 correspond to C−H stretching.21

The peak at 1657.98 cm−1 is attributed to the C=O bond.39

The bending deformation of the primary amine (−NH)39

appears at approximately 1565.21 and 1422.93 cm−1. The
absorption peaks at 1321.01 and 1380.41 cm−1 correspond to
C−N stretching. The band at 1159.27 and 1071.9 cm−1 are
related to stretching of C−O−C and C−O in the chitosan
ring.39 The presence of abundant amine and hydroxyl
hydrophilic functional groups in the sample indicates that CS
has a good affinity toward water molecules.

After the confirmation of functional groups, the water
contact angle was determined for the film surface to check the
hydrophilicity of the film at the macroscopic level. A droplet
(10 μL) of DI water was dropped on the surface of the CS film
to measure the water contact angle, suggesting the angle to be
54.89°, as shown in Figure 3d. The water contact angle is a
quantitative measurement of the wettability of the material on
a solid surface. The materials having water contact angle below
90° are hydrophilic, while those above 90° are hydrophobic in
nature.25 The detected angle for the CS film demonstrates that
the sample is hydrophilic and suitable for humidity-sensing
measurements. Before electrical testing, all of these character-
izations were performed to ensure the CS film is well-formed
and suitable for humidity testing.

3.2. Humidity-Sensing Performance. For humidity-
sensing measurements, we have fabricated 3 samples with
the same solution keeping the identical environmental and
experimental parameters. Among these, sample 3 has been
used for further investigation as described in the present work
(for more information, see Figure S1 in the Supporting
Information). The film was placed in various relative humidity
environments generated by using saturated salt solutions, as
mentioned in Experimental Methods. The response/recovery
time of a sensor is the amount of time it takes to alter its
resistance by 90% value and is one of the key parameters for
assessing a humidity sensor.2,40,41 To measure the response-
recovery time, the sensor was held in two different relative
humidity conditions back-to-back with a time interval of about
120 s. The response/recovery times for the developed sensor
are 8 s/17 s, 18 s/23 s, and 21 s/25 s, corresponding to
humidity range from 11% RH to 52% RH, 11% RH to 75%
RH, and 11% RH to 95% RH, respectively, as shown in Figure
4a. These values indicate that the sensor has fast adsorption
and desorption rates toward water molecules, which is
attributed to the significant adsorption functional groups on
the CS film. By measuring the repeated response/recovery
cycles at all RH levels, the device is further tested for its
repeatability, and the pattern acquired for about 30 min is
depicted in Figure 4b.

Further, sensitivity was calculated as the change in the
sensing signal per unit change in relative humidity values;

Figure 2. Schematic diagram of the humidity measurement setup.
Inset shows the picture of salt solutions kept in constant-temperature
water bath.
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x

0
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where R0 and Rx are the resistances of the device at 11% and
other higher humidity levels, respectively. From Figure 4a,b,
the average sensitivity of the sensor is calculated as 2.58 MΩ/
%RH, while the maximum sensitivity is ∼5.8 MΩ/%RH, which
is remarkably higher than most of the resistive type humidity
sensors reported in previous studies.42−46

To determine the reliability and practical implementation of
a humidity sensor, hysteresis also plays a significant role. It is
defined as the difference in the resistance values of the
humidity sensor at a particular % RH value during the
humidification and dehumidification process.2,40 With RH
varying from 11% to 95%, we investigated the hysteresis of the
CS film by a resistance ladder at each humidity level, as shown
in Figure 4c. Some peaks in the signal of Figure 4c are noticed,
probably due to the physical movement and the different

Figure 3. (a) XRD, (b) FTIR, (c) FESEM image, and (d) water contact angle measurement results.

