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composites, have been intensively 
studied. [ 1,2 ]  Particularly among them, gra-
phene has received signifi cant attentions 
due to its uniquely benefi cial properties 
including mechanical fl exibility, optical 
transparency, high conductivity/carrier 
mobility, and thermal responsiveness. [ 3–5 ]  
Various individual graphene-based devices 
(e.g., transistors, [ 6–8 ]  memory devices, [ 9 ]  
light-emitting diodes (LEDs), [ 10,11 ]  optical [ 12 ]  
and mechanical [ 13,14 ]  sensors, electrical [ 15 ]  
and thermal [ 16 ]  actuators, and cell culture 
devices [ 17 ]  have been demonstrated. The 
ultimate goal of this research trend is the 
integration of diverse graphene-based 
electronic/optoelectronic devices toward 
multifunctional all-graphene electronic 
systems, i.e., a well-organized array of gra-
phene devices interconnected by graphene 
electrodes. [ 18,19 ]  However, the photolitho-
graphical patterning and oxygen plasma 
etching of graphenes on preformed gra-
phene passive/active components and/
or other functional electronic materials/
units are limited by several processing 

hurdles. [ 20–23 ]  A viable route for the goal is to organize/integrate 
multiple stacks of patterned graphene device components by 
using the aligned transfer printing technique. [ 24,25 ]  

 High-quality graphene, which is synthesized on metal foils 
using the chemical vapor deposition, [ 26,27 ]  is typically transferred 

 Thermally Controlled, Patterned Graphene Transfer Printing 
for Transparent and Wearable Electronic/Optoelectronic 
System 

   Moon Kee    Choi     ,        Inhyuk    Park     ,        Dong Chan    Kim     ,        Eehyung    Joh     ,        Ok Kyu    Park     ,        Jaemin    Kim     ,    
    Myungbin    Kim     ,        Changsoon    Choi     ,        Jiwoong    Yang     ,        Kyoung Won    Cho     ,        Jae-Ho    Hwang     ,    
    Jwa-Min    Nam     ,        Taeghwan    Hyeon     ,        Ji Hoon    Kim     ,   *       and        Dae-Hyeong    Kim   *   

 Graphene has been highlighted as a platform material in transparent elec-
tronics and optoelectronics, including fl exible and stretchable ones, due to 
its unique properties such as optical transparency, mechanical softness, 
ultrathin thickness, and high carrier mobility. Despite huge research efforts 
for graphene-based electronic/optoelectronic devices, there are remaining 
challenges in terms of their seamless integration, such as the high-quality 
contact formation, precise alignment of micrometer-scale patterns, and 
control of interfacial-adhesion/local-resistance. Here, a thermally controlled 
transfer printing technique that allows multiple patterned-graphene transfers 
at desired locations is presented. Using the thermal-expansion mismatch 
between the viscoelastic sacrifi cial layer and the elastic stamp, a “heating and 
cooling” process precisely positions patterned graphene layers on various 
substrates, including graphene prepatterns, hydrophilic surfaces, and super-
hydrophobic surfaces, with high transfer yields. A detailed theoretical analysis 
of underlying physics/mechanics of this approach is also described. The 
proposed transfer printing successfully integrates graphene-based stretch-
able sensors, actuators, light-emitting diodes, and other electronics in one 
platform, paving the way toward transparent and wearable multifunctional 
electronic systems. 

