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Flexible and Highly Sensitive Strain Sensors Fabricated

by Pencil Drawn for Wearable Monitor

Xingin Liao, Qingliang Liao, Xiaogin Yan, Qijie Liang, Haonan Si, Minghua Li,

Hualin Wu, Shiyao Cao, and Yue Zhang*

Functional electrical devices have promising potentials in structural health
monitoring system, human-friendly wearable interactive system, smart
robotics, and even future multifunctional intelligent room. Here, a low-cost
fabrication strategy to efficiently construct highly sensitive graphite-based
strain sensors by pencil-trace drawn on flexible printing papers is reported.
The strain sensors can be operated at only two batteries voltage of 3 V, and
can be applied to variously monitoring microstructural changes and human
motions with fast response/relaxation times of 110 ms, a high gauge factor
(GF) of 536.6, and high stability >10 000 bending-unbending cycles. Through
investigation of service behaviors of the sensors, it is found that the micro-
cracks occur on the surface of the pencil-trace and have a major influence

on the functions of the strain sensors. These performances of the strain
sensor attain and even surpass the properties of recent strain sensing devices
with subtle design of materials and device architectures. The pen-on-paper

schemes, the flexible functional sen-
sors are competitive and attractive candi-
dates for promoting the advancement of
sensing system. Recently, for the achieve-
ment of sensing devices, the printing
technique has attracted widespread atten-
tion and been pursued to deposit various
materials, like carbon materials,[!*2324]
polymers,[2>2°l metals,l'>?’] and semicon-
ductors,?#2% because the process is low
energy consumption while maintaining
the unique properties of the materials.
By this way, the flexible devices can be
cheaper and easily produced.

Graphite, one of carbon allotropes, has
been increasing wide and keen interests
of researchers, due to a wonder material

(PoP) approach may further develop portable, environmentally friendly, and
economical lab-on-paper applications and offer a valuable method to fabricate

other multifunctional devices.

1. Introduction

Flexible and wearable sensing devices hold tremendous promise
for versatile applications,» which include but are not limited
to electronic skins,?! health monitoring devices,!*l flexible
displays,l'%12l microfluidic devices,!'® and energy harvesting
devices."*17] These devices can generate signals under certain
environment physical or chemical signals changes, and then
operate in a manner.'8-22 In general, they consist of numerous
circuits or intricate layered matrix arrays, and are manufactured
by complicated producing processes, which lead to an inten-
sive energy consumption and limit their wide applications. By
developing the highly efficient, scalable and low-cost fabrication
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of graphene.’3032 Pencil, a day-to-day
material, is a nanocomposite of graphite
and intercalated clay.>*=*’! Being layered
or pelleted, pencil lead can be exfoliated by
using a gentle force. The drawing process
can easily deposit graphite onto a rough
paper, which contains massive amounts of cellulose fibers
and offer a naturally porous structure.!33¢ Pencil-trace drawn
on printing papers is perhaps the simplest and easiest way of
constructing graphite-based devices. The pen-on-paper (PoP)
approach, a basic printing technique, offers a unique method
to fabricate flexible devices, such as strain sensors,*! biosen-
sors,!1%37] microfluidic chips,*® electronic devices,***! photo-
conductive sensors,?>#) and energy-storage devices.[33*42
Most of these devices have a response to force-induce changes
in capacitancel®3! and resistivity.?® The microcontact-reversible
sensing can effectively translate the microstructural deforma-
tions into electrical signals on active flexible substrates.[6:943:44]
As the potential to make flexible, lightweight, portable, bio-
compatible, economical, and environment-friendly products,
the PoP approach has an important role on the breakthroughs
toward flexible and wearable sensing devices.

Herein, we demonstrate that the application of PoP approach
can be expanded further to crucial flexible sensing devices.
We evaluated the repeatability of bending-unbending and
the robustness of the strain sensors applied by loading. The
strain sensors have a rapid respond to microdeformation
changes and can be used to monitor various structural change
and even human motion through facilitative and effective
installing designs. Typically, the microdeformation of <0.13%
strain can be detected. Compared with the recently reported
flexible sensing devices, the strain sensors behave significant
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advantages of simple and low-cost character as well as quick
and convenient fabrication. The strain sensors are wearable,
disposable and green products, and even can directly contact
with human skin. The PoP approach may be an excellent man-
ufacturing method to grab the attention of researchers, and can
be exploited to produce highly flexible, sensitive, and econom-
ical lab-on-paper devices.

