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and wireless communication systems.[1–7] 
For instance, they can be mounted on 
curved and dynamic surfaces of the skin 
to monitor the body’s vital signs through 
real-time/bilateral data transmissions 
based on a human–machine interface 
(HMI), thus realizing a hyperconnected 
society.[8–13] Commercial wearable devices 
exist predominantly in the form of 
patches, bands, and types of textiles that 
yield strains associated with motions and 
detaching stresses in the wrist, elbow, and 
waist, which requires stretchability over 
10–20%.[13–17]

Stretchable electrodes have been exten-
sively developed using nanomaterials (e.g., 
metal nanowires (NWs), nanoparticles 
(NPs), carbon nanotubes (CNTs), and 2D 
materials), and geometrical engineering 
processes (e.g., buckled, serpentine, and net 
formations).[1–3,8,10,12,18–26] However, struc-

turally designed conductors face challenges with regard to wider 
applications due to their complicated encapsulation and transfer 
process, large interconnection area, and limited stretching direc-
tions.[27,28] Facile nanomaterial electrodes also suffer from their 
low conductivity (≈5.3 S cm−1), mechanical hysteresis, limited 
patternability, and poor dispersion uniformity.[24,27]

Light–material interactions for flexible applications (e.g., 
inorganic-based laser liftoff, photoreduction, light sintering, 
and low-temperature polycrystalline silicon (LTPS)) have 
attracted considerable attention as a powerful solution for 
conducting electrodes on plastics.[29–34] They provide an out-
standing capability to excite nonequilibrium and multiscale 
photon reactions within confined space and time for minimal 
damage on polymers, which can selectively tune the material 
morphology, chemical state, and interface configuration.[35–38] 
Several research groups have reported the monochromatic laser 
structuring of flexible conductors (e.g., Ag or Cu),[33,39–41] and 
have demonstrated the plasmonic welding of NW junctions.[42] 
However, the developed NW conductor exhibits poor conduc-
tivity, percolation disuniformity, and low interconnection com-
patibility caused by its high level of roughness.[27] Furthermore, 
the laser process has shown the lack of mass productivity due 
to the laser spot beam size and spatial energy variations.[30] As 
an alternative, our group proposed the facile fabrication of a 
Cu conducting network on polymers using a broad-spectrum 

Herein, a novel stretchable Cu conductor with excellent conductivity and 
stretchability is reported via the flash-induced multiscale tuning of Cu and 
an elastomer interface. Microscale randomly wrinkled Cu (amplitude of 
≈5 µm and wavelength of ≈45 µm) is formed on a polymer substrate through 
a single pulse of a millisecond flash light, enabling the elongation of Cu to 
exceed 20% regardless of the stretching direction. The nanoscale interlocked 
interface between the Cu nanoparticles (NPs) and the elastomer increases the 
adhesion force of Cu, which contributes to a significant improvement of the 
Cu stability and stretchability under harsh yielding stress. Simultaneously, the 
flash-induced photoreduction of CuO NPs and subsequent Cu NP welding 
lead to outstanding conductivity (≈37 kS cm−1) of the buckled elastic elec-
trode. The 3D structure of randomly wrinkled Cu is modeled by finite element 
analysis simulations to show that the flash-activated stretchable Cu conduc-
tors can endure strain over 20% in all directions. Finally, the wrinkled Cu is 
utilized for wireless near-field communication on the skin of human wrist.

Stretchable Electronics

Stretchable electronics have significant potential to shift 
personal computing toward new wearable and healthcare 
applications, such as robotic skin, conformal photovoltaics, 
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flash lamp (from ultraviolet (UV) to infrared), offering the 
excellent advantages of an inexpensive light source with high 
output efficiency and large-scale processability, including roll 
production.[34] Nevertheless, Cu can be easily oxidized upon 
the photothermal interactions in air due to its low oxidation 
potential, which reduces the huge merits of low-cost Cu mate-
rial (100 times cheaper than Ag). In addition, a new strategy for 
stretchable and multiscale light–material interaction has yet to 
be exploited despite the fact that such a process is essential to 
realize harmonious integration of a human–machine interface.

Herein, we report a novel route by which to create stretch-
able conductors via the flash-induced multiscale interface 
interactions between Cu and a polymer. Microscale randomly 
wrinkled Cu was formed on an elastomer substrate by irra-
diation of single pulse of millisecond flash light to enable Cu 
stretchability exceeding 20% in all directions. Nanoscale inter-
locked structure between the Cu NPs and the polymer can 
contribute to the substantial enhancement of stable Cu elon-
gation under harsh stretching fatigue by increasing the Cu 
interfacial adhesion force. Simultaneously, photoreduction of 
CuO NPs and subsequent welding of Cu NPs were optimized 
by tuning the flash energy density and pulse width, resulting in 
excellent conductivity (≈37 kS cm−1) of the buckled stretchable 
electrode based on low-cost Cu material in spite of its oxidation 
vulnerability. To the best of our knowledge, this electrical con-
ductivity of the flash-induced elastic Cu is more than 5 times 
higher than that of previous nanomaterial-based stretchable 
conductors.[18,19,21,24,43,44] 3D structure of randomly wrinkled Cu 
was precisely modeled by controlling a compressing length and 
wrinkle mode (eigenvalue) in biaxial perturbation buckling step 
via a finite element analysis (FEA) simulations, which showed 
that the buckled Cu could relax the strain over 20% regardless 
of the 2D stretching directions. To present the practical utility 
of the elastic Cu conductor, near-field wireless communication 
(NFC) on a human wrist was demonstrated by successfully 
transmitting pedometer data to a smartphone.

