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Vertical graphene on flexible substrate, overcoming limits of
crack-based resistive strain sensors
Hong Ryeol Na1,5, Hyun Joo Lee2,5, Jae Ho Jeon 1, Han-Jin Kim3, Sahng-Kyoon Jerng4, Sanjib Baran Roy1, Seung-Hyun Chun 1✉,
Sunghun Lee 1✉ and Yong Ju Yun 2✉

Resistive strain sensors (RSS) with ultrasensitivity have attracted much attention as multifunctional sensors. However, since most
ultrasensitive RSS are designed by cracked conductive metals, the sensing performance is severely degraded due to accumulated
structural deformation with consecutive cycles. To overcome such limitation, newly designed structures have been suggested, but
the development of mechanosensors exhibiting superior stability and ultrasensitivity still remains a challenge. Here, we demonstrate
that vertical graphene (VG) RSS with high sensitivity (gauge factor greater than 5000), remarkable durability (>10,000 cycles), and
extraordinary resilience can serve multifunctional applications. We find that well-defined cracks on tufted network structure result in
highly reversible resistance variation, especially revivable status even after broken current path, confirmed by microscopic in situ
monitoring. The VG integrated with a wireless sensing system exhibits excellent timbre recognition performance. Our findings
provide inspirable insights for mechanosensing system, making VG a promising component for future practicable flexible sensor
technologies.
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INTRODUCTION
From simple sensors to the Internet of Things (IoT), strain sensors
have garnered attention for a myriad of fields, such as wearable
devices, electronic skins, and human-machine interactive devices
due to their high sensitivity and/or stretchability1–10. Flexible and
stretchable electronics are being pursued to detect and monitor
the cognitive status in individual’s daily life as well as the subtle
deformation of the objects11,12. A single resistive strain sensor
(RSS) device usually combines the conductive metal and flexible
substrate for outstanding electrical and mechanical proper-
ties3,11,13,14. Metals guaranteed excellent conductivity, resulting
in high sensitivity, suffer from poor stretchability and durability
owing to accumulated fatigue3,15,16, while organic nanocompo-
sites, including graphene derivatives with excellent stretchability
and durability, exhibit ultralow sensitivity (that is, low gauge factor
(GF))5,7,9,17. For the hybrid application, diverse dimensional
nanomaterials like nanotubes and nanoparticles have recently
embedded in a strain sensor system18–21.
Capability to capture the physiological information and minute

vibrations offers huge benefit for future bio-integrated electronics
and robotic technologies, for which crack-based RSS have
considered to be one of the representative candidates. Since
cracks formed at metal thin film as a highly conducting channel
break the pathway for current flow, tunneling current is dominated
in transport mechanism, hence the resistance increases suddenly,
i.e., large GF. The tunneling current is proportional to Hd exp(-Hd),
where H is the tunneling barrier height dependent function, and d
is the average tunneling distance22,23. Physiological and biometric
signals such as human pulses, heartbeat rate, and laryngeal motion
are relatively weak, thus crack-based RSS has been investigated to
detect subtle and minute amplitudes. Moreover, owing to the
electrical noise, it is imperative to develop an ultrasensitive
RSS that can reliably detect even weak deformations14,24.

However, although crack-based RSS has shown paramount
potential due to superior sensitivity and excellent electrical
properties, undesirable mechanical properties such as accumulated
fatigue and severe brittleness prevent an appropriate achievement
for practical applications3,14–16,25, i.e., competitive trade-off among
sensitivity, stretchability and durability. Since the cracks reconnect
incompletely when the strain is concentrated and released, the
durability and responded output signals are severely degraded on
repeated cycles.
To maximize various functionalities and performance improve-

ments, erstwhile RSS have been tested with the moderate strain
range. When most mechanosensors have experienced the over-
load (that is, breakage of current path), their performance is
significantly deteriorated or not restored3,14,26. Bio-inspired RSS
reported by Kang et al. exhibited remarkable GF, but significant
degradation of the sensitivity after consecutive cycles was shown,
implying the problem in on-demand durability3. Recently protec-
tive polymer-coated layer and three-dimensional architectures
were introduced to avoid mechanical deformation and fragmen-
tation12,27–29. However, the convenient design for a single RSS
consisting of conducting material and flexible substrate is still
challenging as an aspect of cost-effectiveness. To be applicable in
unpredicted extreme environment as well as in daily life,
ultrasensitivity and extraordinary stability in a simple single device
even after experiencing the overload should be simultaneously
satisfied, leading us into the uncharted territory related on
mechanosensors technology.
In this work, we introduce a highly durable and cyclable 3D

