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ABSTRACT Paper-based strain sensors have attracted attention as a cost-effective and environmentally
friendly approach to wearable electronic devices. This paper proposes a paper-based strain sensor cre-
ated solely using hand-painting, which is a simple, equipment-free process utilized in green electronics.
Commercial printing paper is coated with polydimethylsiloxane diluted with heptane, which provides
moisture resistance and mechanical robustness while increasing the hydrophobicity of the surface. The
electrodes and conduction channels are fabricated using a pencil for graphite deposition and a brush for
the deposition of tin-doped indium oxide nanoparticles, respectively. With a gauge factor of 41.98 in tensile
strain tests and 21.36 in compressive strain tests, our strain sensor exhibits a good sensitivity that is similar
to that of previously reported paper-based sensors. We also demonstrate that our proposed strain sensor can
be used as a weak motion detection device for humans and robots.

INDEX TERMS Paper, strain sensor, motion monitoring, hand-painting process, equipment-free procedure.

I. INTRODUCTION
In recent years, paper has been recognized as an eco-friendly
substrate that provides an inexpensive foundation for
the development of transistors [1]–[3], energy storage
devices [4]–[6], microfluidic-based biosensors [7], [8], and
sensors [9]–[14]. Paper is considered particularly promising
for wearable electronics due to its omnipresence, versa-
tility, flexibility, low cost, disposability, and mechanical
deformability [15]–[17]. Improvements in paper-handling
technology have accelerated the development of simple,
versatile paper-based wearable devices [15]. A number of
paper-based wearable electronic devices have thus been pro-
posed for use in physical monitoring [18]–[20], physiological
sensing [21], actuators [22], and energy storage [23].

Of themany proposed paper-basedwearable devices, strain
sensors have been widely studied for human motion monitor-
ing, which is an important element for fitness tracking and the
prediction of chronic diseases such as osteoporosis [15], [24],
[25]. The main operating principle for paper-based strain
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sensors is the change in the piezoresistance of a conductive
material deposited on a paper substrate [26], with mechanical
deformation, which is associatedwith the level of strain on the
paper substrate, modifying the conductive material network.
Various deposition techniques for the conductive material in
paper-based strain sensors have been developed, including
inkjet printing [27], solvothermal synthesis [28], vacuum fil-
tration [29], and metal evaporation [30]. Of particular interest
are pencil-on-paper methods [17], which are simple, inexpen-
sive, and eco-friendly, utilizing a pencil for the deposition of
conductive graphite onto the paper.

We here present an alternative approach for paper-based
strain sensors fabricated solely using a hand-painting pro-
cess. To provide moisture-resistant and mechanically robust
properties, the paper is coated with polydimethylsiloxane
(PDMS) diluted with heptane, which increases the paper’s
hydrophobic properties. The contact electrodes are fabricated
using a pencil for graphite deposition, while the conduction
channels are formed using a brush for the deposition of tin-
doped indium oxide nanoparticles (ITO NPs). Graphite and
ITO NPs are low-cost and have low cytotoxicity [31], [32].
The entire fabrication process is carried out under ambient
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FIGURE 1. Schematic diagram and surface properties of the proposed c-paper-based sensor. (a) Schematic illustration of the fabrication
process for the c-paper-based strain sensor. Scanning electron microscope (SEM) image of (b) bare paper and (c) c-paper. The insets of
(c) and (d) are the representative shapes of water droplets on the bare paper and c-paper substrates, respectively. (d) Sensing mechanism for
tensile and compressive strain.

FIGURE 2. Morphological and chemical properties of the proposed c-paper strain sensor. (a) Photographic image of a c-paper-based strain
sensor. (b) SEM image of a graphite electrode. (Inset) Magnified view of Fig. 2(b). (c) Raman spectrum of a graphite electrode. The three
prominent peaks at 1345, 1578, and 2712 cm−1 correspond to the D, G, and 2D bands, respectively. (d) SEM image of an ITO NP channel.
(e) Cross-sectional SEM image and EDS for an ITO NP channel on the c-paper. (f) XRD spectroscopy of an ITO NP channel. The (222), (400), (440),
and (622) planes confirm the crystal structure of the ITO.

conditions and does not require the use of specialized
equipment. Our strain sensor exhibits good sensitivity, with
a gauge factor of 41.98 in tensile strain testing and 21.36 in
compressive strain testing, which is comparable with other
sensors based on a paper substrate. We also demonstrate that
the fabricated strain sensor has the potential to be used in the
real-time monitoring of weak human motion and joint angles
in robotics.

