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ABSTRACT: Because of their outstanding electrical and
mechanical properties, graphene strain sensors have attracted
extensive attention for electronic applications in virtual reality,
robotics, medical diagnostics, and healthcare. Although several
strain sensors based on graphene have been reported, the
stretchability and sensitivity of these sensors remain limited,
and also there is a pressing need to develop a practical
fabrication process. This paper reports the fabrication and
characterization of new types of graphene strain sensors based on stretchable yarns. Highly stretchable, sensitive, and wearable
sensors are realized by a layer-by-layer assembly method that is simple, low-cost, scalable, and solution-processable. Because of
the yarn structures, these sensors exhibit high stretchability (up to 150%) and versatility, and can detect both large- and small-
scale human motions. For this study, wearable electronics are fabricated with implanted sensors that can monitor diverse human
motions, including joint movement, phonation, swallowing, and breathing.
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1. INTRODUCTION

Strain sensors for monitoring human body motions have
attracted considerable attention for developing diagnosis- and
other healthcare-related electronic applications capable of
interacting with the human body.1−10 Monitoring human
body motions can be classified into two categories: detection of
large-scale motions (e.g., bending movements of the hands,
arms, and legs) and detection of small-scale motions (e.g.,
subtle movements in the chest and neck during breathing,
swallowing, and speaking). Sensors used for these two
categories must have good stretchability for high strain and
high sensitivity to small strain, respectively.6−10 However,
conventional strain sensors, which are based on metals and
semiconductors, have limited stretchability and sensitiv-
ity;6,7,10−12 therefore, they are incompatible with the human
body. As such, there is increased demand for highly stretchable,
sensitive, and wearable strain sensors for monitoring human
body motions.1−11

Various approaches have been proposed to meet this demand
through the use of nanomaterials such as nanoparticles,1,2,13

nanowires,11 carbon nanotubes (CNT),3,4,6,14,15 and gra-
phene.7−10,15−23 In particular, graphene, a two-dimensional
hexagonally structured material, consisting of sp2-bonded
carbon atoms,20,22,24 has been used extensively for strain
sensors, because of its outstanding electrical and mechanical

properties.8−10,20−26 Several studies have been conducted on
strain sensors based on graphene prepared by chemical vapor
deposition (CVD).9,16−23 CVD-grown few-layer graphene is
highly sensitive and enables detection of small-scale motions of
the human body.9,20,23 Highly stretchable CVD-grown
graphene, with three-dimensional (3D) macroporous struc-
tures,22 has also been reported to overcome the limited
stretchability (up to 7%) of the CVD-grown graphene
films.17−20 However, CVD-grown graphene sensors are
fabricated through an expensive and complicated process that
is unsuitable for practical applications. To address this issue,
highly stretchable strain sensors have recently been developed
by a vacuum filtration process with a reduced graphene oxide
dispersion.10 This approach produces highly stretchable (up to
100%) sensors for the detection of large-scale human body
motions. However, controlling the sensitivity of the sensor for
measuring diverse human body motions remains challenging.
Therefore, the challenge lies in developing, by means of an
inexpensive and scalable process, a graphene strain sensor that
has appropriate stretchability and sensitivity for monitoring
human body motions.
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In this work, we develop highly stretchable, sensitive, and

wearable graphene strain sensors that are based on a dispersion

of graphene nanoplatelets (GNP) and stretchable yarns as

frameworks. The graphene strain sensors were prepared by a

layer-by-layer (LbL) assembly technique that is a simple, low-

cost, scalable, and solution-processable method for producing

thin-film coatings of controllable thickness.27−36 Three types of

strain sensors, made from different commercialized yarns, were

Figure 1. (a) Steps in the LbL process for fabrication of a graphene strain sensor using a stretchable yarn. Each cycle of the process includes one
PVA and one GNP coating. The thickness of the GNP layer can be increased by repeating the LbL cycle. After repetition of a number (n) of PVA
and GNP coatings, n layers of PVA and GNP were coated alternatively on the surface of the yarn. Schematic illustrations of the graphene strain
sensors based on stretchable yarns (b) without and (c) with PDMS coating.

