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ABSTRACT: Flexible strain sensors based on epoxy/graphene composite film with long molecular weight curing agents have critical roles
in the development of advanced polymer composite films that combine mechanical robustness with functional properties such as electri-
cal conductivity for many applications. In this experiment, flexible epoxy/GnP composite film is obtained by using flexible curing agent
J2000. A percolation threshold of electrical conductivity was observed at merely 0.97 vol% GnPs, and the composite electrical conductiv-
ity increased to 10−6 S/cm at 5.0 vol %. The composite films were mechanically strong enough to be used as a flexible strain sensor.
Our sensor can clearly detect the stretching of the forearm skin caused by a fist pulse and back of hand movement and achieve an
enhancement of the resistance signal of up to 50%. When the GnPs content reaches 5%, Young’s modulus and tensile strength increase
to 21 MPa and 1.3 MPa, respectively. © 2019 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 2019, 136, 47906.
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INTRODUCTION

Recently, high-performance multifunctional polymer composite films
have attracted extensive attention in both academia and industry1–4

for potential applications in aerospace, automobile, construction,
energy applications, and other emerging industries.5–9 Polymer com-
posite films can be used to fabricate thin, lightweight, flexible, wear-
able sensors by combining matrix with functional materials.

As strain sensors can detect the mechanical deformations or struc-
tural changes, it is highly desirable to be used as a wearable device to
record human physical motion for disease diagnosis, therapy, and
health conditions monitoring.10,11 In most cases, strain sensors are
based on piezo-resistance theory to translate mechanical deforma-
tions into resistance changes by strain gauge. Currently, rigid mate-
rials such as copper-nickel alloy and nichrome widely used as strain
gauges of the sensors to achieve highly accuracy and large-scale
industrial production.12,13 However, the main drawback of these sen-
sors is the rigid feature of the materials, which limited their applica-
tion to detect the deformation, damage, and structural changes of
parts with large surface area or complex curve surface structure.
Thus, there is a need to develop functional composite films that not
only have good flexibility and mechanical properties but also have
good conductivity and sensor properties.

Particles or materials with conductive and/or mechanical proper-
ties have been incorporated into the matrix to effectively improve

the properties of the matrix, such as mechanical, electrical, and
sensing properties. Various conductive materials including metal
nanostructures (gold nanoparticles, gold and silver nanowires) and
carbon-based materials (graphene, carbon nanotubes [CNTs], and
carbon black) have been extensively studied for fabrication of com-
posite films. Nevertheless, metal-based sensors normally have poor
stretch-ability and undesirable weight issues.8 Carbon-based mate-
rials, for example, graphene, fullerene (C60), CNTs, have good
compatibility with polymers and thus are often used as fillers in
composites. Nevertheless, carbon nanotubes are not yet used com-
mercially for reinforcing or toughening polymers, because of
expensive manufacturing costs (especially for single wall carbon
nanotubes), high viscosity caused by the “bird’s nest” structure of
the entangled tubes, and high anisotropic functionality.14,15 By com-
parison, graphene is an electrically and thermally conductive material
with large specific surface area (2630 m2 g−1).16 It is stronger and
stiffer than diamond and can elongate a quarter of its length. Its
Young’s modulus (~1 TPa), mechanical strength (~130 GPa)
and electrical conductivity (up to 6000 S/cm) is as high as those
of CNTs,17–19 whereas the manufacturing cost of graphene is
expected to be much lower than those of CNT.

There are many polymer materials used as the matrix including
polyurethanes,20 poly(ethylene vinyl acetate)21 and epoxy resins.22

Epoxy resins are by far one of the most widely used polymer
materials as structural adhesives, coating and molded materials,
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and fabrication of functional composites.23–25 This is due to their
excellent chemical resistance against severe corrosive conditions,
high thermal and mechanical properties, excellent adhesion to a
wide range of materials and ease of processing. Nevertheless, a
major obstacle is that the addition of rigid particles promotes
reduction of the epoxy ductility, making it more brittle.26 The
flexible curing agent J2000, a polyether amine with average
molecular weight of 2000, can co-react in an epoxy system and
solve this problem effectively. Their long molecular chains with
primary amine groups can attach more functional particles to
improve the uptake of functional particles. In addition, the cured
composite has good flexibility and ductility. Several studies have
reported that epoxy nanocomposites fabricated with J2000 and
graphene-based particle materials can improve the thermal and
electrical properties of epoxy resin.27,28

This article presents a simple and facile approach to the fabrica-
tion of composite thin films that allows incorporating different
graphene content into an epoxy matrix. These composite films
not only have excellent mechanical and electrical properties but
also have good flexibility. This makes them ideal for sensing body
motion and monitoring such as pulse movement and muscle
deformation.

