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R
ecently, conformal devices on uneven
surface have garnered great popular-
ity due to their multifaceted applica-

tions in healthcare monitoring systems1�3

and wearable electronics.4 Such devices
are hardly achievable using a sophisticated
planar layout; rather, the fabrication of them
strictly requires a newdesignofdevicegeom-
etry and a relevant adopt of materials that
can compensate structural imperfections.
Thus, most of the current research has been
focusing on how to maximize the structural
compliance of “implanted” devices with re-
gards to the environment; strain is regarded
as one of the major critical challenges to
overcome, the solution of which is not fully
provided yet, especially as for the mechano-
compatibility of the devices with respect to
in vivo circumstances.
Strain, which can seriously degrade de-

vice performance, is locally generated and
distributed across the device in a physical
contact with a rough surface. In an effort to
address this issue, various approaches have
been developed. The representative methods
have been used by employing elastic conduc-
tors composed of elastic rubbers and conduc-
tive materials such as micrometer-sized silver
flakes, metal wires and carbon nanotubes.5�7

Net-shaped and fractured metallic film has

alsobeendemonstratedas a solution that can
absorb any strain by bending/flexing of the
devices.8�10 Although these approaches are
potentially useful in three-dimensional elec-
tronics systems, its application is restricted to
the objects with simple curvatures. Another
approach for conformal devices involves in-
terconnecting a series of rigid active devices
with “shock-absorbing” bridges that can ac-
commodate both compressive and tensile
stresses.11�15 Thismethod has been exempli-
fied in a course of applications, including elec-
tronic eye cameras,16 stretchable transis-
tors,17 and flexible solar cells.18 Unfortunately,
various additional processes must be accom-
panied to achieve intended results in this
case. Prestraining or premolding substrate
can limit the range of available applications.
Indeed, the delicate tolerance to the colli-
sion and friction stemming from out-of-plane
buckling of the interconnector becomes a
significant hurdle for this method. Recently,
epidermal electronics based on the combina-
tion of ultrathin silicon membrane with fila-
mentary serpentine metal mesh have been
extensively exploited; some applications of
these systems aremedical sensors tomonitor
body temperature3 andneural/electrophysio-
logical signals.2,4,19 Although there are con-
siderable advantages with established silicon

* Address correspondence to
ahnj@yonsei.ac.kr.

Received for review June 25, 2014
and accepted July 29, 2014.

Published online
10.1021/nn503446f

ABSTRACT Despite recent progress in bendable and stretchable

thin-film transistors using novel designs and materials, the develop-

ment of conformal devices remains limited by the insufficient flexibility

of devices. Here, we demonstrate the fabrication of graphene-based

conformal and stretchable devices such as transistor and tactile sensor

on a substrate with a convoluted surface by scaling down the device

thickness. The 70 nm thick graphene-based conformal devices dis-

played a much lower bending stiffness than reported previously. The

demonstrated devices provided excellent conformal coverage over an

uneven animal hide surface without the need for an adhesive. In addition, the ultrathin graphene devices formed on the three-dimensionally curved animal hide

exhibited stable electrical characteristics, even under repetitive bending and twisting. The advanced performance and flexibility demonstrated here show

promise for the development and adoption of wearable electronics in a wide range of future applications.
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technology in the device design, the silicon-
membrane-based devices still have a critical drawback
in bending inflexibility even when assembled with the
soft substrate because the active layer is several hun-
dred nanometers thick. A smaller bending “stiffness”
would be desired to achieve an enough conformal
coverage over the uneven “wrinkle-prone” substrate,
such as the human skin. Also, the silicon membrane
requires an encapsulation layer to obtain conformal
attachment to a substrate for stable operation during
macroscopic movements of the joints in the human
body (i.e., wrist, knee, and elbow), becoming an
additional source for the bending stiffness increase.20