Figure 2. Photographs of RY, NCRY, and WY, (a, b, c) before and (d, e, f) after three cycles of the LbL process. (g) Comparison of the stretchable
yarns for varying number (n) of LbL cycles. (h) Relative resistance change of the three graphene strain sensors as a function of the applied strain.
(Inset in panel (h) shows a large-scale plot for the RY sensor.)
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fabricated in order to investigate the effect of the yarn structure
on the piezoresistive properties. Depending on the yarn
structures, these sensors exhibited high stretchability (up to
150%), controllable sensitivity, and high versatility, which
enabled their use in detecting large- and small-scale human
body motions. Moreover, since fabrics can be easily sewn with
the yarns, this approach enables easy application of the sensors
to diverse human body parts. To demonstrate the feasibility of
this approach, several wearable applications were fabricated
using the graphene strain sensors and their performance was
characterized.

2. RESULTS AND DISCUSSION
Figure 1 schematically depicts the fabrication of graphene strain
sensors carried out through repetition of poly(vinyl alcohol)
(PVA) and GNP coatings (see Experimental Section for
details) using the LbL assembly technique. The yarn was coated
with PVA by first immersing in a PVA solution, rinsing with
deionized (DI) water, and drying with air. The PVA was then
attached to the surface of the yarn by noncovalent bonding
interactions, including hydrogen bonding, van der Waals, and
hydrophobic attraction.29−31,37,38 The yarn was subsequently
dipped in a GNP solution, rinsed with DI water, and dried with
air, in order to deposit graphene on the PVA layer. Poly(4-
styrenesulfonic acid) (PSS) was added to the GNP solution to
facilitate stable dispersion of the GNP in DI water. This
addition was necessary because aromatic rings of PSS adsorb to
the graphene surface, because of hydrophobic and π−π
interactions, and hydrophilic sulfonic groups of PSS prevent
the agglomeration of hydrophobic graphene in polar solvents
such as water.31,32,39 The sulfonic groups (−SO3H) of PSS also
contribute to the formation of hydrogen bonds with the
hydroxyl groups (−OH) of PVA.31,33,40 In addition, van der
Waals, charge transfer, and hydrophobic interactions contribute
to the binding of PVA to GNP with PSS.29−36 After the
repetition of a number (n) of cycles, the yarn was alternatively
coated by n layers of PVA and GNP.
The structural effect of the yarn on the piezoresistive

property of the strain sensor was investigated by comparing the
sensors made from three types of stretchable yarns, namely,
rubber (RY), nylon covered rubber (NCRY), and wool yarns
(WY) (see Figure S1 in the Supporting Information). RY
(thickness of ∼0.45 mm) consists of thin and straight rubber
fibers. NCRY (thickness of ∼0.55 mm) consists of a bunch of
rubber fibers surrounded by helical nylon fibers. WY (thickness
of ∼3 mm) is made with crimped and twisted wool fibers.
Comparison of the bare yarns to those after LbL assembly
processing (three cycles) reveals that the white yarns became
black (Figure 2a−f), because of the GNP layer. Figure 2g shows
that the black yarn became darker as the number of LbL cycles
increases, indicative of an increase in the thickness of the GNP
layer. Furthermore, all three types of yarns retained good
stretchability (see Figure S2a in the Supporting Information),
even after undergoing GNP LbL coating.
The graphene strain sensors (Figure 1b) made by using

GNP-coated yarns were characterized with regard to the
applied strain. Figure 2h shows the relative resistance change of
the sensors after three LbL cycles, as a function of the applied
strain. The relative resistance change (ΔR/R0) is defined as the
ratio of the resistance change (ΔR) to the resistance (R0) at the
initial state. The sensors exhibited different piezoresistive
responses to the strain; i.e., with increasing strain, the resistance
of the RY and NCRY sensors increased, while that of the WY

sensor decreased. In particular, the resistance of the RY sensor
increased significantly, compared to that of the NCRY sensor.
These piezoresistive responses originate from the different
deformation behaviors of the yarns during stretching (see
Figure S3 in the Supporting Information). Figure 3 shows