EXPERIMENTAL SECTION

Materials
Acid-treated graphite, Asbury 1721, was kindly provided by
Asbury Carbons (Asbury, NJ). Epoxy resin of commercial grade,
diglycidyl ether of bisphenol A (DGEBA, Araldite-F) with epox-
ide equivalent weight 180–210 g per equiv., was purchased from
Yanshan Co., Ltd. (China). Hardener Jeffamine D 2000 (denoted
J2000, polypropylene oxide α,ω-diamine, Mw = 1968 g/mol) was
purchased from Huntsman Advanced Materials (Singapore).

Graphene Platelets
Graphene platelets (GnPs) were fabricated according to a reported
procedure.29 In brief, 0.1 g graphite intercalation compound (GIC,
Asbury 1721) was thermally shocked by transferring it into a
preheated crucible at 700 �C in a furnace and incubated for 1 min.
The expanded product was cooled and resuspended in acetone and
then ultrasonicated for 2 h under 20 �C to promote the exfoliation
of graphite.29 GnPs were precipitated and collected for further
usage.

Epoxy/GnP Composite Films
Four epoxy/GnP composite thin-films were prepared with various
GnPs contents (1.25, 2.5, 3.75, and 5% GnPs). GnPs was dissolved
in an epoxy acetone mixed solution with the weight ratio of 1:1.
Hardener J2000 was added to the mixture at the ratio of 3:1 to
epoxy, followed by stirring for 30 min, and sonicating for 1 h. After
the acetone volatilized, the conductive mixtures were poured into a
dumbbell shaped mold and then solidified in an oven at 120 �C for
12 h to produce solid epoxy/GnP composites. The processing of the
composites is depicted schematically in Figure 1.

Morphology
Scanning electron microscope (SEM) was conducted using a SEM
(JEOL JSM-7800F) with an accelerating voltage of 5 kV to exam-
ine the composite films’ cross-section and surface. The thickness
of the composite films was measured with a digital micrometer.

Mechanical Property
Tensile dumbbell samples were made using a silicone rubber
mold. We prepared samples for mechanical testing according to
the test standards of ASTMD 638-2003. Both sides of sample
were polished by emery paper until all visible marks disappeared.
Tensile testing was performed using an Instron 5567 tensile
machine at 0.5 mm/min speed at room temperature. An Instron
extensometer 2630-100 was used to collect accurate displacement

Figure 1. Schematic diagram of the fabrication of the epoxy/GnP composite film. [Color figure can be viewed at wileyonlinelibrary.com]
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data for the modulus measurement which was calculated using
0.05–0.2% strain. The experimental setup for mechanical testing
and the drum-bell composite is shown in Figure 2.

Electrical Properties
A square film (60 mm length of side, 0.5 mm thick) was placed
between the electrodes of the resistor box. The upper electrode
was adjusted to the correct position. After closing the resistance
box cover, the load knob was adjusted to apply a pressure of
about 10 kg onto the test sample. The electrical conductivity of
the films was examined with a high resistance meter (Agilent
4339B) connected to a Keysight 16008B resistivity cell. Figure 3 is
the setup of the conductivity testing. Figure 3(a) is high resistance
meter and epoxy/GnP composite test sample, Figure 3(b) is the
schematic diagram of conductivity testing.

Sensing Performance
Sensor property was evaluated based on piezo-resistance theory
through the electrical resistance change from the conductive net-
work within the sensor. The electrical resistance of sensor was
monitored using a FLUKE 2638A HYDRA Series III Data Acqui-
sition System (DAQ). Tensile testing was performed using an
Instron 5567 tensile machine at 2 mm/min speed at room
temperature.

The gauge factor (GF) was used to express the sensitivity of the
strain sensor and is defined as the ratio of the rate of change of
the relative resistance to the applied tensile strain. The normal-
ized value of GF of the composite membrane can be determined
by the eq. (1).

GF =
ΔR=R0
ΔL=L0

ð1Þ

where R0 is the initial resistance of the sensor prior to straining,
ΔR is the resistance change under the deformation, L0 is the
initial length of the sensor, and ΔL is the elongation of the axial
specimen. The normalized resistance change ΔR/R0 is used to
investigate the sensitivity of the epoxy/GnP flexible sensors.30

The gauge factor was measured using an Instron Tensile Machine
to provide the strain and the DAQ to monitor the changes of elec-
trical resistance.

Motion and Bending Measurement
Motion and bending measurement response testing were performed
and the DAQ was used to measure the electrical resistance changes
of sensor under different movements and bending angles.