In this light, graphene is an ideal constituent for
conformal devices because it is a one-atomic-thick
platform with extraordinary mechanical flexibility
and optical transmittance.21,22 A few recent studies
have reported the preparation of graphene- or
carbon-based flexible field effect transistors on un-
conventional substrates;23,24 however, it still remains
a significant challenge to integrate the graphene
devices on rough substrate such as human skin
or animal hide without degradation of electrical
characteristics.
In this work, we report the graphene-based devices

that can be attached conformably to highly deformed
surface such as an animal hide and exhibit stable
electrical and mechanical performances under serious
external deformations, such as flexion and distortion.
With direct application of a polymer film used as a gate
dielectric and as a supporting layer of device, the
thickness of graphene transistor can be reduced less
than70 nm.Consequently, the demonstrated graphene-
based conformal device produced a bending stiffness
(EI ∼1.24 GPa 3 μm

4) that was much lower than the
values in the literature, leading to an excellent adapta-
tional coverage over uneven surfaces without neces-
sity of an adhesive layer. Furthermore, we demonstrate
a tactile sensor-array composed of monolithically
patterned graphene film, showing good sensitivity
against external force.

RESULTS AND DISCUSSION

Reducing the device thickness is one strategy for
realizing conformal devices because the bending stiff-
ness is proportional to the cube of the thickness.25

Considerable efforts have been applied toward thin-
ning the device supporting layer since the supporting
layer contributes majority of the device thickness and
degrades the flexibility of the system.26 To this end, we
designed the fabrication of a stand-alone device pre-
paredwithout a substrate by substituting a constituent
layer that comprises the transistors for the supporting
layer. This device structure could be achieved because
the graphene layer used as both channel and electro-
des was thin, light, and tough, and it did not require an
additional supporting layer.

Figure 1(a�d) shows schematic diagrams of the
entire process for fabricating ultrathin graphene field
effect transistors (UT-GFETs) and the optical images of
device at each step. First, few-layer graphene (FLG) was
synthesized on a Ni catalyst using chemical vapor
deposition (CVD). The FLG was then transferred onto
a SiO2/Si substrate.

27 The gate electrode was defined
using conventional photolithography and oxygen
plasma etching processes, as reported previously.22

After removing the photoresist, SU-8 epoxy, which
functioned as both gate dielectric and supporting layer
for GFET,28 was spin-coated onto the device, cross-
linked byUV irradiation, and hard-baked. The thickness
of the epoxy film was tuned from 70 to 1400 nm by
using different volumetric ratios of the epoxy and
epoxy thinner. Because the graphene thickness was
subnanometer in scale, the total thickness of the GFET
device could be regulated by controlling the thickness
of the SU-8 epoxy layer. The UT-GFETs were completed
by patterning the source (S)/drain (D) electrodes and
semiconducting channel region, after transferring the
single layer graphene (SLG) grown on Cu foil onto an
epoxy coated device.29,30 The detailed fabrication step
was described in Supporting Information. The fabri-
cated UT-GFETs on the SiO2/Si handling substrate had
a channelwidth of 25μmand length of 30μm, as shown
in Figure 1(b). The UT-GFETs were then floated on
the surface of a dilute HF solution (HF:DI water =1:10)
at room temperature to etch away the SiO2 sacrificial
layer.31 In this step, the epoxy dielectric film acted as a

Figure 1. (a) Schematic diagram showing the procedure
used to fabricate array of ultrathin graphene field effect
transistors (UT-GFETs). (b) Microscopy image of the as-
fabricated UT-GFETs. The gray regions indicate the gate
electrode, and the green regions indicate the channels and
source/drain electrodes. (c) Optical image of the UT-GFETs
floating on DI water during the transfer process. (d) Optical
image of the transferred UT-GFETs on a glass substrate.