detailed SEM images of the yarn structures of the graphene
strain sensors without and with the strain. The bunch of
straight rubber fibers (Figure 3a) that comprise the RY become
elongated when stretched (Figure 3b). This stretching resulted
in the generation of cracks (Figure 4a) in the GNP coating on
the surface of the fibers, which led to the breakage of electrical
paths and, hence, a significant increase in electrical resistance.
On the other hand, since NCRY consists of inner rubber and
outer nylon fibers, which surround the rubber fibers in a spiral
(Figure 3c), PVA and GNP were mainly adsorbed onto the
outer fibers, while the inner fibers are partially coated during
the LbL process (see Figure S4 in the Supporting Information).
Hence, the piezoresistive property of the NCRY sensor
depends mainly on the deformation of the outer nylon fibers.
Under strain, the inner rubber fibers were stretched in the
direction of the external force, while the nylon fibers were not
directly stretched but deformed along the stretching direction
(see Figure 3d). This dual structure minimized the elongation
of the nylon fibers and suppressed the formation of prominent
cracks in the GNP coating (Figure 4b), which resulted in a
smaller increase in the resistance of the NCRY sensor,
compared to that of the RY sensor for the same strain. The
gauge factor [(ΔR/R0)/(ε)] of the sensors (see Figure S5a in
the Supporting Information), where ε is the applied strain, was
calculated in order to determine the sensitivity of the sensor to
strain. The gauge factor of the RY sensor increased
exponentially with increasing strain and was much higher
than that of the NCRY sensor. This implies that the graphene
coating on the former is much more sensitive to the strain than
that of the latter. Moreover, Figure 2h shows that, in contrast to

Figure 3. SEM images of the graphene strain sensors based on RY,
NCRY, and WY, (a, c, e) without and (b, d, f) with strain (100%,
100%, and 50%, respectively).
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the RY and NCRY sensors, the resistance of the WY sensor
decreased with increasing strain. This piezoresistive behavior is
different from that of conventional graphene strain sensors,
whose resistances increase with increasing strain.7−10,17−23 The
unique piezoresistive property of the WY sensor can be

attributed to its yarn structure that is composed of crimped and
twisted fine wool fibers (see Figure 3e). When WY was
stretched, the curled wool fibers became straightened and
closer to each other (Figure 3f and 4c). Furthermore, the
subsequent contact between the GNP-coated wool fibers
resulted in an increase in electrical paths and, hence, a decrease
in the electrical resistance.
When strained, RY, NCRY, and WY sensors were capable of

stretching up to 100%, 150%, and 50%, respectively. As shown
in Figure 1c, as well as in Figure S2b in the Supporting
Information, the RY and NCRY sensors were coated with
polydimethylsiloxane (PDMS) in order to avoid possible
delamination of the GNP coating from the surfaces due to
high strain. The WY sensor was not coated because WY loses
its good stretchability and unique electrical property after
coating with PDMS. In addition, the WY sensor did not exhibit
any significant delamination of the GNP coating for strains
below 50%. However, when WY was stretched above 50%
strain, wool fibers were damaged and not recovered, leading to
the permanent deformation and the increase in resistance of the
WY sensor. Figure 5a shows the relative resistance change for
the PDMS-coated graphene strain sensors. The RY sensor
maintained an overall high sensitivity, even after being coated,
but ΔR/R0 decreased (see inset in Figure 5a) with high strain
(≥70%), compared to that of the sensors without the PDMS
coating (inset of Figure 2h). This decrease results because the
coating prevented delamination of the GNP layer, thereby
suppressing unexpected degradation arising from delamination
under high strain. Furthermore, the PDMS-coated NCRY
sensor showed an excellent linear relationship (R2 = 0.98; this is
the coefficient of determination for the linear regression)
between the relative resistance change and the applied strain,
and the almost-constant gauge factor (see Figure S5b in the

Figure 4. High-magnification SEM images of the graphene strain
sensors based on (a) RY, (b) NCRY, and (c) WY, without and with
strain (100%, 100%, and 50%, respectively).