DOI: 10.1002/adfm.201502956

  M. K. Choi, I. Park, D. C. Kim, E. Joh, J. Kim, 
M. Kim, C. Choi, J. Yang, K. W. Cho, 
Prof. T. Hyeon, Prof. D.-H. Kim 
 Center for Nanoparticle Research 
 Institute for Basic Science (IBS) 
  Seoul    151-742  ,   Republic of Korea   
E-mail:  dkim98@snu.ac.kr    
 M. K. Choi, I. Park, D. C. Kim, E. Joh, J. Kim, M. Kim, C. Choi, 
J. Yang, K. W. Cho, Prof. T. Hyeon, Prof. D.-H. Kim 
 School of Chemical and Biological Engineering 
and Institute of Chemical Processes 
 Seoul National University 
  Seoul    151-742  ,   Republic of Korea    

 Dr. O. K. Park 
 Division of Bio-imaging 
 Korea Basic Science Institute 
  Chun-Cheon    200-701  ,   Republic of Korea    
 J.-H. Hwang, Prof. J.-M. Nam 
 Department of Chemistry 
 Seoul National University 
  Seoul    151-742  ,   Republic of Korea    
 Prof. J. H. Kim 
 School of Mechanical Engineering 
 Pusan National University 
  Busan    609-735  ,   Republic of Korea   
E-mail:  kimjh@pusan.ac.kr   

  1.     Introduction 

 As transparent and wearable electronics are under spotlights, 
diverse nanoscale materials, such as carbon nanomaterials, 
ultrathin inorganic nano-ribbons/membranes, and nanowire 
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onto target substrates using thermal release tapes [ 28 ]  or through 
scooping method with sacrifi cial polymer layers, [ 29–33 ]  such as 
poly(methylmethacrylate) (PMMA), [ 30,31 ]  polystyrene (PS), [ 32 ]  
and polyisobutylene (PIB). [ 33 ]  These methods have been success-
fully applied in large-scale graphene transfer procedures. [ 27,28,34 ]  
Recently, novel direct transfer printing methods using electro-
chemical delamination [ 35 ]  or static electricity [ 36 ]  have been pro-
posed and demonstrated signifi cantly low sheet resistance and 
high-quality graphene surface by eliminating contaminations 
from organic/inorganic residues. Many challenges still exist, 
however, in multiple aligned transfer of graphene patterns and 
device components onto prepatterned ones. Transfer printing 
using the elastomeric polydimethylsiloxane (PDMS) stamp [ 37 ]  
has been successfully demonstrated to selectively pick up inor-
ganic [ 38–41 ]  and metal nanomembranes, [ 42 ]  nanoparticles, [ 43 ]  and 
carbon nanotubes [ 44 ]  and position them on preregistered target 
locations. However, in spite of these advances, the multiple 
transfer of patterned graphene using elastomeric stamps on 
diverse substrates has remaining challenges to achieve high-
quality interfaces, micrometer-range alignments, and high suc-
cess rates (i.e., yields). 

 Here, a simple but effective aligned transfer printing process 
of patterned graphene device components is developed. Key 
advancements are in the use of designed thermal treatment 
sequences as well as viscoelastic sacrifi cial polymers with elasto-
meric stamps for the effi cient patterned graphene transfer. The 
heating and cooling protocol results in the dramatic increase 
of the transfer yield (from ≈27% to ≈90%) in comparison with 
conventional procedures (method without thermal treatments). 
The proposed high-fi delity multiple transfer printing technique 
along with in-depth understanding of related materials and 
mechanics in processes and device designs enables the trans-
parent and wearable all-graphene multifunctional electronic 
system.  

  2.     Results and Discussion 

 A representative example of multifunctional integrated system 
based on wearable graphene electronic/optoelectronic devices 
fabricated through the thermally controlled transfer printing 
process is illustrated in  Figure    1  . The multi-stacked and stretch-
able graphene devices (sensors, actuators, and LEDs) are con-
formally laminated on the human skin and connected to a 
smart band that contains a controller, a power-supply module, 
and a wireless data transmission unit (Figure  1 a). The ultrathin 
thickness of graphene circuits in addition to meandering device 
designs enables the high stretchability. [ 45,46 ]  The portable, invis-
ible, and multifunctional features of this wearable system enlist 
many applications. One application scenario in the personal-
ized healthcare, for example, is as follows. Integrated sensors 
monitor bio-signals of the user (e.g., activity and/or tremor) in 
real time (Figure  1 b). The collected information is wirelessly 
transmitted to the external smart devices (e.g., smartphone) 
through a Bluetooth module in the smart band (Figure  1 a and 
Movie S1, Supporting Information). When acute, abnormal 
conditions are to be notifi ed to the user, the quantum dot (QD) 
LEDs are turned on (Figure  1 c). Electrical and thermal actuators 
(iontophoresis electrodes and heater) effectively induce feed-
back transdermal drug delivery and/or thermal physiotherapy 
(Figure  1 d,e). The feedback actuation can be remotely con-
trolled through a custom-made Android application (Movie S2, 
Supporting Information).  