Figure 4. (a) Response and recovery time of sensor, (b) repeatability responses at different humidity values for 30 min duration, (c) typical
resistance measurements in real time under gradually increasing and decreasing relative humidity between 11 and 95% RH, and (d) hysteresis curve
for humidity.
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factors governing the transient resistance (as discussed in
section 2.4), during transfer of sample from one RH to
another. The measured small hysteresis [adsorption (black
line) and desorption (red line)] is attributed to slight
differences in swelling (adsorption) and releasing (desorption)
rates of the sample. The maximum hysteresis obtained by
taking the average of the two cycles is about ∼9.3% near 52%

RH, as plotted in Figure 4d. At high % RH values, water

molecules are weakly bonded and hence may get desorbed

easily, causing a lower hysteresis.
The following equation was used to calculate the sensor’s %

hysteresis:

Figure 5. (a) Behavior of the fabricated sensor in repeated measurement cycles for varying relative humidity with respect to 11% RH, (b) response
(%) and resistance values and its (c) polynomial fit, (d) long-term stability, (e) standard deviation and standard uncertainty at different RH, and (f)
selectivity toward water molecules.

Table 1. Comparative Study of Present Work to Previously Reported Polymer-Based Resistive Type Humidity Sensors

Material Fabrication method Measuring Range (%RH) Sensitivity Response/recovery time (s) ref.

PVDF/ZnO nanomaterials Spin coating 5−98 3417 Ω 30/51 47
Poly (vinyl alcohol) PVA Spin coating 7−92 − 224/56 48
Polypyrrole (PPy)-ZnO nanoparticles Dripping technique 11−75 − 180/60 49
PLA/PANI−ZnO Spinning 20−90 − 85/120 50
Polypyrrole (Ppy) − 30−90 − 128/128 51
Functionalized MWCNT/HEC Gravure press 20−80 0.0485/% RH 20/35 44
MEPTDD/CEMA Screen-printing 20−95 0.046 log Ω/%RH 65/70 52
SnO2/PANI Pellet 5−95 0.22% RH−1 26/30 53
PDDA/rGO LbL self-assembly 11−97 − 108/147 40
Chitosan Drop casting 11−95 2.58 MΩ/%RH 21/25 This work
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= ×R R
hysteresis (%)

sensitivity
100%ads des

(1)

Here, Rads and Rdes represent the resistance values of the film
during the adsorption and desorption process, respectively.

Figure 5a shows the behavior of the fabricated sensor in
repeated measurement cycles with varying relative humidity
with respect to 11% RH. The resistance values almost restore
themselves to their original values, demonstrating excellent
reproducibility and reversibility of the sensor. Response,
another important component of a humidity sensor is
calculated as

= ×R R
R

response (%) 100x0

0 (2)

To better understand the link between the sensor responses
with humidity change, we plotted the graph for the sensor’s
response and resistance variation as a function of RH as shown
in Figure 5b. The sensor reveals a cubic polynomial fit, y =
−4.42x3 + 0.06x2 − 1.74x + 10.81 with the change in RH as
shown in Figure 5c, with a correlation coefficient of R2 = 0.99.
This suggests that although the sensor responds to all humidity
ranges, it is more sensitive toward the mid-humidity change.
This study has been performed for a RT humidity sensor. To
see the effect of temperature variation on the humidity-sensing
properties, we examined the resistance change of the sensor
with temperatures ranging from 20 to 30 °C at 50% RH. It is
revealed that the change in resistance values with temperature
shows a linear trend with R2 = 0.99 fitted with a linear equation
y = 240.3 − 3.8x (for more information, see supporting note 3
in the Supporting Information). The sensor’s stability was
checked by measuring its resistance at each humidity value
ranging from 11% to 95% in an interval of 10 days, monitored
for 60 days. The sensor exhibits only a slight fluctuation in

resistance, suggesting long-term stability and a high-quality film
with excellent uniformity.