II. EXPERIMENTAL SECTION
A. MATERIALS
ITO NPs less than 50 nm in diameter were purchased from
Sigma-Aldrich Chem. Co., USA. Commercial printing paper
was purchased from Double A, Co. Ltd. Polydimethyl-
siloxane (PDMS, Sylgard 184) was purchased from Dow
Corning. Heptane (for HPLC, 99%) was purchased from
Sigma-Aldrich.
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B. FABRICATION OF THE PAPER-BASED SENSOR
A schematic of the fabrication process for the proposed
paper-based sensor is presented in Fig. 1a. PDMS with
a 10:1 ratio of base to cross-linker by mass was diluted
with heptane. The diluted PDMS solution (30 wt%) was
drop-casted onto the commercial printing paper, and the
PDMS-coated paper (c-paper) was cured at room temperature
for 48 h. All painting processes were conducted using a
plastic mask placed on the c-paper substrate, which had pat-
terns of square electrodes (∼1 cm2) and a spacing of ∼3 cm
(Fig. S1, Supporting Information). Graphite electrodes were
drawn onto the c-paper using a 4B pencil, and a colloidal
solution of ITO NPs (10 wt% in ethanol) was deposited on
the c-paper using a commercial brush and dried at room
temperature. We selected a commercial brush wide enough to
cover thewidth of the patternwith one stroke. To form a stable
and dense ITO suspension, the ITO NPs were suspended
in 20 mL of ethanol with a concentration of 10 wt%, and
the ITO NP suspension was uniformly dispersed using bath
sonication for 3 h or more. The entire fabrication process was
carried out under ambient conditions and by hand.

C. CHARACTERIZATION AND MEASUREMENT
The morphology and chemical composition of the
paper-based sensor were characterized using scanning elec-
tron microscopy (SEM; Hitachi S-4300SE, Hitachi, Tokyo,
Japan), energy dispersive X-ray spectroscopy (EDS; Hitachi
S-4300SE, Hitachi, Tokyo, Japan), a high-resolution X-ray
diffractometer with Cu Kα radiation (HR-XRD, X’Pert PRO
MRD, Philips, Netherlands), and a Raman spectrometer
(HORIBA LabRAM Revolution). The contact angles were
characterized using a home-made contact angle measurement
system. The sheet resistance of the graphite electrodes and
the ITO NP channels were measured using a four-point probe
(CMT-SR2000N, AIT, USA).

For strain testing, the ends of the c-paper-based sensorwere
fixed onto the arms of digital callipers and the bending radius
was controlled according to the distance between the two
arms. A digital microscope (Celestron LLC, Torrance, CA)
connected to a laptop was used to monitor the bending of
the strain sensor, and the bending radius was calculated from
images captured from the microscope using the MATLAB
program (Mathworks Inc., Natick, MA; Fig. S4, Support-
ing Information). The change in electrical resistance of the
c-paper-based strain sensorwasmonitoredwith a sourcemeter
(Keithley 2400, Tektronix, USA) using two spring clips
attached to the ends of the sensor. The applied bias voltage
was fixed at 5 V for all experiments.

III. RESULTS AND DISCUSSION
Figure 1(a) presents a schematic illustration of the
fabrication process for the c-paper-based strain sensor.
The entire fabrication process was carried out using hand-
painting. The network of fibers on the surface of the bare
paper and the c-paper was confirmed using SEM images

FIGURE 3. Sheet resistance (black) and relative standard deviation (blue)
of (a) the graphite electrodes with the number of pencil strokes and (b)
the ITO NP channels with the number of brush strokes.

