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ABSTRACT: There is an increasing demand for flexible, skin-
attachable, and wearable strain sensors due to their various
potential applications. However, achieving strain sensors with
both high sensitivity and high stretchability is still a grand
challenge. Here, we propose highly sensitive and stretchable
strain sensors based on the reversible microcrack formation in
composite thin films. Controllable parallel microcracks are
generated in graphite thin films coated on elastomer films.
Sensors made of graphite thin films with short microcracks
possess high gauge factors (maximum value of 522.6) and
stretchability (ε ≥ 50%), whereas sensors with long micro-
cracks show ultrahigh sensitivity (maximum value of 11 344)
with limited stretchability (ε ≤ 50%). We demonstrate the high performance strain sensing of our sensors in both small and large
strain sensing applications such as human physiological activity recognition, human body large motion capturing, vibration
detection, pressure sensing, and soft robotics.
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■ INTRODUCTION

Various flexible electronic devices such as stretchable
conductors and transparent electrodes,1−4 flexible thin film
heaters,5 flexible nanogenerators,6 and soft sensors7−10 are
being developed due to their facile interaction with human
body. In particular, flexible, skin-attachable, and wearable strain
sensors are of paramount importance for several applications
such as personalized health-monitoring,11,12 human or animal
motion detection,7,13 soft robotics,14,15 human−machine
interfaces,16,17 and beyond. Skin-attachable and wearable strain
sensors should be highly flexible, stretchable (ε ≥ 50%), and
soft to mimic the complex and large degrees of freedom
deformations and movements of human skin and clothing.18

Additionally, strain sensors, as in the case of personalized
health-care devices, must possess sufficiently high sensitivity or
gauge factor (GF), enabling strain sensors to detect gentle skin
strains (ε ≤ 1%) induced by blood flow pulse, respiration, and
so on.10,12,19,20 Continuous monitoring of such signals may
significantly improve health conditions and medication
quality.11,18 On the other hand, highly stretchable and soft
strain sensors would be beneficial in soft robotics as feedback
controllers for locomotion of soft-bodied robots as well as
robotic soft sensory skins, allowing soft robots to sense the
surrounding environment.10,15,21

Different mechanisms such as geometrical effect, disconnec-
tion between adjacent elements, tunneling effect, and recently
crack generation in thin films have been pursued to change the
resistance of strain sensors by the external strain.7,8,10,12,22

Highly stretchable strain sensors were demonstrated by
composites of carbon nanotubes,8,13 nanowires,7,9,16 gra-
phene,19,23 and hybrid materials and structures.20,21,24,25

However, stretchable strain sensors typically showed low
sensitivity with high hysteresis behavior and were often unable
to detect small strains.7,19 Sensitivity of strain sensors was
considerably improved by cracked thin film structures, while
sensors showed low stretchability (ε ≤ 30%) with a highly
nonlinear response.22,26,27 For example, an ultrahigh sensitive
(GFs ∼ 2000) strain sensor was reported based on the zip-like
nanocrack formation in the brittle platinum thin film deposited
on top of polymer layers, while its stretchability was limited
only to 2%, far behind the stretchability requirement of skin-
mountable and wearable sensors.22 Stretchability of cracks
based strain sensors has recently been improved by the
microcrack generation in the thickness gradient thin film design
(ε ≥ 100%).12 The GFs of the sensor, however, decreased from
161 to 0.58 when it was only stretched to 15%, showing large
sensitivity deviations in the strain measurement range. Despite
promising results, the development of highly sensitive and
highly stretchable strain sensors capable of measuring both
small (ε ≤ 1%) and large strains (ε ≥ 50%) still remains a
grand challenge.10
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Herein, we present highly sensitive and stretchable strain
sensors through a simple, cost-effective, and mass-producible
strategy. High performance strain sensors are developed by
controllable introduction of self-organized parallel microcracks
in the graphite thin films coated on top of soft elastomer films.
The length, width, density, and cracked-area of microcracks are
controlled through plasma-exposure and straining parameters,
allowing the development of sensors with tunable strain sensing
performances. The strain sensors can simultaneously detect
deformations from 0.1% to more than 50% with high
sensitivity, high stretchability, low hysteresis behavior, and
fast response time. They also respond to compressive strains
with high sensitivity and good dynamic performance. We show
the advantages of our strain sensors in various applications
ranges from human motion capturing to vibration wave
detection, pressure sensing, and soft robotics.