vertical graphene (VG) on silicon elastomer polydimethylsiloxane
(PDMS) structure with ultrasensitive mechanosensing properties
(GF larger than 5,000), exhibiting minimal hysteresis when stretch
and release. Surprisingly, approaching to the strain of 2.5%, the
resistance showed infinity level in measurement range, while an
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almost perfectly restored resistance level compared to the pre-
stretched resistance was observed when released again, indicating
revivable status of VG RSS. Over 100-fold resistance change was
repeated more than 10,000 cycles to demonstrate the high
durability and stability without downward drift. In situ microscopic
monitoring revealed mechanical dynamics of cracks formed on a
unique 3D VG network structure. Finally, we demonstrated
potential applications by using VG RSS integrated with a wireless
sensing system, showing systematic alarm indicator and excellent
timbre/phonation recognition performance.

RESULTS AND DISCUSSION
Fabrication of VG on PDMS strain sensors
We synthesized VG on a SiO2/Si wafer by using the plasma-
enhanced chemical vapor deposition (PECVD) method (I in Fig. 1a
and Supplementary Note 1). As seen in Fig. 1b, the morphology of
the as-synthesized VG shows tufted graphene networks compris-
ing 10–35 layers, as revealed by the transmission electron
microscopy (TEM) image (upper right of Fig. 1b). Note that a
buffer flat graphene (BFG) layer with 2–4 nm thick was formed
between the VG and SiO2 wafer during the initial VG growth
(Supplementary Fig. 1). The height of the petal-shaped VG was

approximately 200 nm (lower right of Fig. 1b), and the root-mean-
square roughness of the surface was measured to be 17.5 nm by
atomic force microscopy (AFM), indicating high density of the VG
sheets (Supplementary Fig. 2). Elastomeric liquid PDMS was then
cast and cured on the as-synthesized VG (II in Fig. 1a), and the
composite was manually peeled off from the SiO2 substrate (III in
Fig. 1a). Casting at speeds above 1000 rpm resulted in a film that
rolled upon itself after manual peeling (Supplementary Fig. 3). The
unavoidable cracks between the VG and SiO2 wafer were formed
regardless of spin rate due to the manual peeling process
(Supplementary Note 2 and Supplementary Fig. 4), affecting the
mechanical sensing performance, which will be discussed later.
Flipping the film over yielded the final VG strain sensor (VGS), with
a top-to-bottom sequence of BFG/VG/PDMS (IV in Fig. 1a).
The VGS showed moderate transmittance and hydrophobicity

(upper left and lower right of IV in Fig. 1a and Supplementary Fig.
5), suggesting its feasibility as an electronic skin sensor11. We
compared the resistance of multiple samples, revealing a 5~10-
fold increase in the resistance from the samples on SiO2/Si without
PDMS to the delaminated VGSs with PDMS (Supplementary Fig. 6).
The Raman spectra, however, showed the same graphitic D and G
band features in both samples (Fig. 1c), confirming the graphene
characteristics30.
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Fig. 1 Fabrication of a VG on PDMS strain sensor and its characterization. a Schematic illustration for the fabrication of a VG on PDMS strain
sensor. A pristine VG film is directly grown on a SiO2/Si substrate by PECVD (step I). A BFG layer is formed between the VG and SiO2 substrate
during the initial VG growth. A dilute PDMS mixture (10:1) is drop cast onto the VG film, followed by spin-coating (step II). The PDMS film is
degassed using a vacuum desiccator and cured for 2 h at 70 °C. After curing, PDMS/VG is mechanically peeled off the SiO2 substrate (step III).
When flipped over, the final product, BFG/VG on PDMS is obtained (step IV). Insets of step IV: contact angle optical image of a water droplet
on VG (upper left) and photograph (lower right) of VG on PDMS after removal from the SiO2 substrate. b SEM image of an as-grown VG films
on a SiO2 substrate. Scale bar, 3 μm. The top inset shows an HR-TEM image of a VG films, confirming the interplanar spacing of 0.342 Å,
comparable to that of graphite. Scale bar, 2 nm. The bottom inset shows a cross-sectional view of a VG films on SiO2, revealing a tufted 3D
network structure. Scale bar, 100 nm. c Raman spectra of VG on SiO2/Si and PDMS. The clear peaks at around 1350 cm−1 (D peak), 1585 cm−1