Figure 5. (a) Relative resistance change of the RY and NCRY sensors with PDMS coating. (b) Response curves of the RY, NCRY, and WY sensors
for repetition of strain (∼80%, ∼100%, and ∼40%, respectively) at a frequency of 1 Hz. Also shown is the relative resistance change of the graphene
strain sensors using (c) RY, (d) NCRY, and (e) WY for a varying number (n) of LbL cycles.
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Supporting Information) with increasing strain. This suggests
that the negative structural effect on the electrical property was
eliminated by the PDMS coating, and that the NCRY sensor
was mainly affected by the deformation of the GNP layers
coated on the nylon fibers. In addition, the PDMS coating is
favorable for RY and NCRY sensors, both in terms of
reproducibility and durability. Therefore, further experiments
were conducted using PDMS-coated RY and NCRY sensors.
Figure 5b shows the response curves of each sensor, during a
repetition of applying strain and releasing at a frequency of ∼1
Hz. All three types of graphene strain sensors exhibited a
reversible piezoresistive property, a fast response, and good
reproducibility of signals. Moreover, the sensitivity of the
sensors could be tuned by controlling the number of LbL
cycles. Figures 5c−e show the relative resistance change of each
sensor at different numbers of LbL cycles. The value of ΔR/R0
decreased as the number of LbL cycles increased, indicating
that the sensitivity of the sensors increases as the thickness of
the GNP coatings decreases. The piezoresistivity of the sensors
with GNP was mainly dependent on the overlap area and
contact resistance.7,8 Hence, the sensors with the large
thickness of LbL film exhibited low sensitivity, because the
overlap area among adjacent GNPs increased with an
increment of the thickness of GNP coating, which suppressed

the breakage of electrical paths under strain (see Figure S6 in
the Supporting Information).7,8 Although their sensitivities
changed, the sensors still exhibited unique characteristics (i.e.,
high sensitivity of RY sensors, high stretchability (up to 150%)
and linear piezoresistivity behavior of NCRY sensors, and the
unconventional piezoresistive property of WY sensors). The
diversity of motions measured by these sensors, as well as their
stretchability and sensitivity, were also superior to those of
previously studied graphene strain sensors (see Table S1 in the
Supporting Information).
The graphene strain sensors can be used for wearable

applications, because the stretchable yarns can be easily
implanted in general items. Diverse motions in different
human body parts, correlated to the piezoresistive character-
istics of each sensor, were monitored by several wearable
sensors made of the three GNP-coated yarns. The high
sensitivity of the RY sensor is desirable for the detection of
small-scale human motion such as delicate movements of the
throat. The RY sensor was embedded in the PDMS layer on an
elastomeric medical patch (Figure 6a), and the patch was
attached to the throat (Figure 6b). Since the elastomeric patch
can be easily bent and stretched (see Figures 6c and 6d), it was
able to deliver the motions of the throat to the strain sensor.
When the tester spoke several words, including “KAIST”,

Figure 6. (a−d) Photographs showing the RY strain sensor embedded in an elastomeric patch that is bendable and stretchable, for detection of the
small-scale motions of the throat. (e) Relative resistance change of the RY strain sensor associated with muscle motions for different phonations. (f−
i) Photographs showing theNCRY strain sensor sewed in an elbow wrap to monitor the bending motion of the arm at different angles of 45°, 90°,
and 135°. (j) Relative resistance change for the NCRY strain sensor according to the bending motions. (k−m) Photographs showing the WY and
NCRY sensors implanted in a glove for recording the movements of the index and middle fingers. (n) Relative resistance change of the sensors,
showing distinct signals.
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“PNML”, “apple”, and “soccer”, the sensor recorded specific
patterns (Figure 6e) regarding the value of ΔR/R0 for each
phonation, since each word resulted in distinct movements of
the laryngeal prominence. The same patterns were produced
when the words were repeated, which represents a good
possibility for use as acoustic sensors with excellent reliability.
The RY sensor in the patch could also monitor swallowing by
detecting the movement of the Adam’s apple (see Figure S7a in
the Supporting Information). Furthermore, when attached to
the chest, it could record each breathing cyclethe
combination of one inhalation and one exhalation, which
made the sensor stretch and release, respectively (see Figure
S7b in the Supporting Information). In contrast to the RY
sensor, the NCRY sensor satisfies the requirements for large-
scale motions and accurate detections, because of its high
stretchability and linear piezoresistivity behavior. To monitor
elbow bending, an elbow wrap was sewn with the NCRY sensor
(Figure 6f), which was then placed into the arm so that the
sensor is located at the outside of the elbow. When the tester
bent his arm with angles of 45°, 90°, and 135° (see Figures 6g,
6h, and 6i, respectively), the NCRY sensor produced signals
(Figure 6j) with different intensities since larger bending
motions resulted in greater elongations of the sensor. The
proportional increase in the relative resistance change with
increasing bending angle means that the sensor has the ability
to both detect and quantify the applied strain. When the NCRY
sensor was applied to the wrist, its bending motion could be
also easily monitored (view Movie S1 in the Supporting
Information). A data glove was also made with the WY and
NCRY sensors, in order to compare their piezoresistive
response to the bending motions of the fingers. The index
and middle fingers of the glove (Figure 6k) were sewn with the
WY and NCRY sensors, respectively, and the sensors were
placed outside of the finger joints. Individual bending of the
index (Figure 6l) and middle (Figure 6m) fingers resulted in
opposite sensing signals (see Figure 6n and Movie S2 in the
Supporting Information); the resistance of the WY and NCRY
sensors decreased and increased, respectively, under strain.
When two sensors operate simultaneously to detect different
parts of the body, these opposite responses to similar bending
motions can be advantageous for identifying the sensor that
produces the signal.

