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ABSTRACT: The development of input device technology in a
conformal and stretchable format is important for the advance-
ment of various wearable electronics. Herein, we report a
capacitive touch sensor with good sensing capabilities in both
contact and noncontact modes, enabled by the use of graphene
and a thin device geometry. This device can be integrated with
highly deformable areas of the human body, such as the forearms
and palms. This touch sensor detects multiple touch signals in
acute recordings and recognizes the distance and shape of the
approaching objects before direct contact is made. This
technology offers a convenient and immersive human−machine
interface and additional potential utility as a multifunctional
sensor for emerging wearable electronics and robotics.

KEYWORDS: graphene, wearable electronics, stretchable electronics, touch sensor, transparent electrode

Devices with unusual formats, such as wearable
electronics and bendable displays, have advanced
rapidly in recent years and serve various functions.1−6

These devices require wearable or stretchable touch sensors to
offer users a convenient input system. The development of
flexible, transparent electrode materials is essential for
producing touch sensors for wearable or stretchable devices
because indium tin oxide (ITO), which is generally used for flat
devices, is fragile and rigid7,8 and poses a challenge for
researchers. To address this issue, various transparent electrode
materials have been explored for use in wearable touch
sensors.9−14

Graphene is a promising material for this purpose because it
offers numerous benefits, such as mechanical flexibility and
optical transmittance.15−20 There have been several demon-
strations of graphene-based touch sensors that show great
potential for flexible electronics.21,22 Flexible, resistive-type
touch sensors comprise top and bottom conductive sheets
facing each other with a gap between them; these sheets are
made of materials such as chemical vapor deposition (CVD)-
grown graphene or reduced graphene. However, it is difficult to
apply a resistive-type device to wearable applications that need
to function in a bent state because the top and bottom
electrodes unintentionally make contact with each other,

causing a short-circuit during bending, although there are a
few reports that resolve this problem.4,11 Moreover, it is very
challenging to detect multipoints of contact with resistive-type
devices,23−25 which restricts their range of applications because
many current electronic devices require multitouch sensing that
enables users to interact with the system using multiple fingers
at once. Currently, capacitive-type touch sensors are considered
a good solution for wearable sensing systems with multitouch
capability and great sensitivity. It was recently reported that a
capacitive touch sensor enabled by CVD-grown graphene26

provided distinct capabilities in multipoint measurements
comparable to those of an ITO-based touch sensor. However,
it was designed for flat devices. Aside from capacitive touch-
sensing devices, a variety of strain and pressure sensors with
good functionality and stretchability based on nanotubes27 and
nanowires28 have successfully demonstrated feasibility for use
in wearable electronic devices. Capacitive-type touch-sensing
devices can achieve more effective control of input signals for
wearable electronics in highly deformed states, such as
stretching or folding. However, although widely known to be
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one of the most promising applications of graphene, the
fabrication of stretchable, wearable, and transparent capacitive
multitouch sensors remains a challenge. In addition to a
position-sensing capability through contact, a three-dimensional
(3D)-sensing capability for the recognition of 3D shapes as well
as the distance of approaching objects before contact occurs is
of increasing interest both in wearable electronic applications
and in the robotics field. Although the conventional capacitive
3D sensing has been done with self-capacitance approach to
improve the sensitivity, it can suffer from ghost effects requiring
additional post processing.29 Moreover, the number of
electrodes is limited (<10 channels), and it has been used
only for simple gesture recognition. To address this issue,
several approaches based on infrared light,30 magnetic
induction, and ultrasonic waves have been reported, but
significant challenges remain in the development of a 3D
sensor with high sensitivity, optical transparency, and flexibility
that can be fabricated to conform to highly deformable human
body parts.
In this study, we present a wearable and stretchable mutual

capacitance touch sensor based on graphene electrodes that is
capable of multitouch sensing as well as 3D sensing in a highly
deformed state. The resulting graphene-based 3D touch sensor
can be directly mounted onto deformable human body parts,
including the forearms and palms, and it exhibits significant
stretchability (∼15%) and good sensing capability in contact as
well as noncontact modes (22 dB SNR at 7 cm distance).