A
RTIC

LE



PARK ET AL. VOL. 8 ’ NO. 8 ’ 7655–7662 ’ 2014

www.acsnano.org

7657

supporting layer to protect the device from destruction
during the transfer process. Thus, we avoided additional
spin-coating steps that would require conventional
transfer steps in an effort to simplify the fabrication
process.32 Complete removal of the sacrificial layer
released the UT-GFETs from the handling substrate,
and the UT-GFETs freely floated on the surface of the
etchant. The UT-GFETs were rinsed with DI water to
remove remaining etchant and were transferred to the
target substrate. Theoutstandingflexibility of thedevice
due to the extreme thinness of the device may be
appreciated from thephotographic imageof thefloated
UT-GFET film shown in Figure 1(c). The dry transfer
method is also described in the Supporting Information.
Finally, the devices were transferred to a rough sub-
strate with the help of the capillary forces of water
during drying and adhered to the substrate through van
der Waals forces alone. Figure 1(d) shows a photograph
and magnified image of the UT-GFETs transferred to
transparent substrates. As expected, the optical trans-
mittance exceeded 70% across the visible spectrum
(Supporting Information, Figure S3). The transmittance
was reduced by∼3% in the source (S)/drain (D) electro-
des and channel region, and by∼26% at 550 nm in the
gate electrode and epoxy dielectric films.
In order to achieve full range of conformal contact

between a GFET film and a rugged surface, an adhesive
energy was investigated using numerical calculation
of two overlapping cylinder models, and the results
were compared with experimental measurement as
shown in Figure 2. Since the adhesive energy depends
strongly on the bending stiffness of a device, a bending
stiffness was calculated based on the thickness of the
device as well as the mechanical properties of each
layer (i.e., Young's modulus and the Poisson's ratio).
Figure 2(a) shows the calculated bending stiffness
(EI) variations of fabricated GFETs as a function of
the thickness. The bending stiffness decreased drama-
tically as the device thickness decreased. At a thickness
of 1400 nm, the EI was calculated to be 9192.4
GPa 3 μm

4. This value decreases to 266.35, 36.16, and
1.15 GPa 3 μm

4 as the GFET becomes thinner to 430,
220, and 70 nm, respectively. Experimentally measured
EI asmarked by red symbolswaswellmatchedwith the
calculated EI (Supporting Information, Figure S4). The
thinnest GFET among the various devices with differ-
ent thickness had a value of 1.24 GPa 3 μm

4. It is worth
noting that an EI of 1.24 GPa 3 μm

4 for the 70 nm thick
UT-GFETs is the lowest value yet reported for such
devices (Supporting Information, Table S2). Finally, the
adhesion energy could be calculated according to the
following equation:1

γg γc
0 ¼ EI

2R2b
f1þ (1þ λ)R2=[(1 � λ)γ20]g (1)

where γ (10 mJ/m2) is the adhesion energy in the wet
state,1,33 γc

0
is the calculated adhesion energy, EI is the

bending stiffness of the device, R is the radius of the
cylinders, b is the width of the device, λ is the wave-
length, and γ0 is the arc between the two cylinders
(Supporting Information, Figure S5). For γg γc

0
in eq 1,

a device may make a full conformal contact with the
substrate.1 More detailed information and the calcula-
tion process are described in the Supporting Informa-
tion. Figure 2(b) shows the calculated and measured
adhesion energy in devices having a thickness of
less than 100 nm. According to the calculations, the
critical thickness (hc) for perfect conformal contact
on a rugged substrate was 76 nm. Figure 2(d�f) shows
FE-SEM images of devices with different thicknesses
(tdevice: 70, 220, and 430 nm) transferred onto uneven
substrates. The surface roughness (Ra) of the rugged
substrate was 41 μm, measured using a surface pro-
filer.2 When comparing the surfaces of a bare substrate
to the transferred 70 nm thick UT-GFETs, which were
thinner than hc, the UT-GFETs were found tomake con-
tact deep into the concave features of the surface and
to wrap along the curves of the substrate without
forming cracks or delaminated regions (Figure 2(c,d)).
By contrast, devices thicker than hc made incomplete
contact with substrates, as shown in Figure 2(e,f).
In other words, the GFET film was suspended by the