Figure 1a schematically illustrates the overall concept of the 
fabrication of the stretchable Cu conductor on a polymer via 
flash-induced multiscale interactions. A CuO NP ink was spin-
coated onto UV-treated polydimethylsiloxane (PDMS) to form 
a CuO NP thin film on an elastomeric substrate. During the 
photoreduction of CuO NPs and subsequent sintering of Cu 
NPs by irradiation with a xenon flash light, two types of inter-
facial interactions between Cu and the polymer could occur, as 
presented in Figure 1a-i. Microscale wrinkled Cu could form 
on an elastomer through the flash-induced heating and cooling 
interactions between Cu and the polymer interface, producing 
thermal compressive strain on the Cu/PDMS. Simultaneously, 
a nanoscale interlocked structure arose between the Cu and the 
elastomer due to the flash-activated rapid melting/solidifica-
tion of the Cu and the polymer interface. Hence, an elastic and 
reversible Cu electrode could be demonstrated on the PDMS, 
as shown in Figure 1a-ii. Figure 1b presents the resistivity of 
the fabricated Cu on a polymer by the flash exposure. The spe-
cific resistance of the CuO film decreased remarkably from  
∞ to 27.2 µΩ cm through the sufficient CuO NP photoreduction 
and sequential Cu NP welding via flash light irradiation (energy 
density of 31.7 J cm−2 and pulse width of 25 ms). Figure 1c 
shows the X-ray diffraction (XRD) measurement results of the 

CuO NP thin films (with a reducing agent, ethylene glycol), that 
was treated by a flash light (pulse width of 25 ms) with different 
energy densities of 0, 27.2, 29.6, and 31.7 J cm−2. As the light 
energy density increased from 0 to 31.7 J cm−2, the CuO NPs 
on PDMS were significantly reduced to Cu NPs within milli-
seconds by the flash-induced successive dehydration reaction 
between the CuO NPs and the reducing agent.[34] The energy 
dispersive X-ray spectroscopy (EDS) mapping and spectrum 
results of the flash-activated Cu present that the oxygen and 
carbon (organic) elements which existed throughout the CuO 
NP ink could be extracted and decomposed, respectively, by 
the photothermal interaction (Figure 1d and the insets of 
Figure 1e). The morphology of the CuO NPs (top) and the 
flash-induced Cu electrode (bottom) are shown in the plane-
view scanning electron microscopy (SEM) images presented 
in Figure 1e. Unlike pristine CuO NPs, the flash-activated Cu 
shows a welded structure (necking and fusing) between neigh-
boring Cu NPs, achieving outstanding Cu conductivity by 
expanding the current path of the Cu electrode. Laser sintering 
of Ag and Au nanomaterials can also demonstrate high-conduc-
tivity conductors, however, the poor scalability of the laser pro-
cess as well as the expensive price of noble metals inhibits the 
practical applications in macroelectronics.

The thermal interaction induced by the flash light can also 
impose compressive stress on the Cu and the elastomer by 
rapidly heating and cooling the polymer interface, resulting in 
microscale randomly buckled Cu.[45,46] To investigate the stretch-
ability of the Cu conductor with the random wrinkle formation, 
the 3D Cu structure on PDMS was modeled with a biaxial per-
turbation buckling step (Figure 2a, right side) by modulating a 
compressing length and wrinkle mode (eigenvalue). The wave-
length and amplitude of the wrinkled Cu model were deter-
mined as 44.14 and 5.61 µm, respectively, based on the photo-
thermal simulation result and theoretical buckling mechanics 
(detail procedures are shown in the Experimental Section).[47] 
As presented in Figure 2a, the buckled Cu could be more easily 
elongated and stretched than the Cu film without wrinkles. It 
underwent strain of less than 3–4% throughout the electrode 
at a yielding strain of 20%, which was lower than the fracture 
strain (≈5%) of Cu.[46,48] The porous Cu structure with a lower 
elastic modulus than bulk Cu has substantial potential to fur-
ther release the strain during the tensile stress is applied. The 
elongation capability could be maintained regardless of the 
stretching direction due to the random wrinkle formation of 
the elastic Cu, as shown in the top of Figure 2b. The Figure 2b 
(bottom, left) presents the microscopic image of the experi-
mentally demonstrated buckled Cu on elastomer by flash lamp 
processing. As shown in Figure S1 (Supporting Information), 
the wavelength and amplitude of the Cu were ≈45 and ≈5 µm, 
respectively, which agreed well with the theoretically estimated 
Cu model. The elastic Cu conductors could yield stably without 
degradation even when the 20% strain was applied along the 
horizontal, vertical, and diagonal directions, as presented in 
the bottom of Figure 2b. As shown in top-view SEM images of 
Figure 2c, the flash-induced photothermal interactions caused 
the 2D compressing stress to the interface between Cu and elas-
tomer, resulting in a randomly wrinkled Cu structure without 
crack formation. Figure 2d presents cross-sectional focused-
ion beam SEM (FIB-SEM) images of the unstretched (top) and 
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stretched (bottom) wavy Cu. As illustrated by the SEM image at 
the bottom of Figure 2d, the flash-induced wrinkled Cu could be 
elongated without crack and delamination of the Cu conductor 
despite yielding strain of 20%. As described in Figure 2e, the 
Cu electrode could be conformally fabricated onto the PDMS 
substrate in spite of its highly curved surface, as formed during 
the flash-induced polymer wrinkling process. Furthermore, the 
magnified SEM image of the cross-section of the elastic Cu in 
Figure 2f shows that the nanoscale interlocked formation could 

be caused by the flash-activated instantaneous melting and 
solidification of the Cu and polymer interface. The rate of PDMS 
interaction with oxygen was significantly reduced because the 
flash lamp processing is too rapid to provide optimal kinetics 
and sufficient oxygen dissolution reaction for the thermal oxida-
tive degradation of PDMS polymer.[49] The flash-induced inter-
facial interlocking in nanoscale between Cu and the elastomer 
enabled to achieve higher Cu adhesion properties than that of 
vacuum-deposited Cu conductor on PDMS, as confirmed by a 