■ RESULT AND DISCUSSION
Figure 1a schematically shows the fabrication process of the
parallel microcracks based strain sensors (see Experimental
Section for more details). The strain sensors were composed of
strain responsive films, flanked by flexible electrodes. Strain
responsive films were made of low-density microcracked
graphite thin films (around 5 μm thin film thickness) bar
coated on Ecoflex elastomer films. The electrodes were
fabricated by embedding high-density graphite thin films on
the surface of a polymer obtained from a mixture of Ecoflex
elastomer and dental polymer, making the electrode sections
stiffer than bare Ecoflex in the sensing region (Figure S1,
Supporting Information). This gradient stiffness feature
minimized the harmful stress in the electrode areas while

induced maximum strain in the sensing part. The resulting
strain sensors were highly stretchable and robust and could
easily be attached onto curvilinear surfaces or directly placed on
the human skin (Figure 1b,c).
Parallel microcracks were generated and controlled in

graphite thin films by the oxygen plasma-exposure of the
Ecoflex elastomer films, prior to bar coating of the graphite thin
films, and then stretching them from both ends with a
controlled strain (Figure 1d). There was no crack formation in
the graphite thin film coated on a nonexposed elastomer film
under various strains from 0 to 150% (Figure S2 and Movie
S1). Graphite flakes were firmly adhered on the top surface of
Ecoflex elastomer without any sliding of flakes or delamination
of thin films during stretching. Self-organized parallel micro-
cracks were uniformly initiated in graphite thin films coated on
plasma-exposed elastomer films (Figure S2 and Movie S1).
When stretched to 100%, low density and small microcracks
(length ∼130 ± 45 μm and width ∼14.7 ± 2.3 μm) were
formed in the graphite thin film coated on the 50 s plasma-
exposed elastomer film (Figure S3a). The length, width, and
density of microcracks were increased when the sample was
further stretched (Figure S3). Furthermore, length and width of
the microcracks were increased by increase of the exposure
time (Figure S3a). Long parallel microcracks were uniformly
formed across the entire width of the graphite thin films coated
on the 100 and 150 s plasma-exposed elastomer films under
100% strain (Figure S2). In addition, parallel microcracks in the
graphite thin films could be created on selected areas by the
local plasma-exposure of elastomer films using a mask (Figure
S4). The region-controlled formation of microcracks in our
method is advantageous over previously reported microcracked

Figure 1. Fabrication process and sample images of the parallel microcracks based highly sensitive and stretchable strain sensors. (a) Fabrication
process of the parallel microcrack based flexible strain sensors. (b) Photograph of a strain sensor sample at original length and 200% of stretching. c)
Conformal attachment demonstration of the strain sensors to curvilinear and complex surfaces such as cylindrical tubing and hand finger’s base joint
surface. d) Optical microscope images of the graphite thin film coated on an exposed elastomer film before and after microcrack generation; parallel
microcrack opening in perpendicular direction of strain. Scale bar: 100 μm.
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thin films where microcracks were initiated throughout the thin
films with an uncontrollable manner.12,13,22,26 Although guided
fracture of thin films was demonstrated by sophisticated design
of opposing micronotch features,28,29 our method is simple and
can be applied for the large area fabrication. These uniform
parallel microcrack thin films could also be utilized for micro/
nanofabrication, biotechnology, photonics, and electronics.28,30

