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techniques. Their piezoresistive properties were investigated under a tensile strain up to
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7.1%. We demonstrated this sensor on a transparent glove and measured magnitudes
and directions of the principal strains on the glove induced by the motion of fingers.
Ó 2012 Elsevier Ltd. All rights reserved.

1.

Introduction

Over the past decades, strain sensors have been of great interest among researchers. Strain sensors are required to detect
deformations or structural change occurring in our surrounding infrastructures as well as the internal activities in human
bodies. To fabricate an efficient strain sensor, researchers are
in search of a material that can exhibit large structural
change in response to a small applied strain [1–4].
Graphene is another class of carbon based material. It has
a two-dimensional (2D) network of SP2 hybridized carbon
atoms packed into a hexagonal structure, and recently, it
has become a potential candidate for strain sensor because
of its good mechanical properties [5]. Enormous efforts have
been devoted to exploration of its many applications in the
field of science and engineering [6–10]. However, very few
investigations have been carried out to explore the applications of graphene for testing the devices subjected to strain/
stress and pressure effects even though it has various advantages over carbon nanotubes such as easy pattern formation,
and optical transparency [11–20]. Lee et al. [11] reported the
piezo-resistance response of graphene and the graphene
based strain sensor with a gauge factor of 6.1. Fu et al. [12]
also demonstrated a monolayer graphene based strain sensor

with high sensitivity. Furthermore, Wang et al. [14] showed
that graphene can be used under high strain over 30% using
fully reversible structural geometry. Recently, the incorporation of flexibility and transparency with the devices has
become a great challenge for researchers attempting to develop human-interface electronics [21]. In this context, the
excellent stretchability and good transparency of graphene
provide a way to realize a new class of human-interface devices for real-life applications. Therefore, a detailed investigation and experimental demonstration of graphene-based
strain sensors are quite important for the exploration of
future applications in human-interface technology.
In this article, we demonstrate a graphene-based strain
sensor with the capability to monitor the motion of body
parts. The strain sensor was fabricated on very thin, flexible
plastic or stretchable rubber substrates, using a traditional
micro-fabrication process. In general, a single strain gauge
can measure strain in only one direction, which, as a result,
is of limited practical use, unless the predominant strain
direction is known and constant, and the gauges are aligned
along it. In order to detect the changes in strain direction
during various activities of the human body, we also demonstrated rosette gauges based on graphene installed on a hand
glove, and simultaneously measured the magnitude and
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direction of the principal strains during bending motion of a
finger.

2.

Experimental details

Fig. 1a shows the schematic representation of key fabrication
steps for the flexible and transparent graphene-based strain
sensors employed in this study. The 300 nm Ni catalyst layer
was deposited on SiO2/Si using electron-beam evaporator,
where the SiO2 was formed by dry oxidation method. Then,
we used chemical vapor deposition (CVD) method to grow
the graphene on Ni catalyst layers described elsewhere [22].
The conventional optical photolithography was used to pattern the graphene films and followed by the reactive ion etching (RIE) with a power of 100 W and O2 etching gas of 20 SCCM
to get graphene films of the desired shape and dimension.
After that, we attached a polydimethylsiloxane (PDMS) film
of 2 mm thickness to the patterned graphene on Ni/SiO2/Si
substrate. The patterned graphene was then transferred on
the PDMS film by etching Ni/SiO2 layer and subjected to a
uniaxial tensile test. We also fabricated the two types of
graphene strain sensors in a form of rosette by arranging
three identical strain sensors in an equilateral triangle with
120° angles. The two types of graphene strain sensors were
of identical shape and dimensions, but the thicknesses of
their target PDMS substrates were different with each other
since it was necessary to investigate the functionalities of
the graphene strain sensors depending on the substrate
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thickness in the experimental demonstration. For one type
of graphene strain sensor, we attached the thick PDMS film
(2 mm) to the patterned graphene. For another we spin coated
(4000 rpm, 50 s) a PDMS solution over a Si wafer and heated
the PDMS/Si up to 70 °C to cure it. After that, it was attached
to the rosette graphene sensor on Ni/SiO2/Si substrate. The
thickness of the spin-coated PDMS thin film was measured
to be 500 lm. Other processing steps, such as detaching the
Si substrate and washing, followed the same methods and sequences as those for single strain sensors. Fig. 1b shows a
photograph of the proposed graphene-based strain sensor.
This strain sensor can be attached to any target substrate
using epoxy. To demonstrate the glove equipped with strain
sensor, we attached it to the glove using epoxy. In this experiment, the rosette gauge of graphene fabricated on a thinner
PDMS substrate was transferred to a wearable hand glove
for experimental demonstration of the detection of strain
induced by motion of a finger while the other rosette
gauge strain sensor fabricated on the thick PDMS was subjected to a stretching measurement using a motorized tensile
machine.
To measure the electrical properties of the strain sensor,
the graphene based strain sensors were first put on the step
motor to apply strain to the sensors. The strain sensors were
stretched and simultaneously measured using a source-meter. Gold wire was used to connect the strain sensor to a
terminal. Lab-view software was used to control the process
of data acquisition from strain sensors, and the complete