(G peak), and 2690 cm−1 (2D peak) are observed for both samples.
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Mechanical and electronic dynamics of VGS during stretching
and releasing
The electrical resistance of VGSs under strain was evaluated with a
home-built tensile measurement system (see Methods). The cracks
formed on the BFG were very uniformly aligned in one direction as
shown in Fig. 2b, unlike the randomized cracks’ direction in
previous VGS reports29,31–33. Also, wrinkled crests were formed
perpendicular to and between the cracks on the BFG because of
Poisson’s effect (Fig. 2b)34. When the VGS was elongated
perpendicular to the crack direction on the BFG (Fig. 2a), the

resistance abruptly increased with stepwise increasing strain, then
finally the resistance reached in unmeasurable range (overload) at
a strain of 2.5%, as shown in Fig. 2c. Surprisingly, upon the VGS
released, the resistance was restored to the same level before the
VGS was stretched, i.e., no hysteresis was observed, indicating
completely reversible behavior under strain and the reliability of
the strain sensors5.
What we are emphasizing in this work is that the resistance is

perfectly restored again, even after the current does not flow
any more, namely the breakage of the current path. To the best
of our knowledge, the sensing performance before and after
the overload in resistance level is the first demonstration in a
simple single strain sensor without additional structures. To
investigate the origin of revivable behavior in detail, we carried
out in-depth microscopic measurement including in situ scan-
ning electron microscopy (SEM) monitoring for the mechanical
dynamics of VGS structure.
At 0% strain, despite the appearance of cracks on the BFG,

charge transport occurred through the tufted 3D VG network and
the top BFG surface (I, green box in Fig. 2c, d). Increasing the strain
began fragmentation of the top BFG surface on 3D VG network,
then the resistance significantly increased with enfeebled fasten-
ing between 3D VG network (II, yellow box in Fig. 2c, d). Finally,
the 3D VG network fully disconnected at a large strain and the
PDMS layer was torn (Supplementary Fig. 8). Surprisingly,
however, when released and returning to 0% strain, the
disconnected and torn VGS re-adhered, and a new VG network
was reconstructed by the Velcro-like 3D network, perfectly
restoring the initial resistance (III and IV, purple and blue box in
Fig. 2c, d and Supplementary Movie 1). We performed same
measurement using several samples for reproducible revival
features, exhibiting perfect restoration of the resistance after the
breakage of the current path.
A GF is one of the important key factors considered as sensing

performance, which is commonly used to evaluate the strain
sensitivity in resistive strain sensors. In general, GF is defined by
the formula; GF= (R− R0)/(R0ε), where R0 is the resistance at 0%
strain and ε is the applied strain. Figure. 3a shows the GF at
specific strains during stretching and releasing. At a strain of 2%,
the GF remarkably exceeded 5,000. We summarize the perfor-
mance of state-of-the art resistive strain sensors in Table 1.
Although the GFs in Table 1 only reveal the estimated values at
2% for meticulous comparison, the strain sensitivity in our VGS is
outstanding compared to the other strain sensors. Most
strikingly, the GF of our VGS that has been restored even after
severe damage is almost no difference from the initial value
before the breakage, as shown in Figure. 3a. To date, the studies
for the structural and electrical behaviors after the overloaded
strain, reaching severe damage of the sensors, are rare in crack-
based resistive strain sensors.
Highly consistent and reliable resistance variation before and