To understand the mechanics behind the parallel microcrack
formation in the graphite thin films, we first imaged the surface
topography of the nonexposed and exposed Ecoflex elastomer
films during stretching, without graphite thin film coating.
There was no change in the surface morphology of the
nonexposed elastomer film when it was stretched to 100%
(Movie S2). On the contrary, perpendicular microgrooves
appeared on the top surface of the exposed elastomers during
stretching while their surface was smooth beforehand (Movie
S2). Longer exposure time led to larger and denser micro-
groove formations on the surface of the exposed elastomer
films. The microgroove features were then disappeared on the
surface of the exposed elastomers when they were completely
released from the tensile strain and their surface morphology
was physically recovered to its original smooth state (Movie
S2). To further verify the presence of microgrooves, the depth
profile of plasma-exposed surfaces was imaged by a 3D laser
scanning confocal microscope. Valley-like structures were

opened on the surface of the exposed elastomers under
stretching (Figure S5a,b). Self-organized microgrooves in
exposed elastomers were possibly generated by formation of
stiffer oxidized polymer layers on the top surface of soft
elastomers due to the plasma exposure.30−32 We then imaged
the surface topology of the exposed elastomer films when
graphite thin films were coated on the top. The depth profile of
the graphite thin films proved that microcracks in graphite thin
films were initiated in the polymer microgroove edges due to
localized deformation and stress concentration (Figure S5c,d).
Moreover, parallel microcracks were generated through stress
transfer from exposed polymer substrates to graphite thin films,
different from random microcrack propagation in brittle thin
films coated on flexible supports due to the presence of voids or
stress concentrated areas in the thin films themselves.12,26,30,33

Therefore, length, width, density, and direction of microcracks
could be controlled through local plasma-exposure of elastomer
films and appropriate choice of straining parameters.
To characterize the strain sensing performance, all samples

were first stretched to 100% and then released to allow
microcrack formation throughout the graphite thin films coated
on the plasma-exposed elastomer films. Hereafter, we refer this
100% stretching and releasing cycle as critical straining.
Graphite thin films, coated on elastomer films that were
plasma-exposed more than 60 s, were not suitable for the highly

Figure 2. Strain sensing performance of the nonexposed and exposed strain sensors. (a) Piezoresistivity of the nonexposed and oxygen-plasma
exposed (20 and 40 s) sensors as a function of the applied axial strain. (b) Gauge factors of the strain sensors as a function of the applied strain. (c)
Hysteresis performance of the nonexposed and exposed sensors (strain rate: 50%/s). (d) Effect of the strain rate on the piezoresistivity of the
nonexposed and exposed sensors. (e, f) Dynamic response of the nonexposed and exposed sensors to stepwise loading/unloading cycles (5 cycles
per each) with large and small strains, respectively.
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stretchable strain sensing because electrical connection was lost
at small strains due to the rapid and long parallel microcrack
opening across the entire width of thin films. In this regard, we
limited our exposure time up to 60 s to ensure high
stretchability of the graphite thin films. Upon stretching, the
resistance of the nonexposed strain sensor (initial resistance
∼202 kΩ) was almost increased linearly (R2 ∼ 0.95) (Figure
2a). The GF (relative change of the resistance versus applied
strain; GF = ΔR/R0ε) of the sensor was increased from 17.1 to
82.8 when the sensor was stretched from 1 to 50% (Figure 2b).
Moreover, the sensor could endure strains as large as 150%
with completely reversible electrical properties (Figure S6).
The plasma-exposed sensors, however, responded to the
applied strain with exponential fashions (Figure 2a). The GFs
of the 20 s (initial resistance ∼304 kΩ) and 40 s (initial
resistance ∼401 kΩ) plasma-exposed sensors were around 25
and 26.9 at 1% strain. Furthermore, the GFs were highly
enhanced to about 226.7 and 522.6 when 20 and 40 s plasma-
exposed sensors were stretched to 50% (Figure 2b). As shown
in Figure 2b, the effect of the plasma-exposure and microcrack
generation on the sensitivity improvement of the strain sensors
is significant for strains larger than 5%. Ultrahigh GFs ∼ 11 300
with stretchability of 50% were achieved for the 60 s plasma-
exposed sensor (initial resistance ∼300 kΩ) by relatively long
parallel microcrack opening/closing across the entire width of
the graphite thin film, critically limiting the electrical
conduction upon stretching (Figure S7). The strain sensing
performance of our strain sensors are comparable with recently
reported stretchable strain sensors based on the silver
nanowires (AgNWs)/polymer (GFs of 2−14 and stretchability
of 70%),7 fragmentized graphene foam (FGF)/polymer (GFs
of 15−29 and stretchability of 70%),20 graphene/rubber (GFs
of 10−35 with stretchability of 800%),19 graphene−nano-
cellulose nanopaper (GFs of 1.6−7.1 with stretchability of
100%),21 and gold nanowires (AuNWs)/rubber (GFs of 6.6−
9.9 with stretchability of 350%)16 composites. A detailed strain
sensing performance comparison between our strain sensors
and recently reported high performance strain sensors is
provided in Table S1.
Further tests were conducted to characterize the dynamic