RESULTS AND DISCUSSTION

Parts a and b of Figure 1 present an optical microscopy image
and a schematic of a graphene-based touch sensor with an
overall area of 4 × 6 cm2 and 8 × 8 array (64 channels). The
device comprises four main components: (i) a top and bottom
made of ultrathin polyethylene terephthalate (PET, thickness
∼5 μm); (ii) top and bottom transparent electrode arrays based
on triple-layer graphene which was chemically doped with
bis(trifluoromethane) sulfonamide (TFSA) (conductivity
∼317.1 ohm/sq); (iii) a dielectric layer (acrylic polymer,
thickness ∼25 μm) for insulating the two electrodes; and (iv) a
graphene monolayer at the bottom for grounding. This bottom
layer eliminates electrical noise caused by the surface charge on
human skin and prevents sweat from penetrating into the active
device layers. The width of the patterned graphene electrode
and the space between the electrodes are 3 and 4 mm,
respectively. The spaces between the graphene electrodes are
designed to maximize the sensitivity of the capacitive touch
sensor.31 The worst optical transmittance is 84.6% and occurs
when the top and bottom graphene lines overlap (Figure 1c).
The good mechanical properties of graphene and the thin
geometry of the device enable conformal contact on curved
surfaces, e.g., parts of the human body. Solid mechanical
modeling of the device layout based on the elastic modulus of
the material of each layer indicates that the maximum strain in
each layer is less than 1.1% at a bending radius of 1.5 mm
(Supporting Information, Figure S1). According to such a small
internal strain, when wrapped over the edge of glass slide with a
thickness of 1.5 mm, the device displayed a negligible difference
in its electrical properties before and after bending (Figure 1d).

Figure 1. Transparent and flexible graphene-based touch sensor. (a) Schematic diagram illustrating the concept of a graphene-based capacitive
sensor. The sensor consists of three layers. The top and bottom layers are composed of patterned graphene electrodes on a PET film
substrate. (b) Representative image of an electronic skin with a capacitive, multifunctional sensor array. (c) Optical transmittances for the top
and bottom panels of the graphene-based capacitive sensor. (d) Image of a foldable, ultrathin, capacitive sensor that wrapped around the edge
of 1 mm-thick glass slide. (e) Relative resistance and capacitance changes under different bending radii.
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Figure 1e presents the changes in both the capacitances of the
device substrates and the line resistances of the graphene
electrodes measured at different bending radii, which are both
within 0.2. As a result, the maximum variations of the time
constants are only 4%, which guarantees a reliable scanning
time, even after bending. The resistance of the graphene
electrodes and the capacitance of the dielectric layer remain
virtually unperturbed even at a bending radius of 1.5 mm;
moreover, they perfectly recovered after returning to an unbent
state. The touch sensor can provide information about touch
points by measuring changes in mutual capacitance between the
top and bottom electrodes.
Parts a and b of Figure 2 show the change in the mutual

capacitance and the ratio between this change and the
unperturbed value for different distances between the fingers
and the touch sensor, respectively. The bottom electrode is
driven to provide an electric field with a sequential driving
method. When a finger approaches the surface of the sensor,
part of the fringing electric field is absorbed (Supporting
Information, Figure S2). This local reduction can be measured
individually in each cross point (inset of Figure 2a).32,33 When
a finger touches the sensor, a capacitance change (ΔC) of 0.61
pF is measured with a 4.19 pF baseline capacitance, resulting in
a 14.5% change in the mutual capacitance. The response time
of this device is about 60 ms, which is comparable with
reported values28,34−36 (Supporting Information, Figure S3 and
Table S1). Contactless touch for the perception of the distance
and 3D shape of an approaching object is also measured, and
Figure 2b shows the detected finger distance as the height of