Adv. Sci. 2018, 5, 1801146

Figure 1. a) Schematic illustrations of the stretchable Cu conductor fabricated by flash-induced multiscale modulation of the Cu and elastomer inter-
face occurring during a photothermal reduction of CuO NPs and subsequent sintering of the Cu NPs. b) The resistivities of the elastic Cu electrodes 
on PDMS subjected to different flash light energy densities ranging from 24.8 to 34.3 J cm−2 (pulse width of 25 ms). The inset shows photographic 
images of the CuO NP films after irradiation with the corresponding flash light. c) XRD patterns of CuO NPs that were processed by flashes of light 
(pulse width of 25 ms) with different energy densities of 0, 27.2, 29.6, and 31.7 J cm−2. d) EDS mapping results of CuO NP ink and flash-induced Cu 
(Cu: copper, O: oxygen, and C: carbon). e) Plane-view SEM images of the CuO NPs (top) and the flash-activated Cu (bottom) on polymer substrates. 
The insets show the EDS spectrums of the corresponding CuO NP ink (top) and the flash-induced Cu conductor (bottom).
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simple tape test (Figure S2, Supporting Information). This good 
adhesion of the interlocked Cu can be attributed to the large 
bonded area between the Cu nanostructures and the polymer 

surface,[34] which is important not only for stable adhesion of the 
Cu on an elastomer substrate but also for high stretching dura-
bility of the Cu by preventing the Cu from delaminating due to 

Adv. Sci. 2018, 5, 1801146

Figure 2. a) The strain distribution results (FEA simulations) after stretching (vertical stretching direction, 20% applied strain) for the Cu without wrin-
kles (left side) and the flash-induced Cu conductor (right side). b) Top side: the FEM modeling result of the buckled Cu (left), and the FEM simulation 
results after inducing 20% strain in horizontal, vertical, and diagonal directions to the wrinkled Cu model (right). Bottom side: the microscopic image 
of the wrinkled Cu (left, after applying 0% strain), and the microscopic images of the buckled Cu after applying 20% strain in horizontal, vertical, and 
diagonal directions (right). c) Top-view SEM image of wrinkled Cu on an elastomer substrate created by the flash lamp process. The inset shows a 
magnified SEM image of a buckled Cu electrode. d) SEM images showing the cross-section of unstretched (top) and stretched wrinkled Cu conduc-
tors. e) Magnified cross-sectional SEM image of flash-induced wavy Cu on a polymer substrate. The inset shows a SEM image of a tilted view of the 
buckled Cu. f) SEM image of the magnified cross-section of a flash-activated interlocked structure arising between Cu and an elastomer interface.  
g) The normalized resistance of sputtered and flash-induced Cu during yielding strain up to 40% was applied. The inset shows an optical image of a 
stretchable Cu electrode in a stretched state. h) A comparison work to recent studies in elastic conductors. Data points were excerpted from the fol-
lowing papers: black filled square,[19] blue filled triangle,[24] green open square,[21] magenta open triangle,[18] purple open circle,[43] orange open square,[44] 
red filled asterisk (this study).
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elastic deformation. The stretching durability of the buckled Cu 
was evaluated by monitoring the normalized resistance of the 
stretchable Cu during the application of external strain from 0% 
to 40%, as presented in Figure 2g. The normalized resistance of 
the sputtered Cu on PDMS without wrinkles increased critically 
to ≈26.6 within 5% strain and reached ≈33 000 at 7.5% strain. 
On the other hand, the normalized resistance of the wrinkled 
elastic Cu exhibited little change even at 20% strain. The con-
ductivities at the maximum endurable strain for state-of-the-
art nanomaterial-based stretchable electrodes are compared in 
Figure 2h.[18,19,21,24,43,44] As far as we know, the flash-induced 
multiscale Cu conductor exhibits more than 5 times higher 
conductivity (≈37 kS cm−1) than that of previously reported 
stretchable nanomaterial electrodes, fulfilling the stretchability 
requirement (20%) for commercial wearable electronics. This 
outstanding conductivity of elastic Cu beyond the intrinsic limi-
tations (e.g., yield strength, Young’s modulus, and Poisson’s 
ratio) was ascribed by multiscale photothermal interaction that 
controls physical mechanics of materials. We believe that the 
elastic capability of the flash-activated stretchable Cu can be fur-
ther improved by tuning the wrinkle structure (wavelength and 
amplitude), modulus of the substrate, and film thickness. The 
reversibility and stability of the stretchable Cu under yielding 
stress was examined by applying repeated stretching (20% strain) 
and unstretching fatigue (Figure S3, Supporting Information). 
While the normalized resistance of vacuum-deposited Cu on an 
elastomer was irreversibly increased to ≈650 after 10 stretching 
cycles, the stretchable Cu conductor created via flash light inter-
action presents high reliability without mechanical hysteresis 
despite 100 cycles of yielding stress.

To study the Cu adhesion enhancement effect by the inter-
locked Cu on polymer substrates, a Cu electrode was fabricated 
on a polyimide (PI) substrate using the flash lamp, and this was 
followed by quantitative measurements of the Cu delamination 
fracture force using the double-cantilever-beam (DCB) method.[29] 
Note that PDMS substrate could not be utilized to semiquanti-
tatively monitor the pure adhesion enhancement phenomena 
induced via interlocked interface between Cu and polymer due 
to the excessive plastic deformation of the elastomer. In addi-
tion, the wrinkled structure of the flash-induced Cu on PDMS 
inhibits the investigation of the Cu nano-interlocking effect on 
various mechanical properties such as adhesion, and reliabili-
ties under bending or environmental fatigues. Figure 3a shows 
cross-sectional SEM images of CuO NP ink (top) and a flash-
induced Cu electrode (bottom) on a PI film. As shown in the 
SEM image at the bottom of Figure 3a, an interlocking structure 
was also induced between the Cu and polymer interface during 
the photothermal reduction of CuO NPs and the sequential sin-
tering of Cu NPs. This flash-activated Cu was used to prepare 
DCB peel test specimens by slicing it into pieces 10 mm in width 
and 30 mm in length. As illustrated in the inset of Figure 3b, Al 
beams (thickness of 3 mm) were bonded to the side of a plastic 
substrate and a Cu electrode using an epoxy adhesive. The ends 
of Al beams were pulled by a linear actuator at a constant dis-
placement rate of 0.1 mm s−1 to measure the peeling force of the 
Cu in J m−2 (inset of Figure 3b). The measured adhesion energy 
of the Cu on a polymer substrate was 289.4 J m−2, exhibiting 
greater adhesion force by 201% than that of sputtered Cu on PI 
(Figure 3b). Figure 3c presents the electrical properties of the 