Fig. 1 – (a) Schematic representation of various steps in fabrication process. (b) Photograph of transparent graphene strain
sensor. (c) Transmittance spectrum and inset shows the Raman spectrum of graphene film.
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measurement was carried out at ambient conditions. When
we dealt with the rosette type strain sensor, we measured
the voltage signals of the three strain sensors simultaneously.
The same motion controller used in previous stretching was
utilized to make strain.

3.

Results and discussion

The graphene-based strain sensor fabricated in this study
shows good transparency (75–80%), as indicated by the transmission spectra shown in Fig. 1c. Since the individual graphene layer is supposed to reduce its transparency by 2.3%, the
number of layers grown in the present study can be approximated as 10 layers [23,24]. The inset of Fig. 1c shows the Raman spectra of as-grown graphene films. The observed
strong peaks of the G and 2D bands at 1580 cm1 and
2670 cm1, respectively, clearly revealed the successful synthesis of graphene films. The sheet resistance of graphene
films was measured by the van der Pauw method with four
probes, which was estimated to be 500 X/sq in average.

3.1.

Piezoresistive effect

Piezoresistive properties of the graphene strain sensors
mounted on the PDMS thin film were investigated using a
motorized tensile machine which was able to apply uniaxial
tensile strain to a thin film material. Since the van der Waals
force between graphene and PDMS provides a strong adhesion between them, graphene experiences the same strain level as the PDMS film. Fig. 2a shows a photograph of the
measuring system used to investigate the piezoresistive properties of the graphene strain sensor under tensile strain. To
remove the effect of wrinkles or ripples that can occur during
the graphene synthesis and transfer processes, we define the
point that graphene film is flat as an initial point. For the
measurement of piezoresistive properties, the PDMS thin film
with the graphene strain sensor was first machined in a form
of strip with a length of 30.05 mm and a width of 50 lm on
assumption that the all strip is straightened in a line. Then,
both ends of the strip were fixed on sample holders with careful alignment between the tensile direction and the length
direction of the strip, as shown in Fig. 2a. Afterwards, the
graphene strain sensor on the PDMS film was stretched by