Figure 2. (a) Calculated stiffness of a UT-GFET prepared
with a range of device thickness values. Red square indicate
the experimentally measured stiffness values at 70, 220, 430,
and 1400 nm, the thicknesses of the fabricated UT-GFET
devices. (b) Calculated adhesion energy of the UT-GFET as a
function of device thickness. Mechanical modeling revealed
that the UT-GFET film could achieve conformal contact in
devices <76 nm thick. (c) SEM images of a rugged substrate
prior to transferring the UT-GFETs. (d�f) SEM images of
the UT-GFETs transferred onto the rugged substrate, for
device thickness values of 70, 200, and 430 nm. The inset
image shows themagnified edge part of the GFET film. Scale
bar, 100 μm.
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surrounding ridges and generated wrinkles as well as
noncontacted region. These differences were scrupu-
lously verified at the edges of the film, as displayed in
the inset of Figure 2(d,f).
The extent of conformal coverage attained by scal-

ing down the device thickness influenced the adhesion
strength (mainly the van der Waals force) between the
GFET film and the substrate.1,34 If the bonding strength
of the GFET film on a substrate is weak, the device can
be detached only by weak external forces. Therefore, it
was necessary to evaluate the bonding (i.e., adhesion)
strength between the device and the substrate.35�37

Figure 3 shows the results of the adhesion strength
tests, as a function of the device thicknesses, measured
through a series of pull-off tests using the samples
shown in Figure 2. A schematic illustration of the pull-
off test is showed in Figure 3(a). A polydimethylsilox-
ane (PDMS) elastic stamp, which was designed to have
a contact area of 0.5 � 0.5 cm2, was mounted on the
end of a cantilever and pressed against the transferred
GFETswith an applied load of 1N. After a 5 s dwell time,
the PDMS stamp was pulled up from the substrate.
The pull-off adhesion strength was recorded when the
PDMS stamp had been completely released from the
substrate. The real contact area between GFET film and
PDMS substrate during the whole process was moni-
toredusinga charge-coupleddevice camera. Figure 3(b)
presents plots of the contact areabetween theGFETfilm
and the substrate, and the pull-off force variations as a
function of the device thickness. The defined contact
areas analyzed by the software ImageJ were 4.5, 10.9,
23.9, and 97.1% on 1400, 340, 220, and 70 nm thick
devices, respectively (Supporting Information, Figure S6).
It should be noted here that the contact area increased
dramatically as the devices became thinner. This behav-
ior resulted from the relationship between the bending
stiffness and the device thickness. The bending stiffness,
greatly reduced by the reduced device thickness, dra-
matically increased the coverage area. Because the
contact strength is proportional to the coverage area,
the UT-GFETs can adhere strongly to a substrate without
the help of an adhesive.35 At a contact load of 1 N, the
pull-off force increases by a factor of nearly 30 (from
2.22 to 68.17 mN) as the thickness is changed from
1400 to 70 nm.
The feasibility of using the fabricated device for

realistic applications was tested by applying the UT-
GFETs (t: 70 nm) onto animal hide and measuring the
electrical properties. The inset of Figure 4(a) shows an
optical image of the UT-GFETs transferred onto hide
using the dry transfer technique illustrated in Figures 1
and S2 (Supporting Information). As-fabricated UT-
GFETs on the SiO2/Si substrate were fully transferred
onto the target substrate while preserving their origi-
nal device array. The T-shaped gray region indicates
a gate electrode made of FLG. The channel and S/D
electrodes composed of SLGwere difficult to identify in

the photograph due to their excellent transparency
properties. Rigorous inspection by FE-SEM revealed
conformal contact between the UT-GFETs and the hide
(Figure 4(a)). Interestingly, the UT-GFETs covered the
bumpy surface well, even the narrow crevices; how-
ever, several fine wrinkles were also found due to the
presence of extremely small bumps. Compared with a
silicon membrane of the same thickness (tSi:∼ 70 nm),
which was studied previously as a potential conformal
device, the UT-GFETs array film exhibited better cover-
age over uneven surfaces because the devices were
composed of an atomic-scale graphene layer and
a flexible polymer dielectric layer, in contrast with
the rigid silicon membrane (Supporting Information,
Figure S7).
Prior to measuring the electrical properties of con-