flash-induced Cu on a polymer film, which shows high durability 
of the Cu electrode under bending fatigue (10 000 bending cycles 
at a bending radius of 5 mm) compared to vacuum-deposited 
Cu on a plastic substrate. As described in Figure 3d-iii, severe 
cracks were created on the sputtered Cu after bending stress. On 
the other hand, no fracture damage was observed for the flash-
activated Cu conductor, stemming from the excellent adhesion 
properties of the dense Cu on the polymer (Figure 3d-iv).[50,51] 
The significant enhancement of the Cu adhesion energy could 
also improve the life spans of electrodes[52] in humid condition. 
Figure 3e shows the results of an accelerated humidity-resistance 
test conducted with the theoretical Arrhenius approach to cal-
culate the lifetime of flash-induced Cu on a polymer (PI). The 
Cu electrode created via the flash light process was placed in an 
environment of 85% humidity at three different temperatures 
of 75, 85, and 95 °C. If humid moisture (85%) at a high tem-
perature (from 75 to 95 °C) infiltrates into the samples through 
the vulnerable Cu and PI interface, the Cu metal line would be 
destroyed by corrosion, which would then induce delamination, 
breakage, and oxidation of the Cu. The time-to-failure (tf) was 
defined as the length of time until the resistance became 10% 
higher than the initial status after putting the fabricated Cu into 
the humid chamber.[52] The tf of the flash-induced Cu conductors 
in humid chamber (85%) at different temperatures of 75, 85, and 
95 °C were 1, 3, and 9 h, respectively. Figure 3e shows an Arrhe-
nius curve based on the linear fitting of −ln(tf) versus 1000/T to 
estimate the failure time of the flash-activated Cu at 25 °C. An 
Arrhenius equation and the accelerated factor (AF) between two 
temperatures are given as Equations (1) and (2)[53]
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where A, Ea, k, and T are the pre-exponential factor, the 
activation energy (eV) for the failure of flash-induced Cu, 
Boltzmann’s constant, and the temperature in degrees Kelvin, 
respectively. The activation energy was calculated and found 
to be 1.24 eV from the slope (Ea·k−1) of the Arrhenius graph 
in Figure 3e, which is mainly determined by the Cu inter-
facial bonding strength on the polymer film and the water 
absorption rate at the Cu and plastic interface. The tf value 
of the flash-activated Cu electrode at room temperature  
(25 °C) can be predicted by Equation (4) by substituting into 
the equation two selected temperatures of 95 and 25 °C, and 
tf of the flash-induced Cu conductor at 85% and 95 °C. From 
the accelerated humidity-resistance test and the Arrhenius 
model, the life span of the Cu on a polymer substrate by flash 
exposure was estimated to be 10 280 h at 25 °C, presenting  
60 times greater material stability than that of the vacuum-
deposited Cu on PI in humid environment. The X-ray photo-
electron spectroscopy (XPS) depth profile result of the sputtered 
Cu in Figure S4a (Supporting Information) shows that severe 
oxidation damage occurs not only on the Cu surface but also at 
the Cu and polymer interface. This indicates that the adhesion 
of weakly bonded Cu onto the PI could be easily degraded by 
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the environmental stress (e.g., polymer dehydration), resulting 
in Cu delamination from PI and therefore creating additional 
oxidation and crack sites.[52,54] As illustrated in Figure 3f-iii, the 
sputtered Cu with low adhesion on a polymer could easily peel 
due to environmental fatigue (85% humidity at 85 °C for 96 h),  
allowing the permeation of moisture through the Cu inter-
face and thus causing islands to form of the Cu material. In 
contrast, the highly adhesive Cu electrode created by the flash 
light method showed only minor amounts of crack damage 
and interfacial Cu oxidation (Figure 3f-iv and Figure S4b  

(Supporting Information)). Note that this humidity resistance 
can be further improved by using fluorinated polymer or chloro-
prene substrates that are not permeable to humid environment.

To verify the practical usefulness of the flash-induced elastic 
electrodes, we demonstrated a stretchable Cu antenna on 
skin of human wrist, as shown in Figure 4a. First, the coated 
CuO NP film on PDMS was shaded by a metal mask with a 
spiral antenna pattern to irradiate a flash of light selectively 
onto CuO NPs. The geometric parameters of the antenna 
(e.g., number of turns, and mean coil diameter) for a NFC 