after overload, where the resistance has been in unmeasurable
range, makes VGS a feasible mechanosensing platform to develop
the future sensory technology and expand the potential applica-
tion in extreme environments. Fig. 3b demonstrates the ability of
VGS to withstand 10,000 consecutive stretching-releasing cycles
between 0 and 2% strain. The electrical responses showed almost
no degradation, indicating excellent long-term durability of VGS.
Retaining steady resistance holding high GF (>5000) without a
significant downward drift is a core concern for competitive strain
sensor application. Note that unlike other RSS reports that tested
the stability with moderate strain, highly stable status exhibiting
large resistance variation over 100-fold change under the
consecutive cycle is highlighted in our work. The response and
recovery times of the VGS were approximately 200 and 100 ms
without latency, respectively. The parameters to reflect the
performance were summarized with recent reports in Table 1.

a b

c

I II
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d

Fig. 2 Restorable and stable VGS-V behavior. a Illustration of VGS
when the elongated direction is perpendicular to the cracks on the
BFG. b Enlarged SEM image of surface on BFG, clearly showing
well-aligned cracks on the BFG. Scale bar, 50 μm. c Resistance as a
function of time with applied stepwise strain. Approaching 2.5%
strain, the resistance reaches in unmeasurable range, namely, the
current path is broken, which the corresponded in situ SEM image is
shown in the inset (Scale bar, 500 μm). However, the resistance is
restored after the strain is released, and the post-overloaded
resistance is almost the same to the pre-overloaded resistance at
each strain. d In situ SEM images of VGS during stretching (I (0%),
green box and II (2%), yellow box)/releasing (III (1%), purple box and
IV (0%), blue box), which are corresponded to those boxes in (c).
Scale bar, 200 μm.
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The thickness of conducting materials affects their structural
deformation, and a thinner layer is more beneficial for strain
sensors due to the stiffness and density3,27. Contrary to the
previous VGS29,31–33, whose thickness was 1–4 μm, our 200 nm
thick VGS showed an initial gap of ~2 μm even when unstrained
(Supplementary Fig. 4). In thick 3D dilational structures, when the
tensile or compressive forces are applied, the dispersive forces
toward in-plane direction increase, leading to negative Poisson’s
ratio34–36. In this case, including the previous VGS reports29,31–33,
the direction of unavoidable cracks on BFG between VG and
basal plane is random rather than aligned. Since the VG used in
our experiments has 200 nm thickness and highly tufted density
confirmed by AFM, it is assumed to be a rigid structure
possessing a positive Poisson’s ratio. Thus, during manual peeling
process, the cracks on BFG generated by tensile force are well
aligned in one direction, and the wrinkled wavy crests are formed
between cracks, as shown in Fig. 2b. Such unique structural
feature makes our VGS an ultrasensitive and permanent strain
sensor, superior to crack-based strain sensors comprising highly

conductive metal3,15,16. Fig. 3c displays the size of the gap
between the cracks and the crack density of VGS as a function of
strain. The crack density was almost constant, while the gap size
changed dramatically with increasing strain, thus blocking the
current path. No newly created cracks were observed with
increasing elongation, resulting in perfectly restored GF after
breakage of current path, i.e., disconnection-reconnection
process undergone by Velcro-like 3D network.
To further investigate the relation with initial cracks and

