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ABSTRACT: Although flexible humidity sensors are essential for
human health monitoring, it is still challenging to achieve high
sensitivity and easy disposal with simple, low-cost fabrication
processes. This study presents the design and fabrication of highly
reliable hand-drawn interdigital electrodes from pencil-on-paper
treated with NaCl solution for highly sensitive hydration sensors
working over a wide range of relative humidity (RH) levels from 5.6%
to 90%. The applications of the resulting flexible humidity sensor go
beyond the monitoring of respiratory rate and proximity to
characterizations of human skin types and evaluations of skin barrier
functions through insensible sweat measurements. The sensor array
can also be integrated with a diaper to result in smart diapers to alert
for an early diaper change. The design and fabrication strategies
presented in this work could also be leveraged for the development of wearable, self-powered, and recyclable sensors and actuators in
the future.
KEYWORDS: flexible humidity sensors and sensing systems, pencil-on-paper, characterizations of skin types and barrier functions,
monitoring of sensible and insensible sweat rate

The recent developments of wearable sensors have started
to gain momentum because of their wide-ranging

applications in medical health,1 disaster warning,2 and military
defense.3 As representative examples, flexible humidity sensors
have been applied in environment monitoring,4 product
packaging,5 and human health care,6 such as respiratory
monitoring,7 noncontact positioning,8 and skin humidity
detection.9 The commonly explored substrates for flexible
sensors include polyimide, polyester, and polyethylene
terephthalate,10−12 as well as cellulose types, including
cellulose fibers,13,14 fabrics,15 and various papers.16−19 In
particular, low-cost and environmentally friendly papers20 that
are compatible with most preparation processes21 can also be
used as sensitive materials for humidity sensors by leveraging
their hygroscopic properties for reversible moisture absorption
(to measure respiratory patterns22).
Besides the flexible substrate and sensitive material, the

electrode and corresponding fabrication process also affect the
performance and scalability. Traditional electrode fabrication
processes such as inkjet printing,23,24 screen printing,25 and
electrochemical deposition26 often require expensive equip-
ment and are not environmentally friendly. However,
scratching pencils (composed of graphite and clay) by hand
drawing can cause a small number of multilayered graphite
pieces to flake and form electrodes on paper with a mask.27 As

the conductance of the pencil core increases and then saturates
with the increasing graphite content, the electrode prepared
with an 8B pencil shows the smallest square resistance.28

Nevertheless, the resulting draw-on-paper electrodes still need
to be combined with other sensitive materials in the humidity
sensors, and the sensors still suffer from relatively poor
performance (e.g., long response/recovery time).
Inspired by the chemical treatment of cellulose paper with

trimethylammonium chloride,29 this work directly explores the
pencil-on-paper method treated with saturated NaCl solution
as a high-performance humidity sensor for human health
monitoring and skin characterizations. The saturated NaCl
solution-treated papers as a sensing material exhibit increased
ionic conductivity and significantly enhanced response. The
resulting humidity sensor can conveniently monitor respiratory
rate and noncontact finger locations. The continuous
insensible sweat measurements also allow the sensor to
characterize human skin types and evaluate skin barrier
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Figure 1. Fabrication and application of the pencil-on-paper hydration sensor. Schematics showing the (a) fabrication processes and (b) the
response mechanism of the flexible pencil-on-paper hydration sensor with (c) applications in health monitoring, noncontact switching, and skin
characterizations.

Figure 2. Structural characterization of the pencil-on-paper hydration sensor. Top view of graphite interdigital electrode on paper (a) before and
(b) after treatment with NaCl solution, with magnified views shown at the bottom. (c) The energy dispersive X-ray (EDX) and (d) spectroscopy of
the sensor surface after treatment. (e) Raman spectrum of the pencil trace on the paper substrate.
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functions. The hand-drawn interdigitated electrodes with a
commercial pencil on common printing papers can be easily
applied in point-of-care settings, which is also suitable for mass
production and is recyclable with green end products.