Adv. Sci. 2018, 5, 1801146

Figure 3. a) SEM images showing the cross-section of the CuO ink (top) and flash-activated Cu (bottom) on polymer substrates. b) The adhesion energy 
measurement results of the sputtered and the flash-induced Cu as evaluated by the DCB method. The inset shows structure of the DCB specimen and 
the loading direction for the DCB peel test. c) The normalized resistance of the sputtered and flash-activated Cu on polymer substrates during a cyclic 
bending test (bending radius: 5 mm). d) SEM images of the sputtered and flash-induced Cu before and after 10 000 cycles of bending fatigue. e) Arrhe-
nius plot of ln(1/tf) versus 1000/T, presenting the temperature-dependent stability of the sputtered and the flash-activated Cu on polymer substrates. 
f) Microscopic images of sputtered and flash-induced Cu before and after an accelerated humidity-resistance test (85% humidity at 85 °C for 96 h).
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Figure 4. a) Schematic illustrations of the fabrication procedures of the NFC pedometer system based on the flash-induced stretchable Cu antenna. 
b) The reflection coefficient of the elastic Cu antenna under tensile strain ranging from 0% to 20%. The inset shows photographic images of the 
stretchable Cu antenna before (bottom right) and after (bottom left) the application of 20% yielding strain. Scale bars of the inset photos are 1.5 cm. 
c) The fc and Q-factor values of the antenna under stretching deformation (elongation strain from 0% to 20%). d) The fc and Q-factor values of the 
stretchable antenna during 1000 cycles of 20% stretching fatigue. The inset (schematics) shows the reliability evaluation procedures for the elastic 
Cu antenna on an elastomer substrate under repeated 20% yielding strain. e) A photographic image of the NFC pedometer system (left side), and 
corresponding block diagram (right side). f) An image of the stretched Cu antenna when bent at the wrist during NFC wireless signal transmission of 
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pedometer system were custom-designed based on the elec-
trical properties of wrinkled elastic Cu. Second, the stretchable 
Cu antenna was resulted by rinsing CuO ink (where the flash 
light is not exposed) off. Finally, the Cu antenna for wireless 
data transmission was interconnected to the aforementioned 
pedometer system. To estimate the resonance center frequency 

(RF, fc) and quality factor (Q-factor, cf

f∆
) of the antenna under 

the stretching deformation, tensile stress was applied while the 
reflection coefficient S11 was ascertained by a network analyzer 
(Figure 4b). As presented in Figure 4c, the fc and Q-factor values 
of the antenna with the RF matching circuit were 13.4 MHz 
and 14.6 at 0% strain, respectively. The elastic antenna exhib-
ited stable NFC properties (fc: from 13.4 to 12.6, and Q-factor: 
from 14.6 to 10.57) regardless of the elongation strain from 
0% to 20%. This good reliability of the stretchable Cu antenna 
sufficiently satisfied the theoretical requirements for suc-
cessful wireless transmission (12.2 < fc < 14.92, 10 < Q-factor 
< 20).[55] It is essential that the antenna survives for hundreds 
of stretching cycles to realize a robust wearable communication 
device. As shown in Figure 4d, there were no marked differ-
ences in the antenna fc and Q-factor values during 1000 cycles 
of 20% yielding strain. Figure 4e illustrates the NFC pedometer 
system including the antenna, RF matching circuit, microcon-
troller unit (MCU), and sensor modules. Despite severe stress 
caused by the wrist joint, the elastic Cu antenna successfully 
transmitted the pedometer data (the number of steps over 
time, Figure 4g) to a smartphone, as presented in Figure 4f 
and Movie S1 (Supporting Information), which proves that the 
elastic Cu created by the flash lamp process can be practically 
integrated into electronic-skin (e-skin) devices.

In summary, we demonstrated a flash-induced stretch-
able and multiscale Cu conductor with excellent conductivity 
(≈37 kS cm−1) and good elongation capabilities (≈20%). A flash 
light with an energy density level of 31.7 J cm−2 and a pulse 
duration of 25 ms facilitated the optimized photoreduction of 
CuO NPs, followed by the densification of the Cu NPs, resulting 
in a Cu conductor with outstanding resistivity on an elastomeric 
substrate. A microscale randomly buckled Cu structure (wave-
length of ≈45 µm and amplitude of ≈5 µm) was formed on 
PDMS through thermal compressive strain induced by a milli-
second flash light, which realizes Cu stretchability exceeding 
20% in all directions. Simultaneously, a nanoscale interlocked 
interface between the Cu NPs and a polymer strengthened the 
Cu adhesion on the elastomer, preventing Cu delamination 
due to elongation fatigue. The effects of Cu nano-interlocking 
on a polymer substrate (e.g., lifetime and reliability) could be 
investigated by evaluating the interfacial fracture force, resist-
ance to humidity, and bending durability of flash-activated Cu 
on a polymer (PI). In addition, 3D FEA simulations indicated 
that the wrinkled Cu conductor could absorb yielding strain 
over 20% regardless of the stretching direction. The buckled 
Cu created via the flash lamp process was used for near-field 
wireless communications (13.56 MHz) on the skin of the wrist 
of a human volunteer, stably transmitting pedometer data to a 

smartphone under harsh strain imposed when the volunteer 
bent his wrist joint. This novel flash-induced stretchable tech-
nology can provide an important tool for elastic electronics, 
such as wrinkled e-skin and healthcare sensors.

Experimental Section
Photothermal Simulation: The heat flux simulation was conducted 

using COMSOL Multiphysics 5.3 software. During pulsed flash 
irradiation, the temperature distribution in the elastomer interface was 
determined by the following Equation (3)

Q C T
t

C T k Tρ ρ ( )= ∂
∂ + ⋅∇ − ∇ ⋅ ∇  (3)

where Q is the total heat generated by the flash light and ρ, k, and C are 
the density, thermal conductivity, and thermal capacity of the materials 
(CuO, PDMS, and air), respectively. The entire configuration of the CuO 
NPs (Novacentrix) on the polymer substrate was modeled considering the 
size and shape of the CuO NPs (spherical, 100 nm diameter), the number 
of CuO NP layers, and the thickness of the PDMS substrate. The density, 
thermal conductivity, and thermal capacity at constant pressure of CuO 
NPs was 6310 kg m−3, 32.9 W m−1 K−1, and 550.5 J kg−1 K−1, respectively.[56] 
The experimentally applied flash light ignition condition (function 
of rectangular light pulse, pulse width of 25 ms, and energy density of 
31.7 J cm−2) was used to simulate the photothermal effects within the 
Cu and elastomer interface. Prior to the heat flux simulation of solid 
module, the entire system was configured and maintained at the constant 
atmosphere pressure of 1 atm and the initial temperature of 293.15 K.