behavior of strain sensors. The sensors exhibited small
hysteresis behavior for a constant strain rate of 50%/s, mainly
caused by the viscoelastic behavior of Ecoflex films (Figure
2c).7 Moreover, the piezoresistive performance of sensors
remained almost constant for up to a strain rate of 150%/s, far
exceeding the normal strain rate of the human body motions
(∼16%/s) (Figure 2d).34 The strain sensors retained their
performance characteristics under both large and small loading/

unloading cycles (Figure 2e,f). Their electrical resistance was
recovered upon complete release of the tensile strain in each
cycle. The plasma-exposed sensors exhibited larger resistance
changes due to their higher sensitivity and were able to detect
0.1% strain, corresponding to only 10 μm film elongation
(Figure S8). Moreover, the strain sensors were capable of
measuring strains from 0.1% to more than 50% with high
sensitivity and stretchability. In addition, the strain sensors
showed durable performance to 2000 cyclic strain tests. The
resistance of strain sensors were recorded when the sensors
were stretched from 0 to 25% under a fast strain rate of 50%/s
(one cycle per second). The electromechanical behavior and
GFs of strain sensors remained almost constant without
significant changes (Figure S9).
Other than stretching, the performance of sensors was

characterized during bending. A 40 s exposed sensor was placed
on a hard paper (thickness ∼100 μm) and outward and inward
bending was applied to the paper. Because the strain sensor was
much softer than the paper, we assumed that the bending
occurred through the neutral axis of the paper. The bending
strain of the sensor can then be calculated from ε = ± h/r,
where h is the distance of the graphite thin film from the
neutral axis of the bent paper (∼550 μm) and r is the paper
radius of curvature. The r value has a relationship with the
chord length c as c = 2rsin(l/2r), where l is the arc length of the
paper under bending state.35 Figure 3a illustrates the resistance
changes of the sensor versus derived bending strains while the
chord length of the paper was decreased from 40 mm to 20 mm
under speed of 5 mm/s. The resistance of the sensor was
increased under tension and decreased upon compressive
strain. Moreover, tensile strain decreased the overlapped area of
graphite flakes and increased the resistance. Compressive strain
brought flakes closer and consequently reduced the resistance.
The GFs of the strain sensor under tension and compression
were about 94.71 and 14.75, respectively, with high linearity of
0.96. These values are comparable with the recently reported
high performance bending strain sensors.35−39 As depicted in
Figure 3b, the strain sensor showed high reversible response
under both tensile and compressive cyclic loading.
To investigate the reason for performance improvement of

the plasma-exposed sensors in microscopic view, the surface
morphology of the graphite thin films coated on the
nonexposed and exposed elastomer films was monitored
under different strains. Because it was hard to track the
movement of each flake and interaction between flake−flake
junctions under dynamic stretching and releasing cycles, we
simulated the repositioning of flakes under stretching condition
and visually demonstrated changes in the overlapped areas and