  Figure    2  a is a schematic diagram of the thermally con-
trolled, aligned transfer printing process of graphene pat-
terns. The insets are optical camera images of graphene layers 
at each step; note that the transparent graphene patterns are 
colorized for ease of viewing. First, non-patterned graphene 
monolayers are stacked on the graphene grown on the Cu 
foil using the conventional transfer method [ 26,27 ]  to adjust the 
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 Figure 1.    Schematic illustrations of the wearable and transparent graphene electronic/optoelectronic system. a) Exploded view of stacked graphene 
devices and system integration. Multiple functions of the integrated wearable system; b) sensing bio-signals, showing alarms through c) light-emitting 
diodes, d) transdermal drug delivery, and e) thermal therapy.
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resistance of the graphene layers. [ 16 ]  The resulting resistance-
controlled multi-stacked graphene is photolithographically 
patterned so that the desired features/designs are obtained. 
Then, the patterned graphene is coated with a viscoelastic 
sacrifi cial layer of PIB [ 33 ]  and conformal contact is made with 
the PDMS stamp. FeCl 3  solution is used to chemically etch 
the Cu foil and releases the graphene/PDMS stamp. After the 
etching solution is washed away, the graphene-holding stamp 
is aligned to make a contact with the target substrates and/
or prepatterned graphene layers (Figure S1, Supporting Infor-
mation). To increase the interfacial adhesion, the contacted 
system (stamp/patterned-graphene/substrate) is heated to 
100 °C. Subsequent cooling to −20 °C and returning to room 
temperature completes the transfer process. During the low-
temperature stage, the thermal expansion coeffi cient mis-
match between the PIB and PDMS focuses the mechanical 
stress at the edge of the PIB/PDMS interface, which enables 
easy separation of the PDMS stamp from the patterned-gra-
phene on the substrate and thereby increases the transfer 
yield. After the transfer printing, the PIB sacrifi cial layer is 
removed using the decane solution. Figure  2 b shows a repre-
sentative example of the thermally controlled multiple transfer 
printing of graphene patterns (i−iii). Insets show the design of 
graphene patterns (university logo). The colorized image in 
Figure  2 b frame iv is a magnifi ed view of the red dotted box in 
frame iii, in which precise pattern overlaps without defects for 
resistance controls and high-quality graphene–graphene inter-
faces can be observed.  

 We statistically analyzed the infl uence of different thermal 
treatment sequences on the yield of transfer printing by using 

≈400 patterned graphene samples. We used samples of an array 
of square patterns (size: 300 × 300 µm 2 ).  Figure    3  a summa-
rizes the obtained transfer printing yields at various thermal 
treatment conditions. Representative raw data are shown in 
Figure S2 (Supporting Information). As demonstrated in the 
previous reports, [ 20,21,27,28,34 ]  large-area graphene patterns/
fi lms are easily transferred on desired substrates because of 
the strong van der Waals force between graphene and receiving 
substrates. However, as the graphene pattern size decreases, 
which is necessary for high-density electronics and optoelec-
tronics, the van der Waals force decreases dramatically. [ 47 ]  Since 
the adhesion force between graphene and target substrates is 
smaller than that between PIB and PDMS at room temperature 
in particular, small graphene patterns are easily delaminated 
from the receiving substrates during the retrieval process of the 
PDMS stamp (Figure  3 b,c).  