formal GFETs, the GFETs were categorized as flat,
sloped, and valley depending on the position of the
channel on the hide. Namely, the channels that have
a positive and a negative curvature on the surfacewere
classified into sloped and valley, respectively. It is
desirable to quantify the effects of the external strain
created from the surface curvature on the electrical
characteristics. The representative SEM images of each
transistor and the surface profile of the hide was
presented in Figure 4(b). Significantly large strain was
expected to be applied to the transistor at the valley
positions which corresponded to the regions of great-
est deformation from a flat conformation. However,
although the minimum radius of curvature (Rc) in the
valley regions was ∼4 μm, the applied compressive
strain on the device was less than 1% due to extremely
thin device thickness,38 which falls in the range of
endurable strains for the UT-GFETs.39 Moreover, be-
cause other sloped and flat positions spontaneously
formed conformal contact with the substrate during
the transfer process without introducing any external
stresses, the strain at both the sloped and flat positions
approached zero. To get more reliable verification,
we performed Raman measurement on graphene.

Figure 3. (a) Schematic illustration of the pull test. The
transferred UT-GFETs contacted the PMDS stamp, and the
contact region was monitored using a CCD camera. (b) Calcu-
lated contact area between the UT-GFETs and the rugged
substrate (black line), and the measured pull-off force (blue
line) as a function of device thickness.

A
RTIC

LE



PARK ET AL. VOL. 8 ’ NO. 8 ’ 7655–7662 ’ 2014

www.acsnano.org

7659

As a result, the 2D Raman band corresponding gra-
phene did not reveal any noticeable shifts in each
region, indicating that an undetectable level of strain
was applied to the graphene (Supporting Information,
Figure S8).40 The transfer characteristics of the devices
were subsequently measured from UT-GFETs posi-
tioned in different regions of the hide. The drain bias
was fixed at 0.01 V and the gate voltage was swept
from �10 to 20 V. Since the device configurations are
not uniform, statistical analysis of electrical property
was carried out from 50 devices. Black, red, and blue
lines indicate the representative transfer characteris-
tics of the transistor from flat, sloped, and valley
positions, respectively. Interestingly, the transistors
exhibited similar electrical characteristics on each loca-
tion. This indicates that the geometry of hide cannot
greatly influence on the electrical transport property of
UT-GFETs. It is considered that the thickness of the
device with a few tens of nanometers and wet transfer
method based on surface tension of water can mini-
mize the stress to the GFET when formed on bumpy
substrate.1,38 Undoubtedly, the robust feature of gra-
phene against external strain plays an indispensable role
to realize conformal device. As shown in Figure 4(c,d),
the transistors operated uniformly overall, regardless of
the location on hide. The calculated average hole and
electron mobilities were 695( 41 and 379 ( 13, 692 (
24 and 402( 30, and 701( 22 and 398( 12 cm2/V 3 s on

the flat, sloped, and valley positions, respectively
(Supporting Information, Figure S9). The relatively
low mobility of the UT-GFETs may have resulted from
the poor interfacial properties of the SU-8 epoxy gate
insulator and graphene.
Another notable advantage of the conformal UT-

GFETs is their good mechanical stretchability across
three-dimensionally curved surfaces. Curved substrates
coated with the UT-GFETs could consume the external
strain rather than transferring it to the device by trans-
forming and flattening the surface shape. The stretch-
ability of the device was examined by measuring the
deformations of the UT-GFETs using SEM (Figure 5(a)).
As the substrate was stretched up to 4%, the uneven
surface gradually flattened, and only fine vertical wrin-
kles were generated due to the Poisson effects. Con-
sequently, the GFETs remained stable under external
stretching without compromising the physical integrity
of the device, as has been observed in wavy structured
devices.12,13 However, the device located on valley
region was preferentially delaminated from the hide at
serious stretching because relatively large deformation
occurred first in a valley region. This failure can be
controlled by improving an adhesion between a device
and a substrate. The practical feasibility of using con-
formal UT-GFETs as wearable electronics was demon-
strated by monitoring the electrical characteristic of a
substrate during folding and twisting, which are the