Figure 3. Bending strain measurement of a 40 s exposed strain sensor. (a) Response of the sensor to outward and inward bending. (b) Reversible
response of the sensor to the cyclic bending loading.
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topology of the conductive percolation networks. As shown in
Figure S10, at the original length, electrons can pass through
overlapped graphite flakes within the percolation network.
When the strain sensors were stretched, repositioning of flakes
led to smaller overlapped areas and larger interspacing between
several overlapped flakes and, thus, lowered the electrical
conduction. Larger strains resulted in more disconnection

among graphite flakes, leading to further increase in the
electrical resistance. Upon releasing, the graphite flakes were
rearranged to their original positions and reconnected,
recovering the electrical resistance. We also checked the
morphology change of the graphite thin films made of different
flake sizes and found more disconnection between conductive
chains for thin films made of smaller flake sizes (Figure S10).

Figure 4. Morphology change of the graphite thin film coated on a 60 s exposed elastomer film under loading/unloading cycle from 0 to 100%.
Recovery of the thin film structure after completely release of the sample. Scale bar: 100 μm.

Figure 5. Low-strain and large-strain application demonstrations of the proposed strain sensors. (a) Detection of acoustic waves by a 40 s exposed
sensor. (b) Human motion detection by attaching a strain sensor onto a finger joint. (c) Human respiration monitoring when a sensor is placed on
clothing in the chest area. (d) Output signal of a sensor when attached to wrist, showing periodic waveform of the blood flow pulse. (e) Integration
of the sensors with a two-finger soft robotic gripper. Different responses of the sensor when fingers are closing (bending) and opening
(straightening) and then touching, lifting, and releasing an object.
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We expect to have more sensitive strain sensors with small size
flakes, but with lower stretchability since the percolation
network can turn nonconductive under smaller strains. Our
simulation explains the physical phenomenon behind the
piezoresistivity of the crack-free graphite thin films coated on
nonexposed elastomers. The surface topography of the graphite
thin film coated on the 20 s exposed elastomer film showed
large-area graphite thin films wrinkled perpendicular to the
stretching direction (Figure S11a). The amplitude of wrinkles
was increased by increasing either the exposure time or the
strain. Wrinkling of the graphite thin films was likely caused by
the surface stiffening of the elastomer film by the plasma
exposure.28,32 This localized deformation led to larger
interspacing and even breakage of the overlapped graphite
flakes, making 20 s exposed sensors more sensitive than
nonexposed sensors.9 When the graphite thin film coated on
the 40 s exposed elastomer film was first stretched to the critical
strain, short and low density microcracks were emerged in the
graphite thin film. Microcracks then disappeared when the
composite film was completely released and microcrack edges
were connected again. The pregenerated microcracks were
opened upon next stretching cycles, resulting in more
disconnection between microcrack edges as a function of the
applied strain (Movie S1). This repeated opening/closing of
microcracks led to reversible electromechanical performance
and high sensitivity of strain sensors. Therefore, higher GFs of
the 40 s exposed sensors, as compared with nonexposed and 20
s exposed sensors, arose from microcrack formations. When the
graphite thin film coated on the 60 s exposed elastomer film
was stretched to the critical strain, long parallel microcracks
were generated in the entire width of the sample (Movie S1).
Moreover, there were only few electrical interconnections
between parallel microcracks (Figure S11b,c). Connected
junctions were disconnected from each other upon stretching,
causing remarkable increase of the resistance. During the
releasing cycle, microcrack edges were reconnected, resulting in
recovery of the resistance (Figure 4 and Movie S1). We
confirmed the significant contribution of microcrack generation
on the piezoresistivity of strain sensors by measuring electrical
signals of the exposed sensors under stains that did and did not
permit microcrack generation (Figure S12).
The high strain sensing performance and high flexibility of