■ DESIGN AND FABRICATION OF THE
PENCIL-ON-PAPER HYDRATION SENSOR

The fabrication of the sensor starts with drawing interdigitated
electrodes (IDE) with a pencil on commonly used paper with a
fibrous structure to facilitate the absorption and release of
water molecules30 (Figure 1a). Next, a NaCl solution
immersion followed by drying allows the absorbed molecules
and ions in the paper substrate to undergo ionization or
hydrolysis, which facilitates the electrochemical reaction31

across the graphite electrodes (Figure 1b and S1). The
humidity sensor with high sensitivity over a large range
provides application opportunities from breath monitoring and
noncontact switching to smart diapers and characterizations of
skin barrier functions (Figure 1c).

■ CHARACTERIZATION OF THE PENCIL-ON-PAPER
Before treatment, the fibrous conductive network of cellulose
paper with deposited graphite (Figure 2a) can provide
abundant sites for water molecule absorption. Following the
treatment in saturated NaCl solution, the paper substrate is
covered with dense NaCl crystals, and a layer of NaCl crystals
deposited on the surface of the sensor (Figure 2b) is confirmed
by the chemical composition characterized by energy

dispersive X-ray (EDX) spectroscopy in Figure 2c,d. The
EDX spectrum of the soaked paper clearly identifies the
presence of sodium and chlorine. The cross-section morphol-
ogies of the humidity sensor indicate a uniform coating of the
NaCl crystals onto cellulose fibers in the paper, and the
thickness of the coated NaCl crystals increases from 35.8 to
106.2 μm as the soaking time increases from 1 to 4 times to
result in increased sensor thickness from 0.17 to 0.31 mm
(Figure S2). Despite different responses and signal-to-noise
ratios, all of these sensors exhibit good responses at a relative
humidity of 5.6% (Figure S2f). Raman spectrum of the pencil
trace on paper shows three prominent peaks at 1345, 1581,
and 2718 cm−1 (Figure 2e), which correspond to the D, G, and
2D bands of graphite.32 The scanning electron microscope
images of the electrode surface at different positions indicate
uniform coating after NaCl treatment (Figure S2g−i). The
small standard deviation of 7.9% in the sheet resistance from
five sensors prepared from the same batch also showcases the
high reproducibility of the fabrication method (Figure S3).

■ HUMIDITY SENSING MECHANISM
The humidity sensing exploits the hygroscopic property of
cellulose paper to absorb moisture from the environment and
the correlation of the moisture content of the cellulose fiber to
the changes in its ionic conductivity. The type of paper
substrate also affects the performance of the humidity sensor,
with the response from the sensor on the Whatman No. 1 filter
paper or printing paper much larger than that on the vellum or

Figure 3. Optimization of the humidity sensor performance. (a) Comparison of the sensor performance before and after NaCl treatment. Effects of
the (b) NaCl treatment times (at saturated concentration), (c) NaCl solution concentration (for three times of treatment), and (d) number of
finger pairs in the interdigital electrodes on the sensor performance. Sensing performance characterization of the humidity sensor: (e)
determination of the response and recovery time of the humidity sensor when cycled from the RH of 15% to 40% and then back to 15% and (f)
effect of bending on the response (bending radius of 30° and 60°). (g) Relative current change of the humidity sensor in the RH range from 20% to
90%. Repeatability of the humidity sensor cycled between 15% RH and 40% RH (h) for six cycles (at 25 °C).
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sulfate paper (Figure S4). Although printing paper shows
slightly lower sensitivity and slower response compared with
Whatman No. 1 filter paper, it is 800 times cheaper and it is
used in the following investigations unless otherwise specified.
After the treatment with the NaCl solution, the sensor reduces
its resistance to water vapor absorption because of the
increased number of mobile electrons and enhanced ionic
conductivity.33 As a result, the sensor after NaCl treatment

achieves a 1573-fold increase in the signal-to-noise ratio
(SNR)34 to a value of 125.84 (Figure 3a). Because the number
of soaking times and solution concentration change the
conductivity (Figure S5), they can be used to modulate the
sensor response defined as the normalized relative current
changes. Both the ionic conductivity and sensor response
increase as the NaCl treatment is repeated up to three times
because of the increased available conductive ions. However,