Figure 4. (a) SEM image of the UT-GFETs mounted on the animal hide substrate. The inset image shows a photograph of the
UT-GFETs. (b) Surface profile of the animal hide. Depending on the position of the channel on the hide, the device was
classified into 3 categories: flat, sloped, and valley. The inset images show representative SEM images of the UT-GFETs on the
flat, sloped, and valley regions. (c) Representative transfer characteristics of the UT-GFETs on flat, sloped, and valley regions.
(d) Distributionof holemobility of UT-GFETs,which are locatedon theflat, sloped, and valley regions; inset shows themobility
histogram of UT-GFETs on hide.
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basic deformation modes applied by the skin surface
as a human body moves (Figure 5(b)). The degrees of
bending and twisting in the mechanical tests were
set on the basis of the actual hide deformations that
occur during elbow bending (Supporting Information,
Figure S10). Figure 5(c) showed the mobility variations
and endurance cycles of a UT-GFET device in a flat
configuration and in a bent or twisted configuration
(bending radii: 0.6 cmand twist angle: 25�). Themobility
variations were statistically analyzed on 25 randomly
selected devices working under identical stresses. As
a result, the mobility of the GFETs did not vary signifi-
cantly regardless of the bending and twisting deforma-
tion. Unfortunately, we were not able to calculate the
exact stress value of deviceonhide, because the uneven
surface can suppress the applied strain by unfolding the
wrinkles; it is carefully estimated that the effective stress
applied to the device is not high. Moreover, the devices

displayed stable mechanical durability until 130 re-
peated folding but it showed somewhat vulnerable
behavior at twisting deformation (∼80 cycles). It is sus-
pected that the partial slip or delamination may occur
between transistor and substrate due to sheer force
during twisting test, destroying the device. Although
the stretchability of the UT-GFETs in conformal contact
with the hide was moderate, it could be increased by
transferring the as-fabricated device to a more grooved
surface.
The presented approach to realize mechanically

compliant device is not only useful for transistor appli-
cation but can be applied for various sensing devices.
To demonstrate the feasibility of using this ultrathin,
conformable graphene-based device as a tactile sen-
sor, we fabricated a 4 � 4 array with graphene-based
resistive strain gauges on an animal hide (Figure 6(a)).
The detail fabrication and measurement steps were

Figure 5. (a) SEM images of theUT-GFETs released onto the hide (left) ormechanically stretched under a 5%extension (right).
(b) Photographs of the twisted and foldedUT-GFETsmountedon the animal hide substrate. (c)Mobilitymeasurements during
repeated deformations of the substrate.

Figure 6. (a) Photographs of a tactile sensor consisting of ultrathin graphene strain gauges on the animal hide (left),
geometric structure of graphene strain gauge (top right), SEM image of graphene strain gauge on animal hide (bottom right).
(b) The pressure map measured by the tactile sensor when a gentle touch of 9 kPa was applied to the sensing area.
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described in the Methods section. All device com-
ponents including strain gauges and electrical lines
are composed of monolithically patterned graphene
film. The fabricated graphene-based tactile sensor is
capable of detecting pressure distribution on the sen-
sing areawith a precision better than 9 kPa (Supporting
Information, Figure S11) corresponding to the pressure
of human's gentle touch as shown in Figure 6(b).
The measured gauge factor of each strain gauge was
1.41, which is comparable to the values reported
previously.41,42 This type of the tactile sensor conform-
ably attached on an animal hide could be potentially
applicable to the health care monitoring, nonirritating
skin-attachable interactive input/control devices and
robotics.