3. CONCLUSION
In summary, three types of graphene strain sensors, based on
stretchable yarns, were fabricated from a GNP dispersion and a
PVA solution using the LbL assembly technique, which is facile,
cost-effective, scalable, and solution-processable. The sensors
were characterized by their piezoresistive responses, which are
dependent on the yarn structure; these responses enabled the
sensors to monitor diverse human body motions. The highly
sensitive RY sensor was capable of detecting small-scale
motions in the throat and the chest. The NCRY sensor
precisely detected large-scale motion, such as the bending
movements of the arm and hand, because of high stretchability
(up to 150%), and good linear relationship between the strain
and the relative resistance change. In contrast, WY sensors
exhibited a negative sensing response that is distinct from that
of conventional strain sensors. Therefore, these sensors enable
easy identification of the body part that moves. The
aforementioned findings confirm that this study provides a
practical and meaningful approach of realizing graphene strain
sensors for monitoring motions of the human body.

4. EXPERIMENTAL SECTION
Preparation of Graphene Dispersion and PVA Solution.

Graphene nanoplatelets (GNP) (No. N002-PDR, XY < 10 μm, Z ≈ 1
nm) provided by Angstron Materials, were prepared by chemical
exfoliation and thermal reduction. Poly(4-styrenesulfonic acid) (PSS)
(Mw ≈ 75 000) and poly(vinyl alcohol) (PVA) (Mw ≈ 89 000−
98 000) were purchased from Sigma−Aldrich. The graphene
dispersion was obtained by adding GNP (0.1 wt %) and PSS (0.1
wt %) to deionized (DI) water, followed by ultrasonication for 3 h.
Similarly, the PVA solution was obtained by stirring PVA into DI
water for 10 min at 80 °C, followed by sonication for 30 min.

Fabrication of the Graphene Strain Sensors. Yarns were
immersed in the PVA solution for 5 min, rinsed in DI water, and dried
in air. PVA was used as the precursor and counterpart layers to form
the stable and robust GNP coating. They were then submerged in the
graphene dispersion for 5 min, followed by rinsing and drying. The
two steps were repeated in order to control the thickness of the GNP
layer deposited on the yarns. The PDMS coatings were prepared by
first degassing the mixture of the PDMS base and the curing agent
(No. SH9555, Dow Corning Toray) (15:1 weight ratio) in a vacuum
desiccator for 15 min. The graphene-coated yarns then were dipped in
the degassed mixture and kept in a vacuum desiccator for 10 min to in
order to remove the bubbles between the yarns and the PDMS. The
graphene-coated yarns were subsequently removed from the PDMS
mixture and cured at 65 °C for 45 min.

Characterization. The graphene strain sensors were observed via
field-emission scanning electron microscopy (FE-SEM) (Model Sirion,
FEI) and an optical microscope (Model B008, Ecwox). The electric
properties were measured by using a source meter (Model 2400,
Keithley). In addition, silver paste (No. P-100, ELCOAT) and copper
conductive tape (3M) were used for better contact between the source
meter and the graphene-coated yarns.
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