RESULTS AND DISCUSSION

Topographic Characterization of GnPs
The GnP morphology was observed by TEM [Figure 4(a)]. Large
GnPs were observed to sit on a lacey-carbon film on a copper TEM
grid, clearly illustrating the flake-like structure. There were some
overlapped structures located at the right side of the image without
lacey-carbon support. The most transparent and featureless region
(red arrows in Figure 4(a)) likely possesses ultra-thin crystal structure,
where we randomly selected a point (indicated by blue arrow) to
examine the electron diffraction (ED) pattern (its ED pattern shows
a typical six-fold symmetry expected for highly crystalline structure
[Figure 4(b)]. In addition, its diffraction illustrates a stronger outer

Figure 2. Mechanical testing and epoxy/GnP composite dumb-bell sample. [Color figure can be viewed at wileyonlinelibrary.com]

Figure 3. (a) High-resistance meter and epoxy/GnP composite test sample; (b) schematic diagram of conductivity testing. [Color figure can be viewed at
wileyonlinelibrary.com]
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intensity than inner [Figure 4(c)], confirming that the region contains
few layers of graphene sheets.31,32 The high crystalline structure of
GnPs is in agreement with the XPS analysis [Figure 4(d)], which
shows a C/O ratio of 12:1. FT-IR spectra of GnPs showed that GnPs
have absorptions at 3340, 1250, and 870 cm−1, corresponding to
OH, COOH, and epoxide groups, respectively [Figure 4(e)].

Raman spectra of GnPs demonstrated that GnPs have obvious
absorptions at 1340, 1585, and 2690 cm−1 which correspond to D,
G, and 2D bands, respectively [Figure 4(f)]. G band refers to sp2

resonance on an ordered graphitic lattice, whereas D band is acti-
vated from the first-order scattering process of sp2 carbons by the
presence of in-plane substitutional hetero-atoms, vacancies, grain
boundaries, or other defects, which might be sp3 hybridized carbon
structure associating with the quantity of impurity or oxidation
degree. Because all samples were tested in the form of powder,
there is no point to discuss 2D band.

Topographic Characterization of Epoxy/GnP Composite Films
We firstly synthesized GnPs using the previously mentioned
method. The epoxy/graphene composite thin-films were fabricated

Figure 4. TEM images of GnPs fabricated by thermo-sonication method: (a) an overview of GnP structure; (b) electron diffraction pattern taken from with
the peaks labeled by Miller-Bravais indices, and (c) diffraction intensity of double or triple layer graphene taken along the 1–210 to 0–110 axis; (d) XPS anal-
ysis; (e) FTIR spectra of GnPs; and (f) Raman spectra of GnPs. [Color figure can be viewed at wileyonlinelibrary.com]

Figure 5. Bending the epoxy/GnP composite film. [Color figure can be viewed
at wileyonlinelibrary.com]
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with different concentrations of GnPs and solidified to be dumbbell
shape using J2000 epoxy as a curing agent. The composite films’
thickness is 0.5 mm. J2000 can be used in preparation of epoxy/
graphene composites taking advantages of its high reactivity
with graphene due to the two-terminal amine groups.27 In the
film, GnPs are dispersed evenly in the epoxy resin, and the film
is solidified due to the effect of curing agent. The composite
films we manufactured are flexible to bend due to the addition
of a flexible curing agent J2000, as shown in the Figure 5.

To understand fracture mechanisms of the epoxy/GnP, the SEM
micrographs were taken for epoxy/GnP composite films with dif-
ferent GnPs content. The lowest (1.25%) and highest (5%) GnPs
contents were compared to show the differences in their struc-
tural changes (Figure 6). Layer breakage and cracks were
observed in both composite films. The GnPs disperses in the thin
film and connect tightly with each other, leading to enhanced
electrical conductivity and mechanical properties. In comparison
with Figure 5(b) and (d), it indicates that higher GnPs content in
the composite films can increase fracture roughness of the mate-
rials, therefore leading to increased total contact surface area of
the composites. Based on the data, the toughening mechanisms
of those composites are described in details. When a tensile force
was applied to the specimen, a high level of stress accumulated
at the sharp crack tip, leading to increased local tension.
Because J2000-cured epoxy is relatively ductile, stress mainly
accumulates around the GnPs due to the difference in modulus
and Poisson ratio between epoxy and GnPs. With continued

tensile loading of the specimen, fracture can initiate either at
the interface between GnPs and matrix (data not shown) or on
the surface of GnPs where voids, layer breakage, and micro-
cracks are formed [Figure 6(b) and (d)]. In summary, because high
content GnPs produced a rougher surface and stronger binding
with the matrix compared with low content GnPs, high-content
GnPs were able to carry more loading upon fracture.