Theoretical Buckling Mechanics: Figure S5 (Supporting Information) shows 
the FEA simulation result to investigate the flash-induced heat distribution 
at the polymer interface. Intense heat (average temperature of 773 K) could 
diffuse into the elastomer (up to 670 µm in depth), extending the PDMS 
by thermal expansion. After the pulsed flash irradiation was completed, 
the expanded Cu/polymer was subsequently cooled and contracted, which 
produced thermal compressive stress on the Cu and elastomer. The thermal 
strain imposed on the Cu on polymer substrate by flash lamp processing 
was calculated to be ≈14% according to Equation (4)[45]

PDMS CuT Tα α α( )∆ ∆ = − × ∆  (4)

where αPDMS and αCu are correspondingly the coefficients of thermal 
expansion of the PDMS substrate and the Cu film, and ΔT represents 
the increase in the temperature of the polymer. The surface temperature 
profile of the PDMS could be controlled by flash lamp processing 
parameters (e.g., energy density and pulse width). For relatively large 
amounts of wrinkling strain (>10%), the wavelength of the buckled Cu 
could be theoretically estimated using Equation (5)[43,57]

1 1

0

pre

1
3

λ λ

ε ξ( )( )
=

+ +





 (5)
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, 5
32 preξ ε=  (1 + εpre), εpre denotes the 

thermal prestrain, hf is the thickness of the Cu film, and fE  and sE  are 
correspondingly the plain-strain moduli of Cu and PDMS. The amplitude 

of the stretchable Cu, A =
1 (1 )

where 10
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depends on the film thickness, prestrain, and the critical buckling strain 
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2/3
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E
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.

pedometer data to a smartphone. The inset shows a photo of the unstretched Cu antenna on the wrist. g) The pedometer data (number of steps for 3 
h) acquired during the demonstration of our NFC system and a conventional pedometer device. The inset photo shows the pedometer data received 
through NFC by the stretchable Cu antenna.
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Pedometer System: A wireless communication board (Arduino, NFC 
shield V 2.0) was purchased for NFC at 13.56 MHz. An inclination 
sensor (Hedong, SW-200) was also bought and integrated onto the NFC 
board to detect stepping motion by the user. A flash-induced antenna 
with inductance of 450 nH was connected in parallel to a RF matching 
circuit (capacitance: 220 pF) and a NFC board (capacitance of MCU and 
printed circuit board: 86 pF), resulting in an antenna reflection coefficient 
spectrum with a center frequency of 13.4 MHz. After completing the 
hardware system, Android Arduino programming was done to save the 
pedometer data of the inclination sensor in the MCU and they were sent 
to a smartphone via NFC. An APK software file for Android applications  
was developed and installed on the smartphone to receive the data 
of the pedometer system. The authors would like to acknowledge 
Dr. D. J. Joe for his spontaneous support with photography and video 
work. Informed consent was obtained.

Characterizations: The morphologies of the stretchable Cu conductors 
were observed by means of SEM (Magellan 400, FEI) and FIB-SEM 
(Helios Nanolab 450 F1, FEI, Kaist Analysis Center for Research 
Advancement (KARA)). The chemical and elemental compositions of the 
CuO NP ink and the flash-induced Cu electrodes were monitored with 
XRD (K-Alpha, Thermo Fisher Scientific), EDS (Magellan 400, FEI), and 
XPS (K-Alpha, Thermo VG Scientific). The inductance, capacitance, and 
reflection coefficient of the antennas were measured by a multifrequency 
LCR meter (Hewlett Packard, Agilent 4275A) and a network analyzer 
(Hewlett Packard, Agilent 8753E). Electrical characterizations were 
performed by using a Keithley 4200-SCS device.
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from the author.

Acknowledgements
This research was supported by the Creative Materials Discovery 
Program through the National Research Foundation of Korea (NRF) 
funded by the Ministry of Science, ICT and Future Planning (Grant  
No. NRF-2016M3D1A1900035), and a grant from the NRF funded by the 
Korean Government (MSIP) (Grant No. NRF-2016R1A5A1009926) as 
well as the Nano Material Technology Development Program through 
the NRF funded by the Ministry of Science, ICT and Future Planning 
(Grant No. NRF-2016M3A7B4905621).

Conflict of Interest
The authors declare no conflict of interest.

Keywords
flash–material interactions, interlocking, stretchable conductors, wireless 
communication, wrinkling

Received: July 19, 2018
Revised: August 27, 2018

Published online: October 4, 2018

[1] D.-H. Kim, J.-H. Ahn, W. M. Choi, H.-S. Kim, T.-H. Kim, J. Song, 
Y. Y. Huang, Z. Liu, C. Lu, J. A. Rogers, Science 2008, 320, 507.

[2] T. Sekitani, Y. Noguchi, K. Hata, T. Fukushima, T. Aida, T. Someya, 
Science 2008, 321, 1468.

[3] D.-Y. Khang, H. Jiang, Y. Huang, J. A. Rogers, Science 2006, 311, 208.
[4] S. C. B. Mannsfeld, B. C.-K. Tee, R. M. Stoltenberg, C. V. H.-H. Chen, 

S. Barman, B. V. O. Muir, A. N. Sokolov, C. Reese, Z. Bao, Nat. 
Mater. 2010, 9, 859.

[5] K. Takei, T. Takahashi, J. C. Ho, H. Ko, A. G. Gillies, P. W. Leu, 
R. S. Fearing, A. Javey, Nat. Mater. 2010, 9, 821.

[6] J. Yoon, A. J. Baca, S.-I. Park, P. Elvikis, J. B. Geddes, L. Li, 
R. H. Kim, J. Xiao, S. Wang, T.-H. Kim, M. J. Motala, B. Y. Ahn, 
E. B. Duoss, J. A. Lewis, R. G. Nuzzo, P. M. Ferreira, Y. Huang, 
A. Rockett, J. A. Rogers, Nat. Mater. 2008, 7, 907.

[7] A. M. Hussain, F. A. Ghaffar, S. I. Park, J. A. Rogers, A. Shamim, 
M. M. Hussain, Adv. Funct. Mater. 2015, 25, 6565.