CONCLUSION

In this paper, we demonstrated the conformal de-
vices on an uneven substrate through scaling down
the device thickness to 70 nm using atomic-scale

graphene and nanometer-thick polymer dielectric as
the active and supporting layer of the device, respec-
tively. The graphene-based conformal devices provided
excellent conformal coverage over the convoluted sur-
faces without using an adhesive, due to the extremely
low bending stiffness of the device. Consequently, we
realized conformal and stretchable devices on animal
hide, such as UT-GFET and tactile sensor that have
superior conformability to the previous reported
results.4 Moreover, the fabricated devices maintained
its original performances well under mechanical bend-
ing and twisting. Although the electrical properties of
graphene-based conformal devices was moderate (i.e.,
on/off ratio and gauge factor), it might be possible to be
improved by combining other two-dimensional semi-
conducting materials. The approach presented here to
realize the conformal device can offer a key platform for
expanding a range of wearable electronic applications
such as fitness tracker, smart medical device and health
monitoring system.

METHODS

SU-8 Epoxy Preparation. Various thickness of SU-8 layer were
used to demmonstrate wearable electronics. To fabricate 70,
220, 430, and 1400 nm thick SU-8 layer, 7, 20, 30, and 60 wt % of
mixture were prepared using SU-8 (SU-8 2005, Micro Chemicals)
and cyclopetanone (SU-8 2000 thinner, Micro Chemicals). Then
the mixture was spin-coated on substrate at 2500 rpm for 30 s.
After soft bake the sample at at 65 �C for 5min, UV exposurewas
carried out under intensity of 9.3 mJ/cm2 for 2 min. Finally,
robust SU-8 films were completed after hard-baking at 150 �C
for 30 min.

Fabrication and Measurement of Bending Stiffness. To fabricate
wavy SU-8 structure, 70, 220, 430, and 1400 nm thick SU-8 layer
was prepared on SiO2/Si wafer. Then,we separated the SU-8 film
from handling wafer by etching the SiO2 sacrificial layer using
diluted HF and rinsed by DI water. At same time, 2 mm thick
PDMS slab (Sylgard 184, Dow Corning) was prepared by mixing
base and curing agent in a 10:1 weight ratio and back at 70 �C
for 2 h. To geneerate wavy SU-8 structure, the PDMS slabe was
stretched with mechanical stages before transfer the SU-8 film
which was floated onDI-water. When release the strain of PDMS
after the SU-8/PDMS sample had dried completely, uniform and
regular wavy structure was formed. Thewave properties such as
wavelenth and amplitue were measured precisely with atomic
force microscopy and scanning electron microscope.

Conformal Tactile Sensor. The tactile sensor was designed by
using only two materials, which are graphene and SU-8 epoxy.
First, 35 nm thick SU-8 film was formed on 1 μm-thick thermal
oxide layer (SiO2/Si wafer), and randomly stacked trilayer gra-
phene, which was synthesized using Cu catalyst, was transferred
onto SU-8 film. Then the graphene film was monolithically pat-
terned to define strain gauges and electrodes. A typical photo-
lithography process using photoresist (AZ 5214) and reactive ion
etching (RIE) with O2 plasma (20 sccm, 100 W, 10 s) was used.
Finally, SU-8 epoxy (35 nm) was coated on tactile sensor as a
passivation layer. The transfermethodused is sameas forUT-GFET.

Measurement of Tactile Sensor. The tactile sensor was directly
connected to the programmable source-meter unit (Keithley
4200-SCS parameter analyzer, Keithley Instruments Inc.) through
flexible printed circuit film (MITFPC Inc.). The sensor was mea-
sured by using the passive matrix system which has 1 common
and 16 data electrodes. After the connection was completed,
the pressurewas applied to the sensor using home-built pressure
armwhich had hemisphere-shaped contact part (r=5mm)while

measuring the weight variation by microelectronic scale. In this
time, value of pressure was calculated by the measured weight
change and the contact area between pressure arm and sensor.
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