the tensile machine step by step in a very small increment
(0.015%). Meanwhile, continuous voltage was applied
through the graphene strain sensor to measure the change
of electrical resistance during the tensile deformation of the
sensor. In the unstrained position, the distance between
two fixed points was measured as 21.95 mm (0%), and, for
maximum strain (7.1%), it was measured as 23.48 mm. During
the test, we continuously measured the electrical resistance
as a function of the applied strain up to about 7.1%. As shown
in Fig. 2b, the variation in normalized resistance increased
continuously as the strain increases before the fracture of
the graphene strain sensor. We found the existence of two
different regions: (i) a nearly linear relationship between the
resistance change and the strain when the applied strain is
lower than 1.8%, and (ii) a nonlinear relationship when the
strain is in the range between 1.8% and 7.1%. When the
applied strain is larger than 7.1%, the strain sensor shows
the abrupt increase in the resistance, which means that the
device does not respond above this strain value due to
mechanical fracture. In the first region lower than 1.8%, the
gauge factor is about 2.4, which is comparable to that of the
conventional metallic strain gauge. In contrast, in the second
region, the gauge factor of the strain sensor over 1.8% ranges
from 4 to 14.
We need to speculate the cause of these different phenomena. In the first region of low strain value, the change in the
resistance of graphene with zero band gap could possibly increase because of the change in the carbon-carbon bond
length during stretching, which exhibits the similar mechanism with conventional metallic materials. In this case, the
gauge factor shows about 2.4. In contrast, in the second
region of high strain value, the gauge factor shows higher value than one in the first region. When we consider various
possible factors that affect the change of resistance such as
effective mass, doping concentration, temperature, crystal
imperfection and crystallographic axes, the imperfection of
the material could be a strong candidate for explaining why
the gauge factor becomes higher in the second region [25].
This phenomenon is also supported by the imperfect recovery
of the electric current after 7% stretching as shown in Fig. 3b
while the current perfectly recovers under 2% during a
loading/unloading cycle as shown in Fig. 3a. That is, we swept
voltage from 0 V to 0.05 V in both cases, under 2% strain and

Fig. 2 – (a) Photograph of graphene strain sensor fixed in motion controller under stretching test. Inset shows the initial
distance (0%) and final distance (7.1%) between two fixed points. (b) variation of resistance with respect to stretching up to
7.1% for graphene strain sensor.
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Fig. 3 – (a) Current–voltage (I–V) characteristics of graphene strain sensor under stretching up to 2% (black and red lines
indicate stretching and recovery respectively). (b) I–V characteristics of graphene strain sensor under stretching up to 7%
(black and red lines indicate stretching and recovery, respectively). (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)

7% strain. The current level perfectly recovered only for
the case of 2%. This means that this graphene films on PDMS
is useful as a strain sensor under strain of 2% in this particular case.

principal strains ex and ey with the corresponding rotation angles h, h + 60°, and h + 120°, using the following strain transformation equations:
ex þ ey ex  ey
þ
cos 2h
2
2
ex þ ey ex  ey
þ
cos 2ðh þ 60Þ
eb ¼
2
2
ex þ ey ex  ey
þ
cos 2ðh þ 120Þ
ec ¼
2
2
ea ¼

3.2.

Rosette type strain sensor

A single strain sensor based on graphene has a merit of transparency, but is just capable of detecting the strain or deformation in a single direction that is pre-defined by attaching the
strain sensor on a substrate. It limits the uses of the transparent strain sensors in real-life applications, such as biomedical
applications where we need to make a conformal contact
with the human body and need to monitor the complicated
motions or deformations of body parts in addition to the optical observation through the strain sensor. For characterization of the complicated deformation state on a surface, it is
necessary to measure three different components of strain
tensor, ex, ey and cxy with respect to a given coordinate system.
Therefore, to further explore the possible application of
graphene-based strain sensors in real life, we arranged the
three identical strain sensors in a form of rosette, oriented
at 120° to each other in the equilateral triangular configuration. This kind of arrangement of three equally spaced identical coplanar strain sensors making a fixed angle of 60° with
each other is called by the planar 60-delta rosette gauge
system (Fig. 4a). The strain sensors in the rosette gauge
arrangement are named as a, b, and c, and their corresponding strain values can be denoted as ea, eb, and ec. Using the predefined directions and the measured strain magnitudes of
three strain gauges, it is possible to determine the full state
of strain on a surface (three independent strain components)
at the gauge location. This can be illustrated using the ‘‘strain
transformation method,’’ known as Mohr’s circle, which can
be represented graphically for a surface state of strain as
shown in Fig. 4b [26]. The normal strain at any angle h from
the major principal axis can be expressed as:
eh ¼

ex þ ey ex  ey
þ
cos 2h
2
2

ð1Þ

When the principal strains are oriented at an angle h with
respect to the rosette gauge a-axis, then the strain in each
rosette gauge, ea, eb, and ec, can be represented in terms of