[8] M. Kaltenbrunner, T. Sekitani, J. Reeder, T. Yokota, K. Kuribara, 
T. Tokuhara, M. Drack, R. Schwodiauer, I. Graz, S. Bauer-Gogonea, 
S. Bauer, T. Someya, Nature 2013, 499, 458.

[9] D.-H. Kim, N. Lu, R. Ma, Y.-S. Kim, R.-H. Kim, S. Wang, J. Wu, 
S. M. Won, H. Tao, A. Islam, K. J. Yu, T.-I. Kim, R. Chowdhury, 
M. Ying, L. Xu, M. Li, H.-J. Chung, H. Keum, M. McCormick, P. Liu, 
Y.-W. Zhang, F. G. Omenetto, Y. Huang, T. Coleman, J. A. Rogers, 
Science 2011, 333, 838.

[10] R. C. Webb, A. P. Bonifas, A. Behnaz, Y. Zhang, K. J. Yu, H. Cheng, 
M. Shi, Z. Bian, Z. Liu, Y.-S. Kim, W.-H. Yeo, J. S. Park, J. Song, Y. Li, 
Y. Huang, A. M. Gorbach, J. A. Rogers, Nat. Mater. 2013, 12, 938.

[11] T. Yamada, Y. Hayamizu, Y. Yamamoto, Y. Yomogida, 
A. Izadi-Najafabadi, D. N. Futaba, K. Hata, Nat. Nanotechnol. 2011, 
6, 296.

[12] D. Son, J. Lee, S. Qiao, R. Ghaffari, J. Kim, J. E. Lee, C. Song, 
S. J. Kim, D. J. Lee, S. W. Jun, S. Yang, M. Park, J. Shin, K. Do, 
M. Lee, K. Kang, C. S. Hwang, N. Lu, T. Hyeon, D.-H. Kim, Nat. 
Nanotechnol. 2014, 9, 397.

[13] E. Roh, B.-U. Hwang, D. Kim, B.-Y. Kim, N.-E. Lee, ACS Nano 2015, 
9, 6252.

[14] D. Kang, P. V. Pikhitsa, Y. W. Choi, C. Lee, S. S. Shin, L. Piao, 
B. Park, K.-Y. Suh, T.- I. Kim, M. Choi, Nature 2014, 516, 222.

[15] C. Pang, G.-Y. Lee, T.-I. Kim, S. M. Kim, H. N. Kim, S.-H. Ahn, 
K.-Y. Suh, Nat. Mater. 2012, 11, 795.

[16] S. Lim, D. Son, J. Kim, Y. B. Lee, J.-K. Song, S. Choi, D. J. Lee, 
J. H. Kim, M. Lee, T. Hyeon, D.-H. Kim, Adv. Funct. Mater. 2015, 25, 
375.

[17] S. Ogura, T. Hammura, T. Yoshino, T. Suemasu, Y. Mabuchi, 
K. Takahashi, T. Fujita, S. Watanabe, Fujikura Tech. Rev. 2015, 15.

[18] Y. Kim, J. Zhu, B. Yeom, M. D. Prima, X. Su, J.-G. Kim, S. J. Yoo, 
C. Uher, N. A. Kotov, Nature 2013, 500, 59.

[19] T. Sekitani, H. Nakajima, H. Maeda, T. Fukushima, T. Aida, K. Hata, 
T. Someya, Nat. Mater. 2009, 8, 494.

[20] S. H. Chae, W. J. Yu, J. J. Bae, D. L. Duong, D. Perello, H. Y. Jeong, 
Q. H. Ta, T. H. Ly, Q. A. Vu, M. Yun, X. Duan, Y. H. Lee, Nat. Mater. 
2013, 12, 403.

[21] M. Park, J. Im, M. Shin, Y. Min, J. Park, H. Cho, S. Park, M.-B. Shim, 
S. Jeon, D.-Y. Chung, J. Bae, J. Park, U. Jeong, K. Kim, Nat. Nano-
technol. 2012, 7, 803.

[22] H. G. Yoo, M. Byun, C. K. Jeong, K. J. Lee, Adv. Mater. 2015, 27, 3982.
[23] N. Matsuhisa, M. Kaltenbrunner, T. Yokota, H. Jinno, K. Kuribara, 

T. Sekitani, T. Someya, Nat. Commun. 2015, 6, 7461.
[24] F. Xu, Y. Zhu, Adv. Mater. 2012, 24, 5117.
[25] J.-H. Lee, K. Y. Lee, M. K. Gupta, T. Y. Kim, D.-Y. Lee, J. Oh, C. Ryu, 

W. J. Yoo, C.- Y. Kang, S.-J. Yoon, J.-B. Yoo, S.-W. Kim, Adv. Mater. 
2014, 26, 765.

[26] T. Someya, Y. Kato, T. Sekitani, S. Iba, Y. Noguchi, Y. Murase, 
H. Kawaguchi, T. Sakurai, Proc. Natl. Acad. Sci. USA 2005, 102, 12321.

[27] T. Q. Trung, N.-E. Lee, Adv. Mater. 2017, 29, 1603167.
[28] J. Yoon, S. Y. Hong, Y. Lim, S.-J. Lee, G. Zi, J. S. Ha, Adv. Mater. 

2014, 26, 6580.
[29] J. H. Park, G. -T. Hwang, S. Kim, J. Seo, H.-J. Park, K. Yu, T.-S. Kim, 

K. J. Lee, Adv. Mater. 2017, 29, 1603473.



www.advancedsciencenews.com

1801146 (10 of 10) © 2018 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

www.advancedscience.com

Adv. Sci. 2018, 5, 1801146

[30] D. J. Joe, S. Kim, J. H. Park, D. Y. Park, H. E. Lee, T. H. Im, I. Choi, 
R. S. Ruoff, K. J. Lee, Adv. Mater. 2017, 29, 1606586.

[31] G.-T. Hwang, V. Annapureddy, J. H. Han, D. J. Joe, C. Baek, 
D. Y. Park, D. H. Kim, J. H. Park, C. K. Jeong, K.-I. Park, J.-J. Choi, 
D. K. Kim, J. Ryu, K. J. Lee, Adv. Energy Mater. 2016, 6, 1600237.