Table 1. Performance Comparison of Humidity Sensors Based on Cellulose Papers

substrate electrode material sensitive material response(δI/I) RH range (%) reference

Whatman 3 mm chr carbon ink Whatman 3 mm chr ∼104 20−90 22
cellulose acetate film graphite SiO2 ∼104 10−93 36
printing paper conductive adhesive tape paper 1646 41.1−91.5 28
printing paper graphite ink polypyrrole ∼1000 ∼33−90 39
cellulose filter paper conductive adhesive tape carbon ink ∼13.50 11−98 13
printing paper PEDOT:PVMA PEDOT:PVMA 63.93 11−97 38
printing paper pencil o-MWCNTs 0.49 33−95 37
cellulose composite film copper foil tape cellulose/CNTs 2.32 11−95 35
printing paper pencil NaCl-modified paper 3676 5.6−90 this work

Figure 4. Application of the hydration sensor for monitoring physiological signals and characterizing the skin barrier function. (a) Comparison
between mouth and nose breathing. (b) Stable response of breath monitoring before and after continuous bending. (c) Changes in the skin
hydration/humidity level on the forehead, nose, cheek, and chin over varying activities during the day. (d) Measurements of sensible and insensible
sweat rate as a function of the temperature difference (between the skin and ambient temperature) during lying, working, walking, doing yoga, and
exercising.
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immersion for a fourth time results in a significant reduction in
both, possibly because of the formation of an overly dense
NaCl layer on paper to block water contact (Figure 3b). For a
given number, such as three immersion times, the increase in
the NaCl solution concentration also results in increased
conductivity and sensor response, with the maximum values
obtained in the saturated NaCl solution (Figure 3c). Similarly,
varying types of pencils are associated with different
conductivities (Table S1), and the comparison indicates the
8B pencil provides the largest response (Figure S6), which is
used in the following studies unless specified otherwise.
Because the structural design and geometric parameters (e.g.,
the number of finger pairs and the gap between fingers) of the
interdigital electrode also change its initial resistance, they can
be used to further increase the sensitivity and response speed.
The interdigital electrode with a large aspect ratio and high
density of the finger pairs (four in the current design) for a
given apparent area (Figure S7) exhibits the largest response
(Figure 3d).

■ ELECTROMECHANICAL CHARACTERIZATION OF
THE HUMIDITY SENSOR

When the humidity sensor is cycled between a RH of 15% and
40%, a high response of 29.23 is obtained with a response/
recovery time of 1208/537 s (Figure 3e). The sensor
characterization is sped up by using a short testing time of
500 s to capture the initial rapid response increase. The sensor
response shows a negligibly small difference as the sensor is
bent over a radius of curvature of 6 mm (Figure 3f). The
flexible humidity sensor exhibits stable performance over cyclic
bending, as evidenced by the negligible changes in the sensor
response after 500 and 1000 bending cycles (Figure S8). The

sensor can detect the RH in the range from 5.6% to 90%, with
piecewise linear dependence in RH 5.6−50% (R2 = 0.976) and
RH 60−90% (R2 = 0.965) (Figure 3g). The response in the
range from RH 50% to 60% (with a slope of 0.1473 in the
logarithmic fit) is much larger than the other ranges (slope of
0.0327 or 0.0244 in 5.6−50% or 60−90%) (Figure S9). The
enhanced response in RH 50−60% is likely attributed to the
formation of liquid water, with an increased number of free
Na+ and Cl− from NaCl dissolved in liquid water as charge
carriers for increased conductivity. The sensor also shows a
highly reliable response over multiple cycles between RH 15%
and 40% (Figure 3h) and a long measurement period of 30
days (Figure S10). The hydration sensor with a large response
over a wide range from this work outperforms other humidity
sensors on the basis of cellulose substrates (Table
1).13,22,28,35−39