ð2aÞ
ð2bÞ
ð2cÞ

The right-hand side variables in Eq. (2) are unknown;
whereas, the strains in each rosette gauge, ea, eb, and ec, can
be experimentally measured directly from the rosette gauge
arrangement. Therefore, the unknown variables, principal
strains ex and ey, and their orientation h can be expressed in
terms of known quantities ea, eb, and ec as follows:
ex;y ¼

pﬃﬃﬃ qﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
ea þ eb þ ec
2
ðea  eb Þ2 þ ðeb  ec Þ2 þ ðec  eb Þ2

3
3

1
h ¼ tan1
2

!
pﬃﬃﬃ
3ðeb  ec Þ
2ea  eb  ec

ð3Þ

ð4Þ

The ‘±’ alternatives in Eq. (3) yield the algebraically maximum (ex) and minimum (ey) principal strain, respectively, in
Mohr’s circle.
The strain sensing properties of the fabricated rosette
gauge under stretching were investigated by the same measurement system as that described earlier in Fig. 2a, except
that the resistance change of all three strain sensors was
measured simultaneously. Fig. 4c shows the simultaneous
measurement of normalized resistance as a function of applied strain up to 1.5% for all the three gauges in the rosette
arrangement. Stretching was carried out along a-axis, such
that the ‘a’ gauge and the other two gauges, ‘b’ and ‘c’, are
positioned at the same distance and are oriented at the same
angle with respect to the ‘a’ gauge. The resistances measured
from the three gauges increase continuously as the increase
of the strain, and the change in the normalized resistance
from the ‘a’ gauge is much larger than that from the ‘b’ and
‘c’ gauges. The behavior of resistance change as a function
of strain up to 1.5% for all these three gauges (‘a’, ‘b’, and ‘c’)
in rosette arrangement matches well with that of our single
graphene-based strain sensor, which is discussed in Fig. 2b.
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Fig. 4 – (a) Schematic representation of graphene strain sensor in Rosette manner indicating the direction of principle axis. (b)
Mohr’s circle diagram used in strain analysis. (c) Variation of normalized resistance with respect to stretching up to 1.5%
(inset shows for low strain values 0.08%) and (d) cyclic test for graphene based Rosette strain gauge; the red, the green, and
blue indicate the data of the gauge a, the gauge b, and gauge c, respectively. (For interpretation of the references to color in
this figure legend, the reader is referred to the web version of this article.)

This indicates that each graphene strain sensor in a rosette
gauge does not degrade with respect to applied strain for
the strain value less than 1.5%. Strain values ea, eb, and ec corresponding to three strain sensors, ‘a’, ‘b’, and ‘c’, from the
resistance-change data are calculated as 1.5%, 0.052%, and
0.048%, when the external strain of about 1.5% is applied to
the sample by the motorized tensile machine. As we already
discussed, when we know the values of three independent
strains from three gauges arranged in the rosette, the principal strains and their orientation with respect to the rosette
axis can be estimated. Principal strains ex and ey and their angle of orientation are calculated by inserting the three strain
values of the three gauges to Eqs. (3) and (4), and are found
to be 1.5%, 0.42%, and 0.1°. The calculated value 1.5% of
the maximum principal strain (ex) matches with the externally applied strain value by the tensile machine, and this
indicates the good accuracy and sensing capability of the proposed graphene-based transparent rosette gauge. In addition,
when considering that the Poisson’s ratio of the PDMS is 0.3–
0.4, the calculated value for ey is also reasonable [27]. The stability of the fabricated rosette gauge was tested by performing
loading and unloading tests several times. Fig. 4d shows the
simultaneous cyclic measurement of three identical strain
sensors, ‘a’, ‘b’, and ‘c’, arranged in the rosette manner. The
change in normalized resistance characteristics repeated perfectly several times as the gradual increase and subsequent
decrease of the applied strain, and this verified that the fabricated graphene rosette gauge showed a very stable capability
of sensing strain under the repeated measurements.