elongation direction, we performed the same experiment except
with the VGS elongation parallel to the crack (VGS-H), as seen in
the inset of Fig. 3e. Compared to their values for elongating the
VGS-V (perpendicular to the crack direction), the maximum strain
to reach overload and the time to stabilize the saturated
resistance increased, giving rise to lower GF (~34.7) and durability
(Supplementary Fig. 9). However, the resistances at each strain in
VGS-H after breakage of the current path returned to nearly the
same levels as before overload, as same as the VGS-V. Interest-
ingly, at over 35% strain, very large stringy cracks newly formed
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Fig. 3 VGS performance and sensing mechanism. a Gauge factor as a function of strain, estimated from Fig. 2c. Except for 2% strain, no
noticeable changes at each strain are observed, indicating highly reversible behavior. The width of highlighted color bars indicates the
difference between averaged gauge factors when stretching and releasing at specific strains. b Resistance measured between 0 and 2% strain
for 10,000 consecutive cycles with a strain sweep rate of 1 mm/s and 0.1 s hold time at the peak. The response and recovery times are
approximately 200 and 100ms from the enlarged curves in blue box. c, d Gap size between cracks and crack density versus applied strain for
VGS-V (c) and VGS-H (d). In e the ‘vertical’ cracks are those formed initially during removal from the SiO2 substrate and the ‘horizontal’ cracks
are those newly formed during stretching. e Resistance as a function of time with applied stepwise strain when the elongated direction is
parallel to the cracks on the BFG (upper illustration). The resistance approaches infinity when the applied strain reaches up to 40%, namely,
the current path is broken. But, the resistance recovers to the initial value during release, and the post-overload resistance is almost the same
to the pre-overload resistance at each strain. Right panel of e In situ SEM images of VGS-H during stretching (I (0%), green box and II (35%),
yellow box)/release (III (15%), purple box and IV (0%), blue box). Scale bars, 200 μm. Inset in I, enlarged SEM image, clearly showing vertical
cracks on the BFG. Scale bar, 50 μm.
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perpendicular to the initial cracks, as confirmed by in situ SEM
measurements (yellow box in Fig. 3e, marked as II). Wrinkled crests
emerged between the initial cracks when the cracks on top
surface were compressed in the transverse direction, which could
play a significant role in the different sensitivities of the VGS
depending on the elongation direction. Since the stringy cracks in
VGS-H occurred along the wrinkles, the current channel participat-
ing in charge transport can be retained at greater strains in VGS-H
than in VGS-V. Figure. 3d displays the size of the gaps between the
cracks and the crack density for VGS-H, where vertical (initial
cracks) and horizontal cracks (newly formed cracks) are divided for
convenience. Unlike crack distribution in VGS-V, the gap size
increased only slightly, but the density of newly created cracks
perpendicular to the initial cracks (marked as horizontal, magenta
circles) increased exponentially at high strain, impeding the
charge transport.

Applications of wireless VGS module
To further demonstrate the restoration of the initial resistance
during strain cycling and the feasible capabilities, we tested light-
emitting diodes (LEDs) in series as a graded alarm switch during
stretching/releasing (Fig. 4a and Supplementary Movie 2). As
shown in Fig. 4a, since the electrical resistance is modified by the
applied strain, the strain values can be quantified as the number
of lit LEDs in a programmed circuit. Once exceeding a critical
strain, all LEDs were turned off, implying suitable applications for
an alarm signal indicator in an intelligent visual-control system.
Another application for our stretchable VGS is real-time

continuous monitoring, which requires high sensitivity and
superior stability such as our VGS exhibits. To validate its capability
to detect subtle mechanical forces, such as mechanical vibrations
of skin or acoustic vibrations of an audio system, we explored
several applications. Furthermore, to expand the VGS potential
applications to wearable strain sensors, especially in wireless
sensing systems, the ability of a module composed of the VGS, a
microcontroller, a Bluetooth transmitter and a lithium-ion battery
was investigated (Fig. 4b). Firstly, the VGS was utilized as a
wearable RSS conformally attached on the phalangeal joint of the
index finger by using ultrathin and transparent medical tape
(TegadermTM Film 1622W, 3M), where recorded the bending/
stretching motion of a finger in real time (Fig. 4c, d and
Supplementary Movie 3). The resistance changes induced by the
mechanical motion of the finger were clearly exhibited, and the
initial jump in resistance increased with the bending angle.
As the potential of using the VGS for large motions was

demonstrated, we moved to test its potential for timbre
recognition. As a pivotal component in future IoT technology,