 The designed thermal treatment sequences overcome this 
problem. We compared representative optical microscope 
images of thermally treated graphene layers at different tem-
perature sequences (see Figure  3 c−e for transfer printing at 
room temperature, after heating, and after heating–cooling, 
respectively). To show the differences in each transfer printing 
process more clearly, images of the graphene samples were 
collected before the removal of the PIB. Due to thermal treat-
ments, the transfer yield increases from 27% (no treatment) to 
78% (heating only) and to 90.5% (heating–cooling). This ther-
mally controlled transfer printing technique can be applied over 
the large area (size: 5 cm × 5 cm; Figure S3, Supporting Infor-
mation, inset shows the magnifi ed view) on an ultrathin PET 
substrate (thickness: ≈4.5 µm) of various surface properties 
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 Figure 2.    Thermally controlled transfer printing of the patterned graphene. a) Schematic illustration of the thermally controlled transfer printing pro-
cess. b) Sequential optical images of the multiple and aligned transfer printing of graphene patterns (i−iii). The area enclosed by a red dotted box in 
frame (iii) is magnifi ed in (iv). The image is colored to indicate the different number of patterned graphene layers.
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(from hydrophilic to superhydrophobic surfaces; Figure S4, 
Supporting Information). 

 A detailed theoretical analysis of the mechanism behind the 
thermally controlled graphene transfer process was conducted, 
based on the experimental data shown in  Figure    4  . The PDMS, 
PIB, and glass substrate have different thermal expansion 
behaviors, as shown in Figure  4 a. These differences in thermal 
expansion properties result in a thermal expansion mismatch, 
which causes a stress build-up between the layers in response 
to temperature changes. In addition, PIB exhibits quite large 
viscoelasticity (Figure  4 a), which affects the amount of induced 
stress. The stress relaxation in PIB was measured at 20 °C 
(black dots), 60 °C (blue dots), and 100 °C (red dots), as shown 
in Figure  4 b. From a theoretical perspective, the relaxation 
modulus can be described by a series of exponential decaying 
functions 
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 The stress relaxation at different temperatures can be repre-
sented by replacing  t  with ξ  in Equation  ( 1)  . The model param-
eters are obtained from the stress relaxation data. Figure  4 b 

shows the fi tted results for the data obtained at 20 °C (black 
line), 60 °C (blue line), and 100 °C (red line), along with a 
prediction for −20 °C (dark green line). At 100 °C, 90% of the 
applied stress was found to be relaxed after 1200 s, whereas 
only 20% is expected to be relaxed at −20 °C. The thermally 
controlled graphene transfer process utilizes this difference in 
the stress relaxation during the thermal cycle. 

 The role of the thermal cycle in the development of the 
thermal stress at the edge of the PIB/PDMS interface, which is 
a critical factor for easy separation of the PDMS stamp from the 
patterned-graphene/substrate, was examined by using a thermo-
mechanical fi nite element simulation (Figure  4 c,d). The PDMS/
PIB/PET substrate structure was modeled by 2D plane strain 
elements. Because the analysis was focused on the PDMS/PIB 
interface, the graphene between the PIB and PET substrate was 
ignored. Linear elasticity and linear thermal expansion were 
assumed for the PDMS and the PET substrate, whereas the 
viscoelasticity model was used for the PIB (Figure  4 c). To deter-
mine the effect of the viscoelasticity on the thermal stress, the 
results for the elastic PIB were also calculated (Figure  4 d). As the 
interfacial stress is strongly affected by modulus and thickness, 
we experimentally obtained modulus (Table S1, Supporting 
Information) and thickness (Figure  4 a) of PIB and PDMS layers 
at various temperatures. The initial temperature of the fi nite ele-
ment model was set to 20 °C. As the temperature increases from 
20 °C to 100 °C (heating), the thermal strain mismatch between 
the layers instantly generates shear stresses, as seen on the left 
of Figure  4 c. After a 10-min period at a fi xed temperature of 
100 °C, the majority of the stress was relaxed (Figure  4 c, middle), 
as expected from Figure  4 b. When the sample was cooled to 
−20 °C, a large shear stress was developed at the PDMS/PIB 
interface (Figure  4 c, bottom), promoting easy separation of the 
materials during the transfer process. The shear stress devel-
oped at the PIB/PET interface does not lead to separation due to 
the strong adhesion between PIB and substrate according to the 
experimental results. Note that, if PIB is elastic, holding the tem-
perature at 100 °C does not cause the developed stress to relax 
(Figure  4 d, top and middle) and cooling to −20 °C leaves only a 
small amount of shear stress (Figure  4 d, bottom). 
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 Figure 3.    Experimental evaluation of “heating and cooling” sequences. a) Effects of different thermal treatment sequences on the transfer printing 
yield. b) Colorized optical camera image of the failed graphene transfer printing without the thermal treatment (at room temperature). Graphene layers 
transferred by using c) PIB at room temperature, d) after heating treatment, and e) after heating and cooling treatment.