our strain sensors enabled us to utilize them for various low-
strain and high-strain applications. The strain sensors could
detect the vibration waves induced by acoustic-driven and other
vibration sources. For example, we placed a two edge-fixed
freestanding strain sensor on a speaker and applied sawtooth
sound waves with different frequencies (inset of Figure 5a).
The strain sensor was able to distinguish sound waves with
different sound intensities (Figure 5a). Moreover, the strain
sensor responded to sound waves with frequencies up to 14 Hz,
showing fast response time of sensors (Figure S13a). For two
edge-fixed freestanding polymer films, there are several intrinsic
vibrational modes.12 We increased sound wave frequency from
0 to 150 Hz while measuring the output signal of the strain
sensor. As shown in Figure S13b, several resistance peaks
appeared at the certain frequencies (i.e., 32, 50, and 99 Hz),
showing intrinsic frequency modes of the Ecoflex elastomer
film. The data would be of importance for the vibrational
analysis of structures and structural health-monitoring.40,41 As
another trial, we placed a 40 s exposed strain sensor on a
mobile phone and measured the response of the sensor when a
music track was played by the phone (sound intensity of

around 65 dB) and when the phone was vibrating by a call. The
sensor could detect the weak air pressure distributions caused
by the music sound and distinguish the vibration patterns with
high sensitivity and fast response (Figure S14). In addition, the
ability of strain responsive films for pressure sensing was also
investigated (Figure S15). Pressure was applied to the two
edge-fixed suspended strain responsive films while changes in
the electrical resistance were recorded. Suspended films were
highly sensitive (S = ΔR/R0ΔP∼ 6.6 kPa−1) and could respond
to extremely low pressures (≤1 Pa). The attained sensitivity
and pressure measurement limit are comparable with recently
reported high performance pressure sensors made of the gold
NWs/tissue paper composites (S ∼ 1.14 kPa−1 with pressure
limit of 13 Pa) and micropyramid arrays based pressure sensors
(S ∼ 0.55 kPa−1 with pressure limit of 3 Pa).42−44

Our highly soft, sensitive, and stretchable strain sensors can
potentially function for full-range human activity recognition,
ranging from large human motions like vigorous finger bending
and straightening to physiological signals such as heartbeat and
breathing. For large-strain applicability of our strain sensors, we
attached a 40 s strain sensor onto the figure joint for the human
motion detection. We measured the sensor output signal under
two conditions: rapid bending−straightening and then
bending−holding (about 3 s)−straightening. As illustrated in
Figure 5b, the strain sensor responded to both strain conditions
with high sensitivity, fast response, and good static and dynamic
performances. Human motion detection by the use of skin-
mountable and wearable strain sensors can be utilized for sport
performance analysis, human-friendly rehabilitation, entertain-
ment technology, and control of slave robots.7,8,17,45 As low-
strain application attempts, strain sensors were attached onto
the clothing in the chest area and wrist for respiration rate and
heartbeat monitoring, respectively (insets of Figure 5c,d). As
shown in Figure 5c, the strain sensor responded to strains
accommodated by the clothing during respiration. Peaks and
valleys represent loading and unloading of the strain sensor
induced by the extension and shrinkage of the chest area during
breathing, respectively. As expected, the signal of the strain
sensor was increased under deep breathing condition since
larger strains were applied to the sensor. For blood flow pulse
monitoring, we placed a 40 s strain sensor on the radial artery
in the wrist. The strain sensor could detect tiny skin motions
induced by the blood flow pressure. A periodic waveform with
frequency of around 1 Hz was recorded from the sensor output
signal, within normal heartbeat range of a healthy person.19,27 It
should be noted that the signal quality of strain sensors can be
highly enhanced by the use of adhesive layers between sensors
and human skin, e.g. elastomer microfibrillar adhe-
sives20,27,43,46−49 or by the design of ultrathin strain sensors.
Long-term monitoring of heartbeat and respiration rates, as
vital signs, can be potentially applied for the personalized
health-monitoring and early diagnosis of diseases.23