timbre recognition has been an integral part of strain sensors37.
Since the vibration produced by an audible wave is fairly weak,
ultrasensitivity is essential for a sound detector that can monitor
diverse and sophisticated vibrations. We measured the time-
dependent resistance variation of a VGS module attached to the
surface of a vibrating loudspeaker membrane that was playing
classical music (Beethoven Symphony No. 5, ‘Fate’: Allegro con
brio). The ΔR/R0 peak patterns showed similar shapes to the
acoustic waveform from the loudspeaker (Fig. 4e), confirming the
capability for timbre recognition. We also examined physiological
laryngeal motion by using VGS module attached onto a tester’s
throat (Fig. 4f). Medical tape was attached over the VGS edge, and
wires connected the VGS with an interface circuit. Figure. 4g
shows the ΔR/R0 response to changes in laryngeal prominence
during speech in two different languages, English and Korean.
Although several words in the two languages with the same
meanings, such as ‘A’, ‘B’, and ‘hello graphene’ in English and ‘가
(ga)’, ‘나 (na)’, and ‘안녕 그래핀 (annyeong geulaepin)’ in Korean,
were repeated, similar patterns with repeatable same phonation
were detected for each example in each language. Of particular
interest in our timbre recognition system is the amplitude of the
ΔR/R0. Most of the ΔR/R0 values displayed in Fig. 4e and g
indicated an increase of 100% over the initial resistance,
significantly better than the limited sensitivity shown in previous
reports3,32,38–40. Our VGS system may be promising in technolo-
gies such as a device for phonation rehabilitation exercises and a
physiological monitor for the early detection of sudden infant
death syndrome (SIDS) in sleeping infants41,42.
In summary, we fabricated an ultrasensitive VGS that exhibited

highly reversible and restorable behavior under strain, even after
broken current path, which was confirmed by in situ SEM
measurements and relative resistance variations. The crack-
based VGS showed the incredible performance as compared with
recent crack-based RSS (Supplementary Table 1). The dependence
of the sensing performance on the elongation direction with
regard to the initial cracks indicates that our VG mechanosensing
system has multiple performance ranges. The marriage of
extraordinary sensing performance and wireless timbre recogni-
tion shown here provides great flexibility in meeting the demands
for the platform to develop future IoT technologies.

METHODS
Growth of VG
Pristine VG films were directly grown on 4-inch SiO2/Si substrate using a
PECVD. The inductively coupled plasma CVD technique enabled large-scale
VG film growth at relatively low temperature29,31–33. The VG films were
grown at 770 °C for 1 h with a mixture gas of CH4 and H2 (10 standard

Table 1. Summary of performance comparison for state-of-the-art strain sensors.

Materials Estimated GF at 2% Durable cycles (GF when tested) Downward drift (%) Refs.

Pt on PUAa 2079 5000 (900) 37 3

CFPCb/TPUc 9400 1000 (923) 12 10

BPd/LEGe on SEBSf 81.2 18,400 (60) 58.3 12

Au on PDMS 3500 1000 (40) 12.5 15

SBR/NR-GEg <50 300 (27) 12.5 17

Graphene/carbon black/Ni sponge 36 1200 (133) 6.3 28

Sandwich-structured VG/PDMS ~910 1000 (25) 15 29

UP-VG/PDMSh 72 1000 (87.5) 20 32

CNT/PDMS 1 10,000 (8) ~8 40

VG on PDMS 5,200 10,000 (5200) 10 This work

aPolyurethane acrylate; bCarbon fiber polymer composites; cthermoplastic polyurethane; dBlack phosphorus; eLaser-engraved graphene; fPolystyrene-block-
poly(ethylene-ran-butylene)-block-polystyrene; gStyrene rubber/natural rubber-functionalized graphene; hUltrasonic peeling method.
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cubic centimeters per min (sccm) each), generating a plasma at a radio
frequency (RF) power of 50W under a 10 mTorr total chamber pressure.
The structure and formation of VG were confirmed by FE-SEM and HR-TEM
measurements, and chemical characteristics were analyzed by Raman and
XPS spectroscopy43.