FU
LL P

A
P
ER

7113wileyonlinelibrary.com© 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

 Furthermore, we directly compared the effect of sequential 
thermal treatments in the interfacial energy of PIB/PDMS 
and PIB/PET using a peel test. After the heating and cooling 

thermal treatment, the relative adhesion force of PIB/PDMS 
is ≈14% decreased and that of PIB/PET is ≈200% increased. 
The detailed results are shown in Figure S5  ( Supporting 
Information). 

 To validate the quality of graphene patterns/stacks fabricated 
through the thermally controlled multiple transfer printing 
processes, we examined their optical and electrical properties 
through various material characterization methods. Imaging 
using atomic force microscopy (AFM) confi rms the integrity 
and quality of the transferred graphene surface ( Figure    5  a). The 
AFM phase image presents the pure graphene layer without 
organic residues (Figure  5 b). Raman spectroscopy analysis 
(Figure  5 c) shows the high intensity at the typical G-band for the 
graphene monolayer with the minimal one at the defect band. 
The 2D Raman mapping analysis (area: 280 µm × 220 µm) 
confi rms the uniform and high-quality surface of graphene 
prepared by thermally controlled transfer printing method 
(Figure S6, Supporting Information).  

 The thermally controlled transfer printing technique 
readily forms various resistance/transparency distributions 
(Figure  5 d–g). A graphene pattern with different electrical and 
optical properties can be achieved using the proposed transfer 
printing technique (see Figure  5 e−g for its optical image, sheet 
resistance, and transparency, respectively). Figure  5 d summa-
rizes various sheet resistances and transparencies of multi-
stacked graphene layers. By stacking Au-doped graphene 
layers and/or hybridizing with Ag nanowires, the graphene 
sheet resistance can be controlled from ≈60 to ≈1500 Ω � –1 , 
which corresponds to ≈80% to ≈95% transparency. The min-
imum resolution of the thermally controlled transfer printing 
was 5 µm in our experiment. 5 µm grid patterns, spaced with 
25, 50, 100, and 200 µm, were successfully transfer printed 
(Figure S7, Supporting Information). This patterned graphene 
transfer printing can be applied to various substrates including 
the PDMS substrate with various modulus (from 20 kPa to 2 
MPa; Figure  5 h). Figure  5 i shows the variety of examples of the 
multi-stacked aligned graphene patterns (i: crane, ii: line and 
space, and iii: partially overlapped square patterns). 