(Figs. 1b-c, respectively). The coated film was sufficiently
thin, which allowed the fibrous nature of the paper surface
to be maintained even after the drop-casting of the diluted
PDMS. This contrasts with the approximately 100-µm thick
film that formed with the use of a 100 wt% PDMS solution,
which leveled the surface and removed the fibrous nature
of the paper (Fig. S2, Supporting Information). The contact
angles for drops of water on the bare paper and c-paper were
106.2±3.8◦ and 121.9±4.4◦, respectively, as shown in the
insets of Figs. 1(b)-(c), indicating that the hydrophobicity of
the c-paper surface increased compared to that of the bare
paper (For more detailed information, see Fig. S3 in Support-
ing Information). The fabricated c-paper-based strain sensor
was fixed onto the arms of digital callipers and the change
in resistance was measured for tensile and compressive strain
(Fig. 1d).

Cellulose paper has the hygroscopic property of being
able to absorb water from the environment. When the rela-
tive humidity (RH) increases, the amount of water absorbed
on the surface of the cellulose fibers increases, resulting
in an increase of ionic conductivity of the paper [41]. The
hydrophobic surface modification of the cellulose fibers
by diluted PDMS can decrease the hygroscopicity of the
fibers, consequently affecting the ionic conductivity of the
paper. Thus, the ionic conductivity of the c-paper is lower
than that of the untreated paper in a humid environment.
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FIGURE 4. Sensing properties of the proposed c-paper strain sensor. The real-time sensor response at (a) a tensile strain from 0.24% to 0.92% and
(b) a compressive strain from -0.29% to -0.99%. The inset of (a) is the photographic image of the proposed sensor at a tensile strain of ε = 0.35% and
ε = 0.92%. The relative change in resistance versus strain under (c) tensile strain and (d) compressive strain. The gauge factor was derived by fitting
the curve to the equation, producing 41.98 for R2 = 0.82 for tensile strain, and 21.36 for R2 = 0.96 for compressive strain.

To demonstrate the modification of the hygroscopicity of
cellulose paper with hydrophobic treatment, we fabricated
a paper-based moisture sensor and monitored the sensor
responses in humid air (RH ∼70%). Figure S11 shows the
homemade gas sensor system consisting of a vaporizing gas
bottle, a carrier gas (dry air), a mass flow controller (MFC)
for each gas line, and a closed chamber. The closed chamber
contained a sensor mount and electrical leads. The paper-
based moisture sensor was placed on the sensor mount and
connected to a Keithley 2400 sourcemeter with a two-probe
configuration. The humid air was prepared by blowing dry
air (flow rate: 300 sccm) into deionized water in a vaporizing
gas bottle, and the RH was calculated using the flow ratio
of dry and humid air. The applied bias voltage was at 10 V.
LabVIEW software (National Instruments, USA) installed on
a laptop computer was used for the sensor measurements and
gas monitoring. The paper moisture sensors contained inter-
digitatedAu electrodes (thickness: 200 nm) fabricated using a
shadowmask, with a gap of 150µm between the neighboring
electrodes (Fig. S12a). Figure S12(b) shows the temporal

responses of the bare paper and c-paper moisture sensors for
humid air with an RH ∼70%. The current increased after
exposure to humid air due to the formation of ionic conduc-
tion channels along the fibrous network. The sensor response
of the c-paper moisture sensor was approximately 4.5 times
lower than that of the bare paper moisture sensor, indicating
that the amount of water absorbed on the c-paper surface was
significantly lower than that on the bare paper. Therefore,
the c-paper is capable of providing moisture-resistant
properties.
The morphological and chemical properties of the c-paper-

based strain sensor are displayed in Fig. 2. Figure 2(a)
displays a photographic image of a c-paper-based strain
sensor comprising square graphite electrodes and ITO NP
channels. An SEM image of the graphite deposited on the
c-paper using a pencil is presented in Fig. 2(b). The pen-
cil deposits a diverse range of graphite flakes (inset of
Fig. 2b), and the Raman spectrum of the graphite electrode
is characterized by a D band (∼1345 cm−1), a G band
(∼1578 cm−1), and a 2D band (∼2712 cm−1), as shown
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FIGURE 5. (a) The sensor response to cyclic loads (> 1000 cycles) for the proposed c-paper strain sensor with a tensile strain of 0.54%.
(b) and (c) are the sensor response for 1–10 cycles and 990–1000 cycles, respectively.

in Fig. 2(c). Figure 2(d) presents an SEM image of an ITO
NP channel. The painted ITO NPs exhibit a closely packed
assembly (inset of Fig. 2d). Figure 2(e) shows a cross-
sectional SEM image and energy dispersive X-ray spec-
troscopy of an ITONP channel on c-paper. From the observed
Si(K) signal originating from the PDMS, it can be seen that
the c-paper is entirely coated with PDMS. An In(L) signal
was observed on the surface of the c-paper. We also observed
XRD peaks due to the (222), (400), (440), and (622) planes,
which confirms the crystal structure of the ITO (Fig. 2f).