■ HEALTH MONITORING AND SKIN
CHARACTERIZATION

The large and fast response of the hydration sensor provides
application opportunities in real-time respiration monitoring,
noncontact proximity sensing, skin characterization, and smart
diapers. The noncontact sensing mode of the humidity sensor
used for respiratory monitoring can easily differentiate mouth
breathing from nose breathing because of the difference in the
current response (1.33 times greater from mouth breathing
than from nose breathing, Figure 4a). The combination of the
sensor response magnitude with frequency also classifies three
breathing states: deep (0.12 Hz), regular (0.23 Hz), and rapid
(0.57 Hz). The rapid response of the sensor allows it to detect
RH cycled between 15% and 40% at frequencies of 0.04, 0.07,
and 0.11 Hz (Figure S11). The sensor response in the

Figure 5. Application of the humidity sensor for noncontact sensing and in integrated systems. Noncontact detection of the finger for (a) proximity
sensing and control of (b) the elevator and (c) LED arrays. The integrated system of (d) the smart face mask for wireless breath monitoring and
telemedicine and (e) the smart diaper for monitoring the wetting process. (f) Replacement of the soaking process in the NaCl solution with a
handwriting process (i.e., writing NaCl solution with a fountain pen), and (g) testing of the sensor performance at 20−50% RH.
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frequency domain also correlates with the noncontact dwell
time of the finger on top of the sensor (Figure S12). The
almost unchanged sensor response before and after bending
allows its long-term use during daily activities with varying
mechanical deformations (Figure 4b).
Compared with breath, the human skin exhibits a smaller

change in humidity, but it can still be detected by the pencil-
on-paper humidity sensor even after applying lotion or exercise
(Figure S13). With a comprehensive evaluation of the skin
humidity changes on the forehead, nose, chin, and cheek
throughout varying activities of the day, the specific skin type
of the human subject can be analyzed. The subject with a
mixed, oily skin type shows higher skin humidity in the
morning after waking up, followed by a decrease immediately
after washing the face and slight fluctuation afterward.
Comparison of the humidity variation at different places
indicates a large change at the forehead and a small change at
the cheek, likely because of the inherently high/low humidity
on the forehead/cheek.40 The skin humidity levels at the chin
and nose also increase significantly after naps and showers
(Figure 4c). The skin humidity is nonuniform across the face,
with higher values in areas with less body fat (e.g., forehead,
nose, and chin) and lower values in areas with more body fat,
such as the cheeks.41 The results are consistent with the mixed,
oily skin type with high humidity in the T-shaped area (i.e.,
forehead and nose) and low humidity in the U-shaped area
(i.e., cheeks and chin).42,43 The sensor is also applicable to
other human subjects (Table S2) for monitoring humidity
changes during the day (Figure S14).
Sweating is the most important form of thermoregulation,

which helps maintain the normal physiological activities of the
body. Insensible sweating involves the evaporation of tissue
fluid water from the epidermal tissue interval through the skin
surface.44 After calibration of the linear relationship between
the sensor response and simulated sweat rate in vitro (Figure
S15), as in the literature reports,45 the hydration sensor with
high sensitivity is shown to detect both sensible and insensible
sweat. During low-intensity activities (e.g., lying down,
working, and walking slowly), the sweat rate (SR) is observed
to be lower than 150 g/m2/h (or RH < 55%) from
endogenous metabolic or stress processes. As the heat load
induced by yoga or exercise increases, the body starts to secrete
sensible sweat through sweat glands to the skin surface with a
SR larger than 200 g/m2/h (or RH > 55%). The transition
from insensible to sensible sweat comes from the fact that the
heat emitted by insensible sweat is not sufficient to regulate
body temperature and sensible sweat is needed to dissipate
heat.46 The measured sweat rate (or humidity) directly reflects
the change in the skin temperature (Figure 4d) because of the
role of insensible/sensible sweat in the body’s thermoreg-
ulation.
More importantly, the sensor can be applied in noncontact