3.3.

Glove sensor

For further realization of the potential utilization of the proposed graphene rosette gauge for wearable electronics, we
fabricated three identical strain sensors in a rosette manner
on a wearable and stretchable glove in such a way that when
wearing the glove, the rosette gauge was located on the back
side of the finger joint as shown in the inset of Fig. 5a. Here,
we used epoxy (<1 lm) as an adhesive to make the rubber
glove and strain sensor tightly bonded to each other. This
demonstration reveals the sensitivity of the rosette gauge
against the finger motion: as we start to bend the finger, the
strain created by the bending motion of the finger is adopted
by the first glove layer and then, propagated to the rosette
gauge. The rosette gauge immediately responded to the bending of the finger, and its signal amplitude depends on the value of the strain created by the finger bending: as more the
finger bends, more the signal amplitude increases. When
the finger bends, the signal appears and when we straighten
it, the signal disappears, as is shown in Fig. 5a for continuous
bending and straightening of the finger. The strain value created by bending the finger is approximated as 1.3%, 1.2%, 1.4%
and 1.6% respectively, based on the change in resistance and
the strain sensor recovered perfectly after straightening the
finger. Here, we aligned the strain sensor in the direction of
strain. Therefore, the measured strain can be regarded as
principal strain on the surface. Moreover, the strain sensors
perform perfectly after much repeated bending and straightening of the finger, thus showing good durability. In addition
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Fig. 5 – (a) Repeatedly increase and decrease in normalized resistance of graphene strain sensor mounted on finger of
wearable glove (inset) with respect to monitoring the finger motion up and down. (b) Variation in normalized resistance with
respect to time during stretching of graphene based Rosette gauge mounted on wearable glove (inset); the red, the green, and
blue indicate the data of the gauge a, the gauge b, and gauge c, respectively. (For interpretation of the references to color in
this figure legend, the reader is referred to the web version of this article.)

to the bending test, a stretching test was also carried out to
estimate the principal strains and their orientations. To demonstrate the stretching test, we mounted the rosette gauge on
a wearable glove and slowly and gently stretched the thin
material of the glove by hand, as shown in the inset of
Fig. 5b, and measured the resistance change under stretching.
Fig. 5b shows the simultaneous resistance change measurement of three strain sensors mounted on a wearable glove
in a rosette manner. Under such non-coplanar stretching,
the amount of strain adopted by three independent sensors
is quite different. We determined the strain values ea, eb, and
ec, corresponding to three strain sensors, ‘a’, ‘b’, and ‘c’, from
their resistance-change data and the gauge factor of graphene, and the strain values were 0.52%, 0.74%, and 0.22%,
respectively. After substituting the strain values of ea, eb, and
ec in Eqs. (3) and (4), the principal strains ex and ey and their
orientation were calculated as 0.92%, 0.24%, and 36.2°,
respectively. Thus, graphene based strain sensor assembled
with glove exhibits the capability to defect simultaneously
both force and direction of external strain.

4.

Summary

We fabricated a transparent and stretchable strain sensor
based on CVD-grown graphene and investigated its piezoresistive properties under stretching. Results show that a nonmonotonic resistance change against tensile strain up to
7.1%. This non-linear behavior of the proposed graphene
strain sensor is attributed to the creation of defects, disorders,
and micro-cracks. We also successfully demonstrated the
transparent rosette gauge on a stretchable and wearable hand
glove to overcome the limits of single strain sensors and for
simultaneous detection of the magnitude and direction of
the principal strains during bending motion of a finger.
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