2. Results and Discussion

Figure 1a describes the fabrication process of the graphite-
based device. The device was fabricated by a simple drawing
with a graphite pencil on Xerox paper. Figure 1b shows that the
device is mechanically robust yet bendable and wearable due to
the flexible nature of paper. We know that the printing paper
is composed of cellulose fibers and its surface is rough and
porous. Moreover, when drawing on the paper with a pencil,
the graphite of the pencil can be exfoliated and adhered on the
paper. Meanwhile, the surface of the paper can provide a signif-
icant penetrative area for large chunks of graphite (Figures 1c,
and S1, Supporting Information). The drawing of graphite-
pencil deposits a variety of graphite flakes, including multilayer
graphenes and small amounts of single-layer graphene with a
large portion of edge structures (Figure 1d,e).*) In addition,
the Raman spectrum of a pencil-trace shows the characteristic
peaks of graphite and the three prominent peaks at 1350, 1579,
and =2700 cm™!, which correspond to the D, G, and 2D band,
respectively (Figure 1f).34

For the accurate fabrication of the device, the ruler-guided
drawing on the paper was repeated 10 times in order to form a
uniform stripe of pencil-trace film. The variation of resistance
R of the pencil-trace film was relevant to the drawing times
(Figure S2a, Supporting Information).33 The current-voltage

(a)

2 um
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(I-V) characteristics of the device stated clearly that the pencil-
trace on paper could be used as a graphite resistor and it also
could be used as a variable resistor to control the brightness
of an light-emitting diode (LED) at two batteries voltage of
3V (Figures S2b,S3 and Video 1, Supporting Information).
Moreover, the resistance of the graphite resistor varied with
the width and length of the pencil-trace. The graphite resistors
with different size of the pencil-trace can adjust the bright-
ness of LED at 3 V (Figures S2¢,S4 and Video 2, Supporting
Information).

In addition to variable resistor, the pencil-trace can be
exploited as a strain sensor, as illustrated in Figure 2. The
sensing principle of the sensor is based on the microcontact-
reversible effect of graphite drawn on a paper.*’ As depicted
in Figure 2a, we draw a uniform graphite stripe, and two ends
of the rectangular silver (Ag) paste were used as contact elec-
trodes. The resistance of the pencil-trace depends on the con-
tact conditions between graphite-slices in the percolative film.
The distinct resistance-reversible behaviors of the strain sensors
are attributed to amount of contacting areas between graphite-
slices with each other. Under tension or compression condi-
tion, the strain of the sensor can be efficiently accommodated
by the sliding, separating, and rearranging of graphite-slices
on the paper but meanwhile a large number of graphite-slices
contacting areas are well maintained. By bending the outer sur-
face, the sensor is subjected to tensile stress, which induces an
expansion of the cellulose-fiber network on the paper. Subse-
quently, each graphite-slice was separated and plenty of cracks
occur inside pencil-trace film, which lead to increase the resist-
ance of the strain sensor (Figures 2b, 2d, and S5a, Supporting
Information). On the contrary, by bending the inner surface,
the sensor is subjected to compressive stress. The overlaps of
graphite-slices with some microcracks are created when the
cellulose-fiber network of the paper are stretched, which lead
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Figure 1. a) Schematic diagram of a pencil-trace drawn on a printing paper to fabricate device. b) Photograph showing the flexibility of the device.
—e) Field emission scanning electron microscopy (FESEM) images of the graphite-coated paper. Red arrows indicate the graphite flakes. f) Raman

spectrum of the pencil-trace.
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Figure 2. a—c) Schematic illustration of the sensing mechanism. d,e) FESEM images of the graphitic film under tension or compression. Red and white
arrows indicate the cracks and overlaps of the graphite-slices, respectively. f) Time response of the sensor applied tensile and compression strain by
bending to 30 mm. Inset shows the sensor response time of 110 ms. g) Resistance as functions of the chord length. The red line and blue line are
in accordance with the different bending direction [outward deflection (tension) or inward deflection (compression), respectively]. Inset is the optical
images of the sensors under different bending states. h) Electrical resistance changes under various strains. GF could be derived by linear fitting.

to decrease the resistance of the strain sensor (Figure 2c,e and
S5b, Supporting Information).

In order to evaluate the performance of the strain sensors
(width = 5 mm and length = 40 mm), the normalized resist-
ance change AR (=R - Ry)/R,, where R and R, were the resist-
ances at bending and relaxed state, respectively, was measured
in synchrony with the bending of the flexible paper substrate.
Figure 2f exhibits the response time of the strain sensor applied
by the tensile and compressive stress, respectively when the
bending chord length ¢ is about 30 mm. As shown in the inset
of Figure 2f, the strain sensor exhibits immediate response time
of =110 ms under tension and compression condition, which
is slower than the response time (17 ms) of gold nanowires
devices,® and favorably comparable with recent values of other
nanocomposite sensors (90-200 ms),?*%”*3] and faster than the
time of the previously reported (300-3800 ms).**81 Further-
more, the response time of the strain sensor is so sufficient to
be used to structural health monitoring systems, wearable sen-
sors and robotic applications.