the finger above the touch sensor is varied. At a range of 0.5 cm,
the SNR of 32 dB and the ΔC of 0.34 pF are sensed with a
standard deviation of 15 fF, and a finger can be clearly detected
up to a maximum range of 7 cm with the measured ΔC of 50 fF
and SNR of 22 dB. Moreover, the initial capacitance value
recovers completely after removing the finger and exhibits good
reliability even after 200 test cycles (inset of Figure 2b and
Supporting Information, Figure S4).
A capacitive touch sensor with good sensibility and reliability,

structured as an 8 × 8 channel array, was mounted to a user’s
forearm for touch-sensing experiments. The ability of an input
device to be mounted onto and conform to the human body is
important for improving the convenience of wearable
electronics. An interface board with an offset-calibration,
which compensated for parasitic capacitance from the lead
wires and the surrounding environment, was connected to the
touch sensor via flexible interconnecting wires, which evaluated
the touch points and transferred data to the display. In addition,
the device was operated with low power consumption because
it was based on circuits developed for conventional ITO-based
ones. To stably operate a touch sensor on the skin, it was
necessary to preclude any influence from the surface of the skin.
Thus, a graphene monolayer was laminated onto the back side
of the PET substrate for ground shielding. The graphene layer
acting as a ground shield effectively reduced skin noise and the
effect of sweat, resulting in a decrease in SNR value
(Supporting Information, Figures S5 and S6). In addition, the
hydrophobicity of the graphene sheet effectively blocked the
penetration of sweat created from the skin. The devices had

Figure 2. Electrical properties and performances of touch sensor. (a) Capacitance change versus time for finger touch and proximity of various
distances between 0 and 7 cm. (b) Relative capacitance change (ΔC/C0) versus distance between sensor and finger. The inset shows the test
repeated for 200 cycles. (c) Image of wearable capacitive touch sensor fabricated using graphene electrodes. The images below show the touch
sensor monitor and the multitouch, spread, and scroll performances. Scale bar, 2 cm.
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three representative operation modes, i.e., multitouch, spread,
and scroll, which are commonly used for conventional
smartphones, and all of these modes were exhibited even on
a curved forearm, which has not been achieved by resistive-type
touch sensors or typical strain sensors (Figure 2c and
Supporting Information, movie S1).37 This sensor cannot
directly measure the pressure applied by objects because it is
based on measuring the change in capacitance of dielectrics
between two electrodes, in contrast to electronic skins which
show a good pressure sensing properties in low-pressure
regimes of <10 kPa.4,35 The capacitance of the touch sensors
mounted on the skin was affected by changes in body
temperature because the dielectric constant of the insulating
layer increased under thermal heating, resulting in an increase
in capacitance.38 The baseline capacitance of the touch sensors
increased slightly from 4.19 to 4.24 pF after being mounted

onto the forearm (i.e., after the temperature increased from
room temperature, 25 °C, to body temperature, 36.5 °C). Such
a steady baseline increase did not cause problems with the
sensing capability. In contrast, an irregular change in body
temperature could have a negative effect on the sensing
capability. A slight capacitance change of 0.029 pF ± 1.8% was
observed in response to a temperature change from 35 to 40
°C. In addition, we examined the effect of humidity on the
touch sensor because it can irregularly change the capacitance
of touch sensor. As humidity increased from 30% to 60%, the
touch sensor showed a slight change by less than 2.5%
(Supporting Information, Figure S7).34,39 Such baseline or
temperature-induced changes can be easily compensated for via
foreground calibration, with which interface boards are typically
equipped.