Finally, the strain sensors were implemented on a pneumati-
cally actuated soft robotic gripper as an example of the soft
robot demonstration. A strain sensor was mounted in the inner
side of the right finger of the gripper for the strain profile
monitoring (inset of Figure 5e). After attachment of the sensor,
the right finger could still freely bend without any constraints
owning to the high flexibility of sensors. We first recorded the
output signal of the strain sensor for only bending/
straightening of fingers. As illustrated in Figure 5e (blue
curve), the resistance of the sensor decreased upon bending of
the fingers, showing that compressive strain was accommodated
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by the sensor. The resistance of the sensor was recovered to the
initial value when the fingers were straightened again. Next, we
measured the output signal of the strain sensor when the fingers
first touched and then lifted an object. As depicted in the figure
(red curve), the signal was first slightly decreased, showing
bending of the fingers, prior touching the object. When the
right finger touched the object while left finger was not in
contact, there was a small peak (touch 1) signal from the
sensor. When both fingers contacted to the object, the sensor
signal was continuously increased, pointing that right finger
experienced tensile strain in the sensor area (touch 2). The
signal of the sensor was further increased when we increased
the inflation pressure. As a result, touch status, contact force,
and bending position of the soft gripper finger could be
monitored by the integration of the strain sensor, highlighting
the promising applications of our soft strain sensors in soft
robotics under both tension and compression. The sensory
information could be utilized for the feedback control of the
soft robots as well as sensory skin, enabling soft robots to sense
their environment and interactive objects.
Our approach for the fabrication of parallel microcracks

based strain sensors has several key advancements. First, we
used graphite powder as our strain sensing element which is
very low-cost, feasibility available, and stable material,
comparable with graphene, nanowire, nanotube, and nano-
particle based strain sensors which complex, costly, and time-
consuming fabrication processes are needed.7,13,26,50 Combin-
ing graphite with our mass-producible fabrication process,
numerous strain sensors could be fabricated in a simple and
low-cost process. Second, graphene flakes were strongly
adhered on the surface of elastomer films due to their large
surface area.51 We believe that the interfacial adhesion
prosperity between graphite flakes and Ecoflex films plays an
important role in the high sensitivity of our strain sensors.
Moreover, graphite thin films can undergo substantial structural
changes upon stretching without any sliding or delamination.
On the other hand, the effect of the possible enhancement of
the interfacial adhesion by the plasma-exposure on the
performance of strain sensors was found to be negligible
(Figure S12). Third, the parallel microcrack generation in this
study is novel and different from previously reported cracked
thin films which cracks were generated by coating of the brittle
thin films on the top of flexible supports.12,22,26,27 Here
microcrack features were first generated in the polymer
substrate as microgrooves and then transferred to the graphite
thin films. Therefore, the microcrack formation could be
controlled by the surface modification of the polymer substrate
before thin film coating. Fourth, our microcracks based strain
sensors offering high sensitivity in the whole range of
stretchability, enabling high performance strain sensing. In
several reported stretchable strain sensors, the sensitivity was
very low (GFs ≤ 2) at small strain levels, making them
unsuitable for the low-strain sensing.8,21,38 On the other side,
sensitivity of several stretchable strain sensors was highly
decreased (GFs ≤ 2) under large strains, limiting their large
strain sensing with high sensitivity.12,13,23,52 Finally, we believe
that the performance of strain sensors could be further
improved by changing the thickness of the graphite thin films
and localized formation of microcracks. For example, one can
couple high sensitivity of the long microcracked films with high
stretchability of the crack-free thin films through region-
controlled microcrack generation in an optimized geometry.