 This thermally controlled transfer printing technique can be 
applied to various device fabrications. Graphene-based sensors 
and actuators (temperature sensor, strain gauge, and thermal 
actuator) on a fl exible PET substrate, for example, are shown in 
 Figure    6  . The resistance of the fabricated temperature sensor 
varies linearly at different temperatures (Figure  6 a,b), with 
a sensitivity of ≈30 Ω °C −1 . The gauge factor of the graphene 
strain gauge is found to be ≈2.1 (Figure  6 c,d). The resistance of 
the sensing unit is designed ≈50 times greater than that of the 
interconnection. Therefore, the resistance changes of sensors 
induced by variations in the temperature and external strain are 
signifi cantly higher than those of the interconnection, which 
maximizes the sensitivity. Figure  6 e,f show images of graphene 
heater and corresponding thermal characterization data (at an 
applied voltage of ≈10 V). Thermal images are obtained using 
a commercial infrared camera (FLIR i5, FLIR system, USA). 
The regions i, ii, and iii are composed of the rectangular gra-
phene pattern of ≈1400 (single layer), ≈700 (double layer), and 
≈300 Ω � –1  (triple layer), respectively. The multiple aligned 
transfer printing defi nes regions of different resistances. The 
temperature versus voltage curves for regions of i, ii, and 
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 Figure 4.    Simulation of the elastic and viscoelastic behaviors of PDMS, 
PIB, and PET layers during the thermal treatment. a) Temperature depend-
ence of PIB viscosity and thermal expansion behavior of PDMS, PIB, and 
PET. b) Stress relaxation of PIB at various temperatures (dot: measured 
data, line: model prediction). c,d) FEM-predicted shear stress in PDMS, 
PIB, and PET substrate after heating from 20 °C to 100 °C, holding for 
10 min, and cooling to −20 °C. The c) viscoelasticity and d) linear elas-
ticity models were used for PIB.
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iii provide more quantitative data on the thermal actuation 
(Figure  6 g). The multiple graphene stack shows the lower 
resistance and higher joule heating response. The rapid joule 
heating of graphene resistors, particularly in design iii, effec-
tively controls the local temperature.  

 Integration of individual devices together with a custom-
made smart band enables a transparent and wearable sensor 
and actuator with the wireless data transmission and control. 
The wearable system is designed to be conformally laminated 
on the human skin, which maximizes the sensor sensitivity 
and feedback actuation effi ciency. The resulting array fabri-
cated via the thermally controlled transfer printing is shown 
in  Figure    7  a,b (inset of Figure  7 b shows the magnifi ed view). 
The graphene devices are connected by graphene electrodes 
and encapsulated by transparent, ultrathin (< ≈1 µm) epoxy 
layers (SU8-2, MicroChem, USA). The graphene devices 
are located on the neutral mechanical plane to dissipate the 
bending-induced strain. The intrinsic softness of the graphene 
enhances the mechanical reliability of the system further. [ 48 ]  
The strain gauge in the integrated system successfully moni-
tors human physical activity or tremor by characterizing joint 
movements. Figure  7 c shows the cyclic fatigue test result, 

which exhibits no performance changes over 1000 times of 
bending (bending radius ≈500 µm). The ultrathin (overall 
thickness < ≈2 µm) and stretchable design helps to main-
tain the robust contact between devices and soft human skin 
without delamination and thereby the signal to noise ratio is 
relatively high. The graphene wearable system is connected 
to the smart-band, [ 49 ]  which includes the power supply, con-
trol, and wireless communication module (Figure  7 d,e and 
Figure S8, Supporting Information for representative wireless 
experimental setup image, schematic circuit diagram of the 
smart band, and its image, respectively). The tremor signals 
measured by the strain gauge, [ 43 ]  for instance, are wirelessly 
transmitted to the external electronic devices (e.g., smartphone 
and/or tablet) via Bluetooth. Figure  7 f shows the transmitted 
signals to the external computer after the noise fi ltering (see 
Movie S1, Supporting Information).  