Further, the reliability and precision of any measurement are
evaluated using standard deviation and uncertainty calcu-
lations. Standard deviation (σ) is the measure of the degree of
randomness of a repeated measurement, whereas standard
uncertainty (SU) specifies the uncertainty in the average
measured value. Figure 5e shows these calculated values at
different humidity ranges. The standard deviation for the
developed sensor is calculated from the mean of the 5
measured values corresponding to each specified RH level, as
given in the formula

=
x

N
( )

1
i

2

(3)

where N is the number of measurements, xi is the individual
value, and μ is the average value. The standard uncertainty or
type-A uncertainty due to measurement repeatability is
calculated as

=
N

SU
(4)

As shown in Figure 5e, the maximum standard uncertainty
was thus obtained to be ±0.78 MΩ for the measured resistance
value of 72 MΩ at 75% RH. The nominal standard uncertainty
in the given humidity range suggests acceptable repeatability
and stable performance of the CS sensor. The sensor’s
selectivity test was also performed for volatile organic
compounds (VOCs) and other gases at ambient temperature.
It is seen that the sensor is highly selective toward water vapors
as compared to its surroundings’ interference gases, demon-
strating its favorable applicability as a humidity sensor. For
NO2 (20 ppm) no response was observed, and only small
responses of 13.8%, 3.8%, 7.6%, and 15.3% for formaldehyde,
ammonia, acetone, and H2S vapors, respectively, were
measured at 500 ppm in comparison of humidity (92.7%).
Even for water-soluble ethanol, the sensor only responds by
26.3%, ruling out the interference of other gases when used as
a humidity sensor. In Table 1 we have compared the present
work to the earlier reported polymer-based resistive type
humidity sensors. It is revealed that the results of the present
work are superior in many aspects as presented in Table 1.

3.3. Humidity-Sensing Mechanism. The above results
show that CS has commendable humidity-sensing properties.
This is mainly due to the presence of several repeating
hydrophilic functional groups such as amines and hydroxyls in
the CS which are capable of forming hydrogen bonding with
water molecules present in the environment.54 Some of the
amino groups presented in CS get protonated during the acetic
acid treatment,54,55 as shown in eq 5. The nitrogen in the
amino/deprotonated amino group forms a hydrogen bond
with the hydrogen of the water molecules, and the hydrogen
present in the hydroxyl group makes a hydrogen bond with the
oxygen of the water molecules present in the atmosphere.36,56

As the hydrogen bond is weak, they are responsible for the
reversible adsorption and desorption process of water
molecules on the surface of the CS film, depending on the
relative humidity content in the atmosphere.

+ ++RNH CH COOH RNH CH COO2 3 3 3 (5)

+ ++ +RNH H O RNH H O3 2 2 3 (6)

Figure 6. Sensing mechanism of humidity sensor at low and high
humidity in (a) 3D model and (b) 2D model and (c) CS film at low
and high humidity.
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+ ++ +H O H O H O H O2 3 3 2 (7)

To demonstrate the mechanism of the film, we present a
model of water molecules adsorbed on its surface in 3D and
2D models, as illustrated in Figure 6a,b. When water comes in
contact with the surface of the CS film, protonated NH2
groups release one H+ ion as given in eq 6. At low humidity
levels, the H+ ions are released due to the dissociation of water
molecules under the application of electric field, and these H+

ions hop through nearby water molecules and NH3+ ions. Due
to the lower concentration of water molecules at low RH,
proton migration is difficult due to breakages in conduction
paths, leading to a high resistance. Over a certain threshold,
more water molecules form hydrogen bonds with the water
molecules adsorbed on the CS surface. With the increase in
humidity, there is a multilayer physisorption of water
molecules adhered by weak hydrogen bonding forming a
continuous water layer on the CS surface57 as presented in
Figure 6a. These molecules when ionized from hydronium ions
(H3O+) act as high mobility charge carriers at high humidity.
Hence, according to the Grotthuss mechanism (eq 7), it leads
to an increase in the electrical conductivity. As a result, the
resistance drops down remarkably as humidity rises. Con-
versely, their contribution to the swelling phenomenon of CS
in the high-humidity environment to a certain extent is

negligible, resulting in a lower humidity hysteresis. The
interaction of the water molecules with the surface of the
sensor at different humidity levels is shown in Figure 6c.