To ensure uniform electrodes and the ITO NP channels,
drawing on the c-paper was conducted with the help of a
plastic mask (Fig. S7). As shown in Fig. S7(b), the graphite
electrodes and the ITO NP channels had a well-defined shape
corresponding to the mask pattern. The number of times the
pencil was rubbed on the entire electrode region was named
as the number of pencil strokes. Figure 3 shows the varia-
tion in the sheet resistance for the graphite electrodes with
the number of pencil strokes and for the ITO NP channels
with the number of brush strokes. For the graphite electrode,
the pencil stroke direction with the number of pencil strokes
is shown in Fig. S6. The sheet resistance of the graphite

electrodes exponentially decreased with an increase in the
number of pencil strokes (Fig. 3a) due to the decrease in the
contact resistance between graphite particles in the percolat-
ing network [39]. The mean and relative standard deviation
(RSD) for 10 graphite electrodes with 5 pencil strokes were
0.73 k�/sq and 11.98 %, respectively, providing reliable
conductive paths [40]. Likewise, the sheet resistance of the
ITONP channels exponentially decreased with an increase of
the number of brush strokes (Fig. 3b). The mean and RSD for
14 ITO NP channels with 25 brush strokes were 41.13 k�/sq
and 7.52 %, respectively (For more detailed information, See
Table S1 in Supporting Information). Based on the above
results, we used the graphite electrode with 5 pencil strokes
and the ITO NPs channel with 25 brush strokes.

To investigate the uniformity of the ITO NP channels with
respect to the stroke direction, we assessed the variation in the
sheet resistance based on the stroke direction. Figure S8(a)
presents ITO NP channels with 5, 10, 20, and 25 brush
strokes. We divided the region of interest with respect to the
stroke direction: R1 for the starting region, R2 for the middle
region, and R3 for the end region according to the stroke
direction. The difference in the sheet resistance on stroke
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FIGURE 6. Monitoring of folding angles and human motion. (a) Photographic images of a c-paper strain sensor fixed in the fold of a book with
folding angles of 150◦, 70◦, and 30◦. (b) The change in the resistance of the sensor for decreasing folding angles of 150◦, 90◦, 70◦, and 30◦.
(c) Photographic images and (d) real-time variation in the relative resistance of the bending and stretching motion of the finger.

direction was below an acceptable level, with an RSD for the
ITONP channels with 5 and 25 strokes of 5.46 % and 7.52 %,
respectively (Fig. S8b). These results indicate that the ITONP
channels was uniformly coated on the c-paper using a brush
strokes regardless of the stroke direction.

The repeatability of the ITO NP channels was also
investigated. We fabricated 10 ITO NP channels with
25 brush strokes and measured the sheet resistance as shown
in Fig. S10. Themean and RSDwere 42.42 k�/sq and 9.23%,
respectively, which was below an acceptable level.

The strain-sensing performance of the proposed sensor was
tested using digital callipers to control the bending radius at a
strain range from−0.99% (compression) to 0.92% (tension).
Figure 4(a)-(b) presents the real-time response at a tensile
strain of between 0.24% and 0.92% and a compressive strain
of between −0.29% and −0.99%, respectively. The strain ε
was calculated from the bending radius extracted from the
captured images of the c-paper sensor using the equation ε =
T/2Rb, where T is the thickness of the c-paper substrate, and
Rb is the bending radius [33], [34]. For our proposed sensor,
for a substrate thickness of T = 111 µm, the change in the
bending radius Rb fell within the range of 6.0 to 23.1 mm
for tensile strain and within a range of 5.6 to 19.2 mm

for compressive strain. The resistance increased with tensile
strain due to the increase in the interparticle distance and the
reduction in electron tunneling. In contrast, for compressive
strain, the resistance decreased with an increase in strain.