 The information display is another important component 
in the electronic/optoelectronic system to provide signals and/
or alarms to the user. The graphene electrode can be used 
for wearable quantum dot LEDs (QLEDs). [ 47 ]  An emergency 
alarm, for example, can be displayed to the user through the 
skin-mounted QLEDs. QLEDs have many advantages, such 
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 Figure 5.    Electrical and optical properties of transferred graphene patterns. Atomic force microscopy: a) height image and b) phase image of gra-
phene patterns transferred onto 300 nm thick SiO 2  substrate. c) Raman spectrum from thermally controlled transfer-printed graphene layer. d) Sheet 
resistance and transparency of various resistance-controlled graphene layers. e) Optical image of a stacked graphene pattern. f) Areal distribution of 
sheet resistance and g) transparency. h) Optical image of the transferred graphene pattern on the PDMS substrate. i) Various multi-stacked graphene 
patterns.
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as the color purity, air/water stability, ultrathinness, and cost-
effectiveness, and become an emerging candidate for the 
fl exible and stretchable display. Despite recent advances in 
QLED technologies, accomplishing deformable QLEDs is a 
daunting goal due to poor mechanical deformability of ITO 
anodes. By virtue of the transparency and fl exibility of the 
graphene electrodes, wearable QLEDs could be fabricated 
( Figure    8  ). The exploded illustration (Figure  8 a) provides the 
layer information and inset images show wearable QLEDs on 
the human arm. The QLEDs are stacked on top of the wear-
able sensors and actuators. The semitransparent Li/Al alloy 

cathodes are shown, while the graphene anodes are invisible. 
Figure  8 b shows the band structure of the QLED including 
the anode and cathode, hole- and electron-transporting layer, 
and light-emitting layer. Current density and brightness at 
various applied voltages ( J–V–L  performance) and electrolu-
minescence effi ciency (EQE) of the QLEDs are presented in 
Figure  8 c,d, respectively. The wearable QLEDs are operated 
with a commercial microbattery (Figure S8, Supporting Infor-
mation) by virtue of their low required power consumption. 
Bending deformations up to 180° do not change the QLED 
performance (Figure  8 e).  
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 Figure 6.    Characterization of graphene-based sensors and actuators. a) Optical image and b) calibration curve (sensitivity: ≈30 Ω °C −1 ) of the graphene 
temperature sensor. c) Optical image and d) characteristic curve (gauge factor ≈2.1) of the strain gauge. Optical image of e) graphene heaters, f) cor-
responding IR camera image at 10 V applied bias, and g) thermal response characterization of each region.

 Figure 7.    Integrated wearable sensors and actuators. a) Exploded illustration of the wearable sensors and actuators. b) Optical image of the graphene 
electronic system conformally laminated on the wrist, which corresponds to Figure  7 a. Inset shows the magnifi ed view. c) Relative resistance change 
during the cyclic bending test. d) Image of the wireless tremor detection system and e) its schematic circuit diagram. f) Wirelessly transmitted motion 
and tremor signals after the noise fi ltering.
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 Feedback actuations in relation to the sensing are crucial 
to complete the loop of sensing and actuation. [ 43 ]   Figure    9   
shows the representative example, a wirelessly controlled feed-
back actuation for the thermal therapy [ 50 ]  (by heaters) and the 
transdermal drug delivery [ 43,51 ]  (by iontophoresis electrodes) in 
response to the measured data from integrated sensors (see 

Figure  9 a and Movie S2, Supporting Information). Thermal 
energy diffusion from graphene heaters to dermal and vascular 
tissues near the wrist is shown in Figure  9 b (infrared and optical 
camera image in the left and right frame). Thermal therapy is 
a widely used physical treatment. [ 48 ]  The conformal lamina-
tion of the heater on the skin maximizes the heat transfer and 

 Figure 9.    Feedback thermal and electrical actuators. a) Wirelessly controlled graphene thermal actuator using a custom-made smartphone application. 
b) IR (left) and optical (right) image of the graphene heater laminated on the skin. c) Comparison of thermal responses of transparent heaters made 
of graphene (GP) and indium-tin-oxide (ITO). d) Cyclic thermal stimulations. e) Image of transdermal drug delivery on the mouse skin using graphene 
iontophoresis electrodes. Inset shows the drug-loaded iontophoresis electrodes. f–h) Cross-sectional confocal microscope images showing transdermal 
drug delivery of doxorubicin (red) through the mouse skin. The penetration depth is proportional to the number of electrical stimulation.