To investigate the mechanical flexibility of the strain sensor,
we take the average R values measured by five tests as a func-
tion of chord length of the bending strain sensor (Figure 2g).
The output resistance of the strain sensor was modulated by
seven values of the chord length: 40 — 35 — 30 — 25 — 20 —
15 — 10 mm, and the resistance of the strain sensor depends
on the different bending direction. The resistance increases
or decreases when the bending direction is outward (ten-
sion) or inward (compression), respectively. The behavior of
the strain sensor can directly detect the direction of bending.
We know that chord length ¢ has a relationship with curva-
ture radius r as: ¢ = 2r*sin(l/2r), where | is the arc length of
the sensor under bending state. On the contrary, the strain €
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of the sensor can be expressed as: € = th/2r, where h is the
thickness (=100 pm) of the sensor (see Figure S6, Supporting
Information). Thus, the relationship between the resistivity
and strain for the strain sensor can be derived from Figure 2g.
As displayed in Figure 2h, the strain sensor is very sensitive
under both tensile and compressive strain. Moreover, the gauge
factor GF = (AR/Ry)/A¢ is higher under tensile strain than the
value under compressive strain, due to the exponential depend-
ence of relative resistance variation.*”! Some small cracks on
the pencil-trace film may weaken the sensitivity of the strain
sensor under compressive strain (Figure 2e). For the relatively
small strain (between —0.22% and 0.22% strain), the GF (=60.6)
of the strain sensor is lower. The result is due to the sliding
of graphite-slices, the microseparating and microrearranging of
contacting areas between graphite-slices (Figure S5, Supporting
Information). In the range from -0.62% to —0.32% and from
0.32% to 0.62% strain, respectively the GFs are from 150.5 to
536.6. These higher GFs are attributed to the generated larger
cracks or overlaps of contacting areas between graphite-slices
(Figure 2d,e). The maximum magnitude of GF is about 536.6,
which indicates the strain sensors are indeed much more sen-
sitive. Generally, the GF values of the conventional metal foil
strain sensors and semiconductor ones are about 2 and 50,
respectively. Though the GF value is lower than that of carbon
nanotube sensor (600-1000),5 it is obvious higher than that of
the recent other sensors (4.4-116).109142427,51]

Then, to examine the mechanical robustness and the reli-
ability of the strain sensors, we subjected them to multibending
cycles under both tensile and compressive modes, and obtained
the normalized resistance change (Figure 3). As presented
in Figure 3ab, the strain sensors were bended and released
repeatedly under +0.22% and +0.32% strain. A stable response
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Figure 3. a,b) The normalized resistance change subjected multibending under both tensile (0.22% and 0.32% strain) and compressive (-0.22% and
-0.32% stain) modes at cycle strain. Mechanical reliability of the normalized resistance change after c) tensile and d) compressive bending cycles at
10.32% strain. Insets of (c) and (d) are the sensors response under £0.32% strain condition after 10 000 bending cycles.

of the strain sensors were observed with a small passive upward
drift of the resistance at rest state under each cycle regardless
of tension or compression state, due to the cracks generated in
the smooth pencil-trace film. We also performed multiple cycle
tests (=10 000 cycles) of the strain sensors repeatedly applied by
=~0.32% strain and relaxed, following by measuring the resist-
ance values of the strain sensors under the relaxed state. As
shown in Figure 3c,d, the resistance values of the strain sensors
irreversibly ranged from 1.18% to 10.33% for tension, and from
1.05% to 9.72% for compression, both caused by increasing
microcracks under relaxed state. After such cycle tests, we fur-
ther examined the responses of the strain sensors. The strain
sensors also can respond stably, as illustrated in insets of
Figure 3c,d. These results present that the strain sensors fea-
ture well tenability and mechanical flexibility.

Next, we explored the sensitivity of the strain sensor, which
can be used to monitor the microstrain structural variation
(Figure 4). We stuck the sensor to a flexible structure surface in
order to detect the tensile and compressive strain deformation
(+0.13%), as exhibited in Figure 4a—c. The change in resistance
was expressed as normalized values against strain (Figure 4d,e).
Remarkably, the two response curves are characteristic for the
two kinds of mechanical deformation on the same strain sensor

wileyonlinelibrary.com
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(Video 3,4, Supporting Information). High signal-to-noise
ratios of the strain sensor were measured, which demonstrated
the pencil-trace sensor had higher sensitivity. These results
indicate that the strain sensors have the potential application
for structural health monitoring systems, such as monitoring
the state of buildings, bridges, and other critical infrastructures
under severe natural disasters in real time.