[32] S. J. Kim, H. E. Lee, H. Choi, Y. Kim, J. H. We, J. S. Shin, K. J. Lee, 
B. J. Cho, ACS Nano 2016, 10, 10851.

[33] S. Hong, J. Yeo, G. Kim, D. Kim, H. Lee, J. Kwon, H. Lee, P. Lee, 
S. H. Ko, ACS Nano 2013, 7, 5024.

[34] J. H. Park, S. Han, D. Kim, B. K. You, D. J. Joe, S. Hong, J. Seo, 
J. Kwon, C. K. Jeong, H.-J. Park, T.-S. Kim, S. H. Ko, K. J. Lee, Adv. 
Funct. Mater. 2017, 27, 1701138.

[35] E. C. Garnett, W. Cai, J. J. Cha, F. Mahmood, S. T. Connor, 
M. G. Christoforo, Y. Cui, M. D. McGehee, M. L. Brongersma, Nat. 
Mater. 2012, 11, 241.

[36] I. Choi, H. Y. Jeong, H. Shin, G. Kang, M. Byun, H. Kim, A. M. Chitu, 
J. S. Im, R. S. Ruoff, S.-Y. Choi, K. J. Lee, Nat. Commun. 2016, 7, 
13562.

[37] H. Palneedi, J. H. Park, D. Maurya, M. Peddigari, G.-T. Hwang, 
V. Annapureddy, J.-W. Kim, J.-J. Choi, B.-D. Hahn, S. Priya, K. J. Lee, 
J. Ryu, Adv. Mater. 2018, 30, 1705148.

[38] S. Han, S. Hong, J. Yeo, D. Kim, B. Kang, M.-Y. Yang, S. H. Ko, Adv. 
Mater. 2015, 27, 6397.

[39] J. Kwon, H. Cho, Y. D. Suh, J. Lee, H. Lee, J. Jung, D. Kim, D. Lee, 
S. Hong, S. H. Ko, Adv. Mater. Technol. 2017, 2, 1600222.

[40] Y. D. Suh, J. Kwon, J. Lee, H. Lee, S. Jeong, D. Kim, H. Cho, J. Yeo, 
S. H. Ko, Adv. Electron. Mater. 2016, 2, 1600277.

[41] J. Kwon, H. Cho, H. Eom, H. Lee, Y. D. Suh, H. Moon, J. Shin, 
S. Hong, S. H. Ko, ACS Appl. Mater. Interfaces 2016, 8, 11575.

[42] S. Han, S. Hong, J. Ham, J. Yeo, J. Lee, B. Kang, P. Lee, J. Kwon, 
S. S. Lee, M.-Y. Yang, S. H. Ko, Adv. Mater. 2014, 26, 5808.

[43] K.-Y. Chun, Y. Oh, J. Rho, J.-H. Ahn, Y.-J. Kim, H. R. Choi, S. Baik, 
Nat. Nanotechnol. 2010, 5, 853.

[44] H. Stoyanov, M. Kollosche, S. Risse, R. Wache, G. Kofod, Adv. 
Mater. 2013, 25, 578.

[45] W. M. Choi, J. Song, D.-Y. Khang, H. Jiang, Y. Y. Huang, J. A. Rogers, 
Nano Lett. 2007, 7, 1655.

[46] S. P. Lacour, S. Wagner, Z. Huang, Z. Suo, Appl. Phys. Lett. 2003, 82, 
2404.

[47] H. Jiang, D.-Y. Khang, J. Song, Y. Sun, Y. Huang, J. A. Rogers, Proc. 
Natl. Acad. Sci. USA 2007, 104, 15607.

[48] J. Kim, G. A. Salvatore, H. Araki, A. M. Chiarelli, Z. Xie, A. Banks, 
X. Sheng, Y. Liu, J. W. Lee, K.-I. Jang, S. Y. Heo, K. Cho, H. Luo, 
B. Zimmerman, J. Kim, L. Yan, X. Feng, S. Xu, M. Fabiani, G. Gratton, 
Y. Huang, U. Paik, J. A. Rogers, Sci. Adv. 2016, 2, 1600418.

[49] G. Camino, S. M. Lomakin, M. Lazzari, Polymer 2001, 42, 2395.
[50] J. H. Park, S. Jeong, E. J. Lee, S. S. Lee, J. Y. Seok, M. Yang, Y. Choi, 

B. Kang, Chem. Mater. 2016, 28, 4151.
[51] M. Yang, M.-W. Chon, J.-H. Kim, S.-H. Lee, J. Jo, J. Yeo, S. H. Ko, 

S.-H. Choa, Microelectron. Reliab. 2014, 54, 2871.
[52] K.-H. Huang, J.-G. Duh, Mater. Trans. 2015, 56, 1063.
[53] G.-T. Hwang, D. Im, S. E. Lee, J. Lee, M. Koo, S. Y. Park, S. Kim, 

K. Yang, S. J. Kim, K. Lee, K. J. Lee, ACS Nano 2013, 7, 4545.
[54] G. Kofod, P. S.-Larsen, Sens. Actuators, A 2005, 122, 273.
[55] J. Kim, A. Banks, H. Cheng, Z. Xie, S. Xu, K.-I. Jang, J. W. Lee, Z. Liu, 

P. Gutruf, X. Huang, P. Wei, F. Liu, K. Li, M. Dalal, R. Ghaffari, 
X. Feng, Y. Huang, S. Gupta, U. Paik, J. A. Rogers, Small 2015, 11, 
906.

[56] L. S. Sundar, M. H. Farooky, S. N. Sarada, M. K. Singh, Int. 
Commun. Heat Mass Transfer 2013, 41, 41.

[57] D.-H. Kim, J. Xiao, J. Song, Y. Huang, J. A. Rogers, Adv. Mater. 2010, 
22, 2108.