■ CONCLUSION

In summary, we present here a simple, cost-effective, and
scalable approach for the development of highly sensitive and
stretchable strain sensors based on the reversible microcrack
formation in the graphite thin films. Strain sensors with high
sensitivity (GFs ≥ 100) and high stretchability (ε ≥ 50%) can
be achieved by suitable plasma exposure and straining
parameters. The strain sensors process stable, reliable, and
fast response time to both tensile and compressive strains with
very low hysteresis behavior. These sensors can be employed
for strain, pressure, and vibration sensing in diverse applications
ranging from human physiological activity monitoring to soft
robotics.

■ EXPERIMENTAL SECTION
Preparation of Graphite Solution. Four grams of the graphite

powder (averaged flake size ≤50 μm; Merck KGaA) was added to the
100 mL of isopropyl alcohol (IPA). The solution was sonicated for an
hour and then stirred for another hour. The well-suspended graphite
flakes in IPA was then utilized for spray coating.

Preparation of Graphite Ink. Five grams of the graphite powder
was added to 10 mL ethylene glycol (EG), and the mixture was stirred
for an hour to fully disperse the graphite flakes in the EG media. The
viscous solution was then used for the bar coating of graphite thin
films on the top of elastomer films.

Fabrication of Strain Sensors. The fabrication process of the
strain sensors is schematically illustrated in Figure 1a. Electrode areas
were first patterned on an acrylic plate by polyimide (PI) tape. Then,
the graphite solution was air spray (at 2 bar with N2 gas) coated on the
patterned acrylic plate at 70 °C. The PI films were then removed from
the acrylic plate, leaving high-density graphite thin films in the
electrode areas. Next, a mixture of Ecoflex elastomer (Ecoflex 00-30,
SMOOTH-ON) and dental polymer (medium flow, Heraeus; 3:1
weight ratio) was poured on the top of the high-density graphite thin
films in the electrode areas. After curing the mixed polymer at the
room temperature for 30 min, the excess polymer was trimmed away.
The space between two end electrodes was then filled with the liquid
Ecoflex and cured at 70 °C for 2 h. The whole polymer film was then
peeled-off from the acrylic plate. The high-density graphite thin films
were just buried below the top surface of the mixed polymer due to the
penetration of the liquid state polymer into the porous network of the
graphite thin films. Next, the Ecoflex elastomer film between two
electrodes was exposed to the oxygen plasma (Diener Electronics;
power intensity: 0.9) for different time and then the surface of the
exposed elastomer was washed with IPA. Low-density graphite thin
film was bar coated on the top surface of the nonexposed and exposed
elastomer films as strain responsive films. Finally, copper wires were
connected to the electrode areas by conductive epoxy (Circuitworks)
for electrical measurements.

Electromechanical Tests. The strain sensing tests were
conducted by clamping the strain sensors on a motorized moving
stage (M-605 High-Accuracy Translation Stage, Physik Instrumente
(PI)) and measuring the electrical resistance of the strain sensors with
data acquisition (DAQ) system (USB X Series Multifunctional DAQ,
National Instruments). The initial resistance of the samples for one
time bar coating was around 350 ± 250 kΩ. We could achieve much
smaller and larger resistance values through the amount of the sprayed
solution and the number of coatings. The lateral dimensions of the
graphite thin films for strain sensing tests were 30 mm in length
(length of the sensing film: 10 mm) and 3 mm in width coated on the
0.5 mm thick elastomer films.

Microscopic Imaging. The surface topology of the nonexposed
and exposed strain sensors was tracked by an optical microscope
(Microscope Axio Scope.A1, Zeiss). For real-time video capturing, the
motorized moving stage was placed in a stereo microscope (SteREO
Discovery.V12, Zeiss) and then real-time videos were recorded by a
high-speed camera (Grasshopper 3 USB3, PointGrey). The 3D profile
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measurements were conducted by a 3D laser scanning confocal
microscope (KEYENCE, VK-X200 Series).
Sound Wave Detection. Sawtooth waves with different

frequencies were generated by a common audio speaker and
controlled by a computer. The sound intensities were approximately
measured by a calibrated mobile phone application.
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