Fabrication and characterization of VG on PDMS
As-grown VG films on SiO2/Si substrate were cut into 1 × 3 cm2 pieces for
strain measurements before introducing PDMS. A commercial PDMS kit
(Sylgard 184 silicone elastomer kit, Dow Corning) was used to prepare a
supporting elastic layer. A silicone elastomer base and curing agent
mixture (10:1 weight ratio of prepolymer to crosslinker) was coated on VG
films by conventional spin-coating at 1000 rpm, degassed using a vacuum
desiccator for 2 h, and cured at 70 °C for 2 h on a hotplate. All PDMS/VG
samples were mechanically peeled off the SiO2/Si substrates.
To determine the hydrophobicity, the contact angle (θc) was measured

at room temperature after dropping 10 μL of Milli-Q water on the VG on
PDMS using a micropipette. The angle between the VG films on the PDMS
surface and water droplet was determined by using the Image-J program
for pictures photographed with an i-Phone. To confirm the graphene
nature of the materials, Raman spectra of VG films both on SiO2/Si

substrates and after removal were obtained by a Raman spectroscopy
system (inVia confocal Raman microscope, Renishaw), using a 514.5 nm of
a sapphire laser (Sapphire 514 FP, Coherent) excitation source operated at
2 mW. The laser beam was focused onto the VG by a ×50 microscope
objective lens (Leica Microsystems GmbH).

Measurements of resistance under strain
Stretchable VG films 3.0 cm long and 1.0 cm wide were placed in a
computer-controlled, motorized actuating system for repeated
stretching-releasing tests. One end of each sample was attached to a
fixed stage, and the other end was attached to a movable stage. The
electrical resistance was measured using a digital multimeter (34461A,
Keysight Technologies) using a two-probe method in a controlled
temperature and humidity atmosphere (20 ± 1 °C and 50 ± 10% relative
humidity). Stability tests with up to 10,000 cycles were performed with a
movement rate of 1.0 mm/s under various strains from 0 to 2% for VGS-V
and from 0 to 30% for VGS-H.
For a light-indicating the resistance levels from low resistance to

overload of the VGS, we used Arduino UNO programed by C++ code,
which is compact and easy to connect another measurement system.
While applying 5 V to the VG and 1 MΩ reference resistor in series, LEDs on

Breakage

Fig. 4 Various applications of VGS. a Snapshots of four LEDs that indicate the resistance level from low resistance (all lit) to overload (all off ).
A series of blinking LEDs operates stably even after the breakage status. b Operational block diagram for the wearable system operation.
c Relative resistance variation for VGS under different bending angles. Insets show the bending angles of the index finger. d Image of the
wearable system integrated with strain sensor for real-time finger bending monitoring. A Bluetooth transmitter sends sensor measurements
for real-time data readout and logging on a tablet. e Relative resistance variation of VGS attached to a loudspeaker playing classical music
(Ludwig van Beethoven Symphony No.5 in C minor, Op. 67 ‘Fate’: Allegro con brio). f Photograph of a wireless VGS conformally attached onto
a tester’s throat for timbre recognition recording. g Comparison of the relative resistance variation during speech involving different
languages and words, ‘A’, ‘B’, and ‘hello graphene’ in English, and ‘가 (ga)’, ‘나 (na)’, and ‘안녕 그래핀 (annyeong geulaepin)’ (with the same
meaning) in Korean are repeated. All of the signals are recorded clearly and exhibit distinguishable phonation.
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the circuit turn on normally. Then, specific colored LEDs were turned off
one by one when resistance values reached the following conditions;
R ≥ 104Ω (blue), ≥106Ω (green), ≥107Ω (orange), and ≥109 (white).

In situ SEM measurements
In situ SEM tension and compression tests were carried out using a
microtensile tester (GatanMicroTest300N) installed in an SEM system
(Inspect F, FEI) under a cross-head speed of 1.5 mm/min. SEM images were
taken in real-time to produce video files. Deformation was intermittently
halted for approximately one minute at different predetermined strain
levels to capture high-quality images.

Wearable system for wirelessly mechanical forces monitoring
We fabricated a wearable monitoring system that used VGS-V for index
finger motion monitoring, a microprocessor (8-bit microcontroller ATme-
ga328P chip) for data processing, a Bluetooth module (2.4 GHz Bluetooth
CC2540 chip with sensitivity of −93 dBm) for wireless data transmission,
and a rechargeable lithium-ion battery (3.7 V, 150 mAh) as a power supply.
The wearable system was wirelessly connected to a tablet (Samsung
Galaxy 3S). User interface code for mechanical force monitoring were
created with App Inventor II (open source software program).

DATA AVAILABILITY
The data that support the findings of this study are available from the corresponding
author upon reasonable request.
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