We also examined the pencil-trace sensor as a folding-type
sensing device, which is fixed in the folding line of a book
(Figure 5). In detail, the electromechanical properties of the
sensor were investigated by measuring the resistance at the
different angles 6 (Figure 5a,b). We checked the resistance
variation of the folding-type sensor by opening the book at
20°, 45°, 70°, 90°, and 130° step by step (each step was held
for several seconds) and then closing gradually from 130°
to 90°, 70°, 45°, and 20°. The relative change in resistance
increased with opening book from 20° to 130° (tensile strain)
and decreased with closing book from 130° to 20° (compres-
sive strain), as presented in Figure 5c¢ and Video 5 (Supporting
Information). Notably, the folding-type sensor responded rap-
idly at each turning angle and the resistance remained identical
under the same angle. Similarly, this folding-type sensor allows
us to measure the changes of robotic joints angles instead of

Adv. Funct. Mater. 2015, 25, 2395-2401
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Figure 4. a—c) Photographs of a sensor fixed to a flexible surface in order to detect microstrain structural variation. d,e) Relative changes in resistance
for the tensile and compressive strain (£0.13%). Inset to the monitoring models of d) tension and e) compression.
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Figure 5. a,b) Photographs of a folding-type sensor fixed in the folds of a book. Inset to (b) close-up of the strain sensor. c) The resistance variation
of the sensor under closing (red area) and opening (blue area) the book states.
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Figure 6. a,b) Photographs of a wearable sensor attached onto a forefinger for monitoring human-motion. The red dotted line circles show the defor-
mation areas of the sensor under bending and stretching states of the finger. c) Relative resistance changes during the finger bending tests.

encoders. In essence, the results indicate that the strain sen-
sors have attractive perspective applications for robotics and
the opening/closing states of the doors for the multifunctional
intelligent room system.

We further investigated the behaviors of the flexible strain
sensor for human-motion detection, which have an extensive
attraction for the smart robots and wearable electronic devices
(Figure 6). As fingers undertook many sophisticated human
actions, we attached the strain sensor onto a forefinger for the
potential application in wearable electronics, as displayed in
Figure 6a,b, and Video 6 (Supporting Information). For each
bending-stretching motion of the finger, the strain sensor
responded rapidly and repeatedly. The results were primarily
due to a part (as inside the red dotted line circles in Figure 6a,b)
of the strain sensor under a relaxed or compressive state
without regarding to the trembling of the finger. The results
indicate that the strain sensors are able to monitor different
parts of the human body motions and are suitable to wearable
devices and human-machine interfacing applications.

3. Conclusion

In summary, we report a simple and convenient method for
the fabrication of flexible, robust, portable, environment-
friendly and economical (<$0.1/sensor) variable resistors and
strain sensors based on graphite and printing papers. The
prototype devices can be fabricated rapidly (<5 min for full
assembly) with minimal equipment, and provide an attractive
option according to somebody’s need. Notably, the strain sen-
sors feature an impressively high GFs of =150.5 (compressive
strain <—0.32%), =60.7 (between —0.22% and 0.22% strain) and
=536.6 (tensile strain >0.32%) in the strain range from -0.62%
to 0.62% under compressive and tensile bending conditions,
which are fairly comparable to or superior to recent studies
of other sensors. The different GFs of the strain sensors are
attributed to the sliding of graphite-slices and the separating or
rearranging between graphite-slices of the pencil-trace on the

© 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

paper. Through researching the service behaviors of the sen-
sors by multiple bending cycle tests (>10 000 cycles), the strain
sensors allow a simple sensing platform for the high repeat-
able output signals at +0.32% strain within relative resistance
variability of 10.33%. Interestingly, the sensors are able to
monitor the microstrain (<0.13%) structural variation, book-
folding (similarly, the changes of robotic joints angles and the
opening/closing states of the doors for multifunctional intel-
ligent room system), and human motion with fast response
time of <110 ms. We believe that the designs and operational
principles of the devices present a feasible, facilitative, and
robust technology platform for the wide applications of various
multifunctional electric devices with optimal performances.

4. Experimental Section

Preparation of the Strain Sensor: Graphite-pencil (2B) drawing with
ruler-guided in orthogonal direction was repeated 10 times to form a
stripe of uniform coating film on a Xerox paper. The pencil-trace is 5 mm
width and 40 mm length. Then two ends of the rectangular silver (Ag)
paste were used as contact electrodes to lead to the conductive line.

Characterization: Field emission scanning electron microscope
(FESEM, SUPRAS55) was employed to observe the morphology of
synthesized materials. The Raman spectrum was obtained by utilizing
confocal Raman spectroscopy (JY-HR800) with an Ar laser source
at room temperature. The electromechanical properties of the strain
sensors were measured with semiconductor characterization system
(Keithley 4200).

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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