Figure 3. 3D measurement of approaching objects. (a) Schematic illustration of 3D measurements in noncontact mode. A conductive iron
sphere was used for measurements. The inset shows a view of the measurement setup. (b) 3D mapping graph of relative capacitive changes
over three different distances between the object and sensor (15, 10, and 5 mm). The plotted surfaces indicate the mapping results of relative
capacitance changes from the 8 × 8 capacitive sensor array. (c) Detection of various shapes such as cone (left), ring (middle), and sphere
(right). All objectives are 5 mm apart from the center of the sensor. (d) Optical image of 3D sensor on the palm with approaching finger. (e)
Capacitance change for approaching finger by 15 and 5 mm.
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3D sensors are important devices for various wearable
electronic applications, e.g., electronic skin for robots, and
require the ability to accurately detect objects without contact.
In contrast to previous approaches,40,41 our graphene-based
capacitive touch device enables the detection of 3D shapes and
the location of nearby conductive objects when integrated with
highly deformable human body parts. Figure 3a shows the
proximity measurements of 3D conductive objects shaped as a
sphere, cone, or doughnut. When a 2 cm diameter iron sphere
approached the touch sensor, the capacitance gradually
decreased to −2.5, −3.2, and −6.7% as the space between
the sphere and sensor decreased from 15 to 5 mm (Figure 3b,c,
right). In addition to the distance, different object shapes
induce different changes in capacitance, enabling the
recognition of different object forms. As the sphere nears the
sensor, its hemispherical, 3D shape is more clearly recognized
by the mapping data. When it moves in the X−Y plane, this is
obviously observed by changes in the mapping images
(Supporting Information, Figure S8). These results indicate
that the sensor is capable of detecting shape and movement in
three axes. To characterize the spatial resolution of the sensor

in noncontact mode, three different objects were measured, a
metal cone, a metal ring, and a sphere (Figure 3c and
Supporting Information, Figure S9). The cone has a vertex that
induces a prominent disturbance in the electric field, resulting
in a deep, valley-like mapping image, which can be recognized
as a cone in contrast with a sphere. The metal ring resulted in a
mapping image that clearly shows the inner empty space of the
ring. In addition to conductive metal objects, the touch sensor
with the structural design in a stretchable format on palm
clearly detects the movement of an approaching finger (Figure
3d,e, Supporting Information, Figure S10). Although this
device is based on mutual capacitance touch sensor which
enables clear sensing of multitouch points without ghost
positions, it achieved comparable sensitivity with the state-of-
the art capacitive touch sensor29 which relies on self-
capacitance type. It shows a significant improvement in
sensitivity, considering that the sensitivity of self-capacitance
sensor is generally 1 order of magnitude higher than that of
mutual type under the same set of conditions. Thus, this device
enables us to fabricate large area applications including robotics
and 3D gesture sensing system.

Figure 4. Stretchable auxetic touch sensor. (a) Schematic illustration of mesh-type structure capacitive sensor. Red and blue colors indicate
top and bottom electrodes, respectively. (b) FEM strain distribution analysis for strain distribution along X-axis (top) and Y-axis (bottom). (c)
Relative resistance and capacitance changes under different tensile strains. (d) Images of graphene capacitive sensor stretched under different
applied strains: undeformed status (left), 8% stretched in X-axis (middle), and 15% stretched status in Y-axis (right). Scale bar, 1 cm. (e)
Optical images of stretchable devices mounted on palm for remote controlling the toy car. Inset of each image shows relative capacitance
changes for spread (left) and grip (right) status of the hand. (f) Images of car controlled by capacitive sensor signals on palm.
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Adding mechanical stretchability to a touch sensor can
extend its range of wearable electronic applications. The
stretchability of the device improved by 8−15% in the X and Y
directions by introducing an auxetic mesh structure (Figure 4a).
The dielectric layer was added between two graphene electrode
lines (blue on the bottom and red on the top) to form a
capacitive touch sensor (Supporting Information, Figure S11).
The perforated auxetic structure42,43 could effectively transform
the applied tensile strain into local bending motions of the
constituent beams, resulting in an improved stretchability of the
touch device. Furthermore, the perforated auxetic structure
could simultaneously induce stretching in both the X and Y
directions upon tensile loading, in contrast to other structures
such as honeycomb structures,44,45 which result in shrinkage in
the X direction in response to stretching in the Y direction. As a
result, a perforated auxetic structure can improve the stability of
touch sensors attached to human body parts, such as palms,
which expand biaxially. Strain distributions under applied
tensile strains were evaluated using finite element analysis
(FEA) with a representative volume-element model (Figure
4b). Figure 4b shows the maximum principal strain distribution
when uniaxial strain was applied in the X (top) and the Y
(bottom) directions. The simulation results show that this
structure is stretchable by up to 8% in the X direction and up to
15% in the Y direction without device failure, and these results
agree well with the experimental results shown in Figure 4d.
Relative capacitance decreased slightly to 5% at the maximum
tensile strain along the X and Y axes because the interference
between adjacent electrodes was reduced by stretching (Figure
4c). Such a change in capacitance by strain could disturb clear
touch sensing. When a strain sensor was integrated with this
device, it could calibrate the effect of strain on the capacitance.
The thinness and mechanical stretchability of the entire device,
including the graphene electrodes, insulators, and substrates,
could create conformal contact with highly deformable human
body parts. For example, the stretchable touch device was
mounted and strongly attached along the lines of the palm
(Figure 4e). The device can also be used for various other
applications, such as remote controllers or assistive communi-
cation devices. For example, a varied sequence of contacts with
different numbers of fingers can produce a sequence of
electrical signals that can be converted into a command to
control an automobile. A simple finger motion can control the
movement of a toy car (Figure 4f and Supporting Information,
movie S2). This device comprises four buttons for controlling
different actions, including moving forward, rotating clockwise,
rotating counterclockwise, and stopping.