mode to detect humidity/moisture change from a distance. As
the distance between the sensor and the finger decreases from
13 to 9 mm and then to 5 mm, the sensor exhibits an
exponentially increased response as in ref 47 for noncontact
proximity sensing (Figure 5a), which also effectively avoids the
spread of bacteria from the contact. With a noncontact elevator
control system consisting of a humidity sensor, a signal
processing and control module (Arduino), and an elevator
model (Figure 5b), the finger placed ∼5 mm above the sensor
allows the wireless control of the cart (Supplementary Video
1). The array of seven humidity sensors with high sensitivity

and fast response can also remotely control the ON and OFF
mode of seven LEDs in the array (Figure 5c) on the basis of
the circuit design provided in Figure S16. Through the use of a
small humidifier, the LED array can be controlled from a large
distance of 15 cm (Supplementary Video 2; for presentation
purposes, the music in the video is configured by post). After
combination of the sensor with a miniaturized printed circuit
board (PCB) on the mask (with the schematic shown in Figure
S17), the wireless respiratory monitoring system can wirelessly
monitor the breathing condition/patterns in real time on a
mobile phone application (Figure 5d, Supplementary Video 3).
The humidity sensor can withstand various bending
deformations to provide stable output signals (Figure S18).
The capability to detect the onset of various disease
conditions, such as respiratory arrest and shortness of breath,
provides opportunities in the smart internet of things and
telemedicine. The integration of four humidity sensors
between the polymer absorbent layer and the water-retaining
fiber layer with the data processing circuit in the diaper (Figure
S19) provides a smart diaper to detect incidents of urination
and wetted diapers for a timely change (Figure 5e,
Supplementary Video 4). The treatment in the NaCl solution
can also be achieved by filling the saturated NaCl into a
fountain pen and writing gently on the electrode surface to
result in a fully handwritten humidity sensor (Figure 5f). The
humidity sensor prepared by this completely handwritten
method exhibits the largest response (and slightly reduced
SNR) after writing four times because the RH increases from
20% to 50% (Figure 5g).
In summary, this work reports a highly sensitive pencil-on-

paper humidity sensor on the basis of hand-drawn graphite
electrodes on cellulose paper treated with a saturated NaCl
solution. The resulting humidity sensor exhibits high
sensitivity, rapid response, mechanical robustness, good
reproducibility, and long-term stability. Besides humidity
sensing, the sensor allows sensible/insensible sweat monitor-
ing, characterization of skin barrier functions, and noncontact
sensing/control. Further combined with wireless and powering
units, the integrated sensing system, as shown in the smart
diapers/face masks, opens up opportunities in the design and
application of next-generation devices for disease prevention
and care.

Materials. The printing paper was from Deli (China), and
the 8B pencil was from Mitsubishi (Japan). The sodium
chloride pellets (Sinopharm Chemical Reagent Co., Ltd.,
China), conductive silver paste, and copper foil with a
thickness of 0.05 mm were used as received.

Fabrication of the Pencil-on-Paper Humidity Sensor.
The silhouette of the interdigital electrode (13.5 × 9.9 mm2)
was first drawn by AutoCAD and then printed onto the A4
printing paper. After the silhouette was filled with an 8B pencil
at least 3 times, the sensor was completely immersed in the
saturated NaCl solution with 8 g of NaCl pellets dissolved in
20 mL of pure water. The electrode was soaked while facing
down for ca. 40 s and while facing up for another 20 s and then
dried in a drying machine at 80 °C for 20 min. After this
procedure was repeated for a given number of cycles, the
fabrication was completed by connecting both ends of
interdigital electrodes to a digital source meter (connected to
a computer) with copper wires and conductive silver paste.
Fabrication of the fully handwritten electrode was achieved by
filling a saturated NaCl solution into a fountain pen, writing
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gently on the electrode surface (8B pencil electrodes), and
then drying at 80 °C for 20 min.
Humidity Testing System. The testing of the humidity