3.4. Applications in Respiratory Monitoring. The
exhaled air in human breath contains a particular amount of
humidity level, and hence, environmental change around the
nose and mouth area during breathing includes vital
information about human health-related concerns. Humidity
sensing is an easy-to-use and effective noninvasive way to
assess a person’s health issues. In recent years, especially after
the COVID-19 pandemic, humidity sensors have attracted
researchers’ interest for this purpose. A type of pulmonary
humidity sensor based on ionic conductive metal−organic
frameworks was developed by Zhang et al. and has shown
applications in flexible electronics, noncontact sensing, and
everyday life humidity detection.58 Choi et al. reported real-
time breath monitoring based on 2D layered Mn and Ru
nanosheets by integrating Ru oxide nanostructure.59 Liu et al.
have shown CS/polypyrrole composite QCM sensor prepared
by a facile physical modification method and demonstrated its
response to different breathing patterns.28 Dia et al. describe a
polyelectrolyte-based humidity sensor, in situ cross-linked on
the substrate printed with IDEs that shows an extremely quick
response time and can be used for monitoring respiration.60

Ullah et al. reported a highly sensitive, flexible, and eco-friendly

Figure 7. (a) Respiratory monitoring test and (b) humidity response of the CS sensor under different breath monitoring rates (deep, normal, and
fast breath). (c) Comparison of nose and mouth breathing monitoring intensity. (d and e) Response graph for nose breathing (during breath-in
and breath-out).

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

https://doi.org/10.1021/acsomega.3c05244
ACS Omega 2023, 8, 39511−39522

39517

https://pubs.acs.org/doi/10.1021/acsomega.3c05244?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c05244?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c05244?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c05244?fig=fig7&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c05244?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


biodegradable nonwoven paper-based humidity sensor on
polyethylene terephthalate (PET) substrate with copper tape
as electrodes and demonstrated its applications in health and
medicine.61 In recent work, Li et al. proposed a flexible
humidity sensor based on alkalized MXenes and polydopamine
for human−machine interaction in a noncontact manner.62

Such studies suggest the emerging application of humidity

sensors in determining human health severities related to
respiration and skin moisture.

To investigate the application of the CS humidity sensor in
breathing, the sensor is attached to an N95 mask using
adhesive tape (Figure 7a) and its response is studied in
different artificially created breath pattens. The breathing rates
of 8, 11, and 20 breaths per minute (bpm) for deep, normal,

Figure 8. Real-time response of the sensor for (a) breath and apnea-like conditions, (b) contactless skin humidity with gloves and without gloves,
(c) response/recovery time for moisturized figure with constant distance, and (d) sensors’ response at various distance from a moisturized finger.

Figure 9. Comparative analysis of breath monitoring and noncontact sensing characteristics of the (a and b) fabricated sensor and (c and d)
commercial humidity sensor.
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and fast breaths were observed, respectively, as shown in
Figure 7b. Additionally, it is possible to see a distinct difference
in peak timings for deep breathing (7.8 s), normal breathing
(5.4 s), and fast breathing (2.9 s). The observed variation in
electric signal patterns during different rates reveals the ability
of the sensor to differentiate between a person’s various
physical states.

In deep breathing, the intensity of signals becomes higher
and the rate becomes less as compared to normal and fast
breathing. The amplitude variation under slow breathing is
approximately 1.44 times higher than that during medium
breathing and 2.68 times higher than that during fast breathing.
In addition, fast breathing leads to high frequency and low
amplitude in resistance signals because of the limited water
molecule concentration. From Figure 7d,e we can understood
that the observed decrease in the resistance during exhalation
and an increase in resistance during inhalation are consistent
with the sensor response for the humidity change in the near
environment. Nasal breathing is the preferred method in
common situations; however mouth breathing is sometimes
used in some typical situations like during heavy activity, nasal
congestion caused by a cold, etc. Therefore, we have
considered monitoring of breathing rate, purposefully
performed by mouth as well as nasal and plotted in Figure
7c. The difference in the intensity of mouth and nose breathing
can be seen, which is due to the presence of saliva and
moisture in mouth-exhaled air.