CONCLUSION
While a considerable amount of research has been conducted
on the development of graphene-based touch sensors for a
variety of practical applications over the past decade, many
limitations remain. Only touch sensors designed for rigid
electronics and resistive-type touch sensors for detecting a
single touch have been demonstrated because of the difficulty
involved in fabricating capacitive, 3D, multitouch sensors based
on transparent graphene electrodes in a wearable or stretchable
format. The wearable and stretchable capacitive touch sensor
presented here addresses these difficulties by enabling multi-
finger touch sensing as well as 3D sensing while mounted on
highly deformable human body parts. The use of graphene as a
transparent electrode enables the fabrication of a thin and
stretchable device, which improves the resulting functionality

and capabilities by minimizing mechanical failure during
operation. Although much effort will be required to render
the approach presented here compatible with currently existing
technology and applicable to practical devices, this is a potential
route toward a key application of graphene in emerging
wearable electronics.

METHODS
Graphene Synthesis and Fabrication of Devices. Graphene

was grown by chemical vapor deposition on a Cu foil, and Cu was
subsequently etched in ammonium persulfate (20 g dissolved in 1000
mL of deionized water) after coating poly(methyl methacrylate) as a
supporting layer. Then the graphene was transferred onto a PET
substrate. The transferred graphene was patterned using photo-
lithography and oxygen plasma etching. TFSA was used for chemical
doping of triple-layer graphene, which showed the improvement of
∼30% in electrical conductivity (Supporting Information, Figure S12).
After the entire process of device fabrication, the device was mounted
on skin using thin adhesive (Liquid bandage; 3 M Nexcare, thickness:
∼200 nm) for stable operation.46

Finite Element Analysis. FEA on mesh-type devices (Figure 3c)
was conducted using a commercial code, ABAQUS. A quadratic
quadrilateral element for plane stress was adopted with reduced
integration, and the number of elements was set to 17052. We
numerically analyzed a single representative volume element (RVE)
with periodic boundary conditions and a nonlinear deformation option
under uniaxial tensile strain along the x or y directions. The Young’s
modulus (E) and Poisson ratio (ν) of the materials are indicated in
Table S2.

Measurements of Finger Touch and 3-D Touch. Capacitance
measurements of the graphene-based capacitive sensor were acquired
using a Keithley 590 CV analyzer (Keithley Instruments, Inc.).
Capacitance was established using a two-electrode configuration at 500
kHz with 3.3 V of supplying voltage. The change in capacitance was
measured by applying a finger or touch pen repeatedly. It was also
confirmed that the capacitance completely recovered its initial value
after releasing the contact. Other conditions, including temperature
and humidity, were strictly controlled to obtain a precise measure-
ment.
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