sensors used the saturated salt solution method, which
included a saturated salt solution and a commercial
hygrometer in a testing chamber. The humidity sensor was
first placed inside the testing chamber with a specific relative
humidity generated by different saturated salt solutions (5.6%,
10%, 15%, 20%, and 30% RH by using LiBr; 40%, 50%, 60%,
and 65% RH by using NaCl; and 70%, 80%, and 90% RH by
using KCl) in their equilibrium states. The current readout of
the sensor was recorded with the I−V Software in real time
(frequency of 1 Hz and voltage of 1 V).
Characterization of the Humidity Sensor for Insen-

sible/Sensible Sweat Sensing. The evaporation of water
through the Whatman No. 1 filter paper provides the setup for
the simulated sweat, with the rate controlled by the water
volume at a given temperature (Figure S20). The relative
humidity was measured every 5 min and the weight change was
measured by a precision electronic scale every 10 min.48 The
water evaporation or simulated sweat rate (SR) was then
calculated from at least three measurements according to

[ ] = [ ]
[ ] × [ ]

SR g/(m /h) W g
A m T h

2
2 ,49 where W is the weight of

water loss, A is the area of the tube, and T is the time. With a
water volume in the range of 10 to 50 mL at a temperature
ranging from 25 to 95 °C, the sweat rate can be controlled to
be in a wide range from 7.09 to 660.42 g/(m2h). The
measured sweat rate was observed to depend linearly on the
relative humidity.47

Human Subject Testing. For the mouth breathing test, a
tissue was used to cover both nostrils, and the sensor was
placed about 8 mm in front of the slightly opened mouth. For
the nose breathing test, the mouth was closed, and the sensor
was placed about 8 mm below the nose. In the test to measure
the mechanical robustness, the sensor was bent 50 s after the
measurement of continuous breathing for about 100 s, and
then the breath testing was continued. The experiment to
characterize the facial skin conditions (or barrier functions)
over a day was carried out at an ambient temperature of 25 °C
and relative humidity of 45 ± 5%. The subjects were asked to
keep their skincare habits. The face of each subject was washed
with a commercially available cleansing product, then each
subject was placed in the environmental chamber at constant
temperature and humidity for 10 min to normalize the skin
condition. The skincare and measurement were carried out 10
min (or 20 min) after the application of commercially available
moisturizing products (or after bathing) with the humidity
sensor in a semienclosed chamber. The ambient temperature
and relative humidity level were kept constant at 25 ± 1 °C
and 45 ± 5%, respectively. Napping was performed for about
30 min, and the same food was consumed for all subjects. The
four sensors were placed around the diaper during the
simulated urination experiment, and the test device was placed
on the inside of the human arm during the experiment with
insensible sweat (Figure S21).
Wireless Respiratory Monitoring System. Integration

of the humidity sensor on the face mask with the Micro-
controller Unit (MCU, STM32F103C8T6, STMicroelec-
tronics), Bluetooth Low Energy (BLE, RF-BM-4044B4,
Xinchida), and a power supply (300 mAh micropolymer
lithium battery) yielded the wireless respiratory monitoring
system. For the operating voltage of 3.3 V, the operating

current of the MCU and BLE was 20 and 6 mA, respectively.
With negligible energy consumption in other components, the
operation time of the wireless system powered by the 300 mAh
micropolymer lithium battery can be estimated to be 11.54 h.
The BLE module in the wireless system has a maximum
communication distance of 150 m, a transmission rate of 16 k/
s, and a minimum transmission interval of 10 ms.
The four sensors were placed around the diaper during the

simulated urination experiment, and the test device was placed
on the inside of the human arm during the experiment with
insensible sweat.
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