 Figure 8.    Wearable QLED with the graphene anode. a) Exploded illustration of the wearable QLED. The insets at the bottom show corresponding 
images of the QLED laminated on the human arm with (left) and without (right) the external illumination. b) Energy band diagram of the QLED. 
c)  J–V–L  characteristics and d) external quantum effi ciency of the wearable QLED. e) Stable  J–V  characteristics of the QLED at various bending angles 
(from 0° to 180°).
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physiotherapy effi ciency. Note that the time-dependent thermal 
actuation properties of the graphene heater is similar with that 
of devices based on other transparent electrodes, such as an 
indium-tin-oxide (Figure  9 c). Figure  9 d shows repetitive on–off 
cycles of the heater (1 min period), presenting the stable and fast 
heating property. Another feedback actuation, transdermal drug 
delivery, is performed by using the local electric fi eld formed by 
iontophoresis electrodes. Figure  9 e shows the laminated ionto-
phoresis electrodes on the skin of a nude mouse. Polar drugs 
(doxorubicin, Aldrich, USA) loaded on graphene electrodes 
are delivered through the skin and into the bloodstream by the 
applied electric fi eld without any pain. The penetration depth 
can be easily tuned by controlling the number of stimuli. The 
confocal image shows that the penetration depth of the drug 
is proportional to the number of applied iontophoresis stimuli 
(Figure  9 f–h).   

  3.     Conclusion 

 In summary, we report a thermally controlled transfer printing 
technique for the integration of patterned graphene devices. 
The designed “heating and cooling” thermal treatment pro-
cess transfers patterned graphene layers intact on various 
substrates. Furthermore, aligned transfer printing allows 
the accurate integration of stretchable graphene electronic/
optoelectronic devices in an ultrathin wearable platform. The 
resulting multifunctional wearable system is conformally lami-
nated on the human skin to successfully carry out physiological 
sensing, wireless data transmission, signal display, thermal 
physiotherapy, and transdermal drug delivery, together with a 
custom-made smart band. These advances would provide new 
opportunities for all-graphene integrated systems.  

  4.     Experimental section 
 “ Heating and Cooling ”  Transfer Printing of Patterned Graphene : 

Monolayer graphene was synthesized using the chemical vapor 
deposition procedure. [ 21 ]  The graphene fi lm was doped with the Au salt 
and stacked on another graphene fi lm on a Cu foil in order to control the 
conductivity (details are in the Supporting Information). After adjusting 
the graphene resistance, the stacked graphene layers on the Cu foil were 
patterned using photolithography and O 2  plasma etching. The patterned 
graphene was spin coated with a PIB solution (30 mg mL −1  in n-decane 
solvent, Aldrich, USA), and annealed at 100 °C for 1 min so as to 
vaporize the decane (Samchun Chemical, Republic of Korea). A 10 mm 
thick PDMS elastomer stamp (Sylgard 184, Dow Corning, USA) was then 
put into conformal contact with the PIB layer. The Cu/graphene/PIB/
PDMS structure was immersed in the FeCl 3  solution in order to dissolve 
the Cu foil, and was then washed with deionized water and dried at room 
temperature. Then, the graphene/PIB/PDMS assembly was aligned on 
the target transfer printing location. To increase the interfacial adhesion, 
the sample was heated on a hotplate at 100 °C for 10 min, followed by 
cooling at −20 °C for 30 min. In the fi nal stage of the transfer printing 
process, the PDMS stamp was gently detached from the substrate and 
the PIB layer was removed using pure decane. A Raman spectrum of 
graphene fi lm was analyzed using T64000 (Horiba, Japan) at NCIRF and 
the AFM measurement was performed in the tapping mode (Dimension 
iCON, Bruker, Germany). 

  Other Materials and Methods : Other materials and methods are 
available in the Supporting Information.  

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