To investigate the sensitivity of the strain sensor, the rela-
tive resistance change on the applied strains was derived by
the electron tunneling transport mechanism [34]. The resis-
tance of the conductive nanoparticle arrays were described
by quantum tunneling: R ∝ exp(βd), where d is the inter-
particle distance and β is the electron coupling term. When
the inter-particle distance changes from d to d+1d , the resis-
tance is changed as following:
1R ∝ exp(βd)

[
exp(β1d)− 1

]
. Therefore, the rela-

tive resistance change is described as following: 1R/R ∝
exp(β1d) − 1 = exp(g · ε) − 1. By fitting the curve
this equation, the gauge factor g was extracted. As shown
in Fig. 4(c)-(d), the extracted gauge factor was 41.98 with
R2
= 0.82 for tensile strain, and 21.36 with R2

= 0.96 for
compressive strain, respectively. The gauge factor is higher
for tensile strain than that for compressive strain, due to
exponential dependence of relative resistance variation [17].
This gauge factor is higher than that of chrome NP-based and
carbon paper-based strain gauges [16], [35].
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The main drawback of a thin ITO layer on a flexible
substrate under cycle bending is its brittle nature which can
lead to significant crack formation, slipping, and delami-
nation after many cycles of compressive and tensile strain
[36], [37]. For example, the sputtered ITO layer has a Young’s
modulus close to 115 GPa, representing a very brittle struc-
ture [38]. In contrast, the brittleness of the thin film composed
of ITO NPs is less than that of the sputtered ITO layer due
to its granular structure [38]. To investigate the brittle nature
of ITO NP-based films, their structural stability under cyclic
bending was tested. Figure S5 shows the formation of cracks
in the ITO NPs channel layer after 100 and 1000 cycles with
an applied strain of ε = 0.54%. After 100 cycles, minor
cracks originating from the defects and impurities on the
surface formed (Fig. S5a). However, these cracks did not
significantly propagate further after 1000 cycles (Fig. S5b).
This is presumably due to the relaxation of stress by early
crack formation and the inter-particle adhesive force from
van der Waals interactions [33].

To investigate the mechanical robustness and the
repeatability of the proposed c-paper sensor, we measured
its response to cyclic loads (>1000 cycles) for a tensile strain
of 0.54% as shown in Fig. 5. The sensor exhibited a stable
response over 1000 cycles with negligible hysteresis.

To study the properties of the c-paper-based strain sensor
in response to folding, the sensor was placed in the fold
of a book, and the relative resistance was monitored with
decreasing folding angles (Fig. 6a). Figure 6(b) presents
the real-time variation in resistance as the folding angle
decreased from 150◦ to 30◦. The sensor underwent compres-
sive strain as the folding angle decreased, and the sensor
resistance progressively decreased. When the sensor returned
to its original position, the sensor resistance returned to
its initial level. This indicates that the proposed sensor is
capable of acting as a foldable sensor for the continuous
monitoring of joint angles in robotics. We also investigated
the potential of the proposed c-paper-based strain sensor for
use in human motion monitoring. The sensor was attached
to a finger with Kapton tape as shown in Fig. 6(c). The
resistance changed with the bending and stretching of the
finger (Fig. 6d). This indicates that the proposed strain sensor
could be utilized for the monitoring of weak human motion
in wearable devices.

IV. CONCLUSION
We proposed and demonstrated a versatile alternative
approach to paper-based strain sensors that is fabricated
entirely by hand and which requires no special equipment.
Our strain sensor demonstrated good sensitivity, with a gauge
factor of 41.98 for tensile strain and 21.36 for compressive
strain. The c-paper-based sensor was also capable of folding
detection over a wide range of angles for the continuous
monitoring of joint angles in robotics. In addition, when
attached to a finger, our strain sensor successfully monitored
bending and stretching motions. We thus believe that the pro-
posed sensor and its fabricationmethod represent a promising

alternative approach for use in the weak motion monitoring
of humans and robots.
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