In other applications of the sensor to identify sleep apnea (a
serious sleep condition where breathing repeatedly stops and
starts), it is essential to regularly monitor breathing during
sleep. Therefore, the patterns were recorded for apnea-like
situations where the breath was purposely stopped for a short
duration. In Figure 8a the difference between apnea and deep
exhale conditions is shown. When breath suddenly stops in the
apnea condition, humidity surrounding the sensor suddenly
goes down, increasing the resistance, while the sensor shows a
decrease in resistance during the breath out. The above results
suggest that a reliable humidity sensor can be a good choice to
speculate about any breakdown condition related to breath
patterns such as asthma and apnea and contagious diseases
such as COVID-19, etc. For the practical use of the sensor, we
assessed the sensor’s performance by positioning it at various
locations within the mask, which had no influence on its
detection capability.

To further investigate the CS humidity sensor’s ability to
detect human skin surface humidity in a noncontact manner,
the sensor is exposed to fingers with different conditions, one
which is specially moisturized and the another which is wearing
a glove, and placed at various heights varying from 0.5 to 2 cm,
as illustrated in the inset of Figure 8d. The resistance is
observed to decrease when the moisturized finger gets closer to
the CS humidity sensor while the response remains constant
for the finger with glove, as shown in Figure 8b. When the
moisturized finger approaches the sensor, there is a noticeable
increase in resistance, with response and recovery time of 0.8
s/3.8 s (Figure 8c). The resistance response of the sensor film
as a function of distance between the human finger and sensor
is fitted with a linear equation, y = 3.2x + 35.56, suggesting a
good fit with a high correlation coefficient R2 = 0.99767. It
depicts that the sensor is able to detect the skin humidity in a
linear manner with respect to increase in the distance between
the human finger and sensor (0.5−2 cm), as shown in Figure
8d.

To further check the reliability of the developed CS sensor,
its breath monitoring and noncontact sensing properties were
compared to those of a commercial sensor, as shown in Figure
9a−d. The findings suggest that the fabricated sensor can
perform better for the human health study (for more
information, see supporting note 1 in the Supporting
Information). Atopic dermatitis, diabetes, thyroid, or kidney
diseases which are reflected in human skin humidity conditions
can be diagnosed by humidity sensors in a noncontact
manner.63 According to the above results, the CS film
humidity sensor may be an effective way to quickly monitor
human health issues by sensing the change in skin humidity
and breathing patterns in real time.

4. CONCLUSIONS
In conclusion, we have developed a resistive type humidity
sensor made of natural polymer CS by using a simple drop cast
technique for human health monitoring. The sample was
characterized with X-ray diffraction, scanning electron
microscopy, and FTIR spectroscopy and for its hygroscopic
nature. The humidity-sensing properties were investigated in
the range of 11−95% RH in terms of the resistance change,
which revealed fast response/recovery time, remarkably high
sensitivity, low hysteresis, and good water vapor selectivity.
The nominal value of standard uncertainty indicates the
excellent repeatability and stable performance of the sensor.
The CS film sensor could accurately differentiate the rates and
depth of real-time respiration patterns and could track skin
humidity variations. The remarkable humidity-sensing proper-
ties, respiratory and skin sensing response, nontoxicity, and low
cost of the developed CS humidity sensor provide a viable
solution for the early detection of many human health
problems in a noninvasive manner. The detection of the
smallest RH variations on human skin in a noncontact manner
reveals another prospect for future technology based on
intelligent touchless switches and displays. The study further
demands transformation of these sensors into smart wireless,
self-powered humidity sensors with AI and advanced
technology support for such sophisticated applications.
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