Figure 6. SEM images of epoxy/GnP nanocomposite film with 1.25% (a, b) and 5 vol % (c, d): (a) cross-sectional morphology of the epoxy/GnP composite film;
(b) structure of GnPs; (c) cross-sectional morphology of the composite film; and (d) structure of GnPs. [Color figure can be viewed at wileyonlinelibrary.com]

Figure 7. Through-plane electrical conductivity of epoxy/GnPs nanocomposite
films. [Color figure can be viewed at wileyonlinelibrary.com]
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Electrical Properties
Polymeric materials having electrical conductivity over 10−9 S/cm
are recognized as a semi-conductive in engineering applications.33

Because epoxy resins are extensively used in aerospace and electronics
industries, it is of significance to improve their electrical resistance/
conductivity by integrating them with conductive nanomaterials.34–37

The electrical properties of polymer composites mainly depend on
the filler conductivity, geometry, fraction, dispersion, and interaction
with matrices. The high-electrical conductive GnPs adopted in this
study have a number of surface functional groups such as epoxide
groups, which make it easier to be suspended in solvent. No further
modification was made to minimize surface defects. Hence, the dis-
persion and fraction of GnPs in the composites are crucial to deter-
mine the final electrical properties of epoxy/GnP composites.

We have produced 14 sets of GnPs conductive films with GnPs
content ranging from 0 to 5 vol % GnPs. The logarithm electri-
cal conductivity change of different volume fraction of GnPs is
shown in Figure 7. When 5 vol % of GnPs is added, the conductiv-
ity improved from 10−14 to 10−6 S/cm. At low volume fraction

(<0.7 vol %), the logarithm electrical conductivity amplitude
exhibited negligible changes, whereas for 0.97 vol %, the loga-
rithm electrical conductivity increased drastically. According
to the classical percolation theory, the conductivity of the composite
increases with increasing conductive filler content. This phenomenon
can be described by the scaling law in the form of σ = σ0(c − c*)t,
where c* is expressed as the percolation threshold, and σ0 and t as
the fitting parameters. This model provides a simple method
suitable for comparison of experimental data.36,38,39 Electrical
conductivity increased when mass fraction increased until the
percolation threshold exceeded. By plotting the experimental
data as logσ / log(c − c*), a suitable fit to this law can be found
by changing c* incrementally until the best linear fit to the equa-
tion is found.40 The inset of Figure 7 shows the log–log plot of the
equation, by fitting experimental data into the power law equation,
we obtained a percolation threshold (the formation of pathways
for electron transfer) of 0.97 vol % GnPs and an R2 value of 92%.

Mechanical Properties
Young’s modulus and tensile strength are measured to define the
mechanical properties of the epoxy/GnP composites. Figure 8(a)
shows the Young’s moduli of neat epoxy and its nanocomposites
with GnPs concentrations from 1.25 to 5 vol %. Epoxy/GnP com-
posites showed prominent increase in modulus with the increases in
GnPs concentrations. It increased 1700% when using 5 vol % GnPs
in the composites compared with the neat epoxy resin controls.
This may be caused by nanosized GnPs providing more specific
surface area and interfacial structure that can effectively prevent
stress concentrations and facilitate stress transfer across the interface

Figure 8. Young’s modulus and tensile strength of epoxy/GnP nanocomposites with different GnPs content: (a) Young’s moduli and (b) tensile strength.
[Color figure can be viewed at wileyonlinelibrary.com]

Table II. A Comparison of Mechanical and Functional Performance of Various Similar Composite Films

Materials Filler type Hardeners
Tensile
strengths, MPa

Young’s
moduli, MPa Ref.

Epoxy composites GnPs (1.25 vol %) J400 21 1100 Our research

GnPs (1.25 vol %) J230 57–60 3200–3500 27

Silicone rubber GnPs (1.25 vol %) / 6.5–8.5 1.7–2.3 43

Styrene butadiene rubber GnP (1.25 vol %) Compound
curing chemicals

6.5–7.5 1.3–1.7 44

Epoxy composites GnPs (1.25 vol %) J2000 0.6–1 4.5 Our research

Table I. Elongation Break of Epoxy/GnP Nanocomposites

GnP fraction (vol %) Strain (%)

1.25 15.09 � 5.18

2.5 12.36 � 1.10

3.75 11.44 � 0.55

5 6.81 � 1.20
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under loading. Figure 8(b) demonstrated changes of the tensile
strength of epoxy/GnP nanocomposites with the increase of GnPs
concentration ranging from 1.25 to 5 vol%. An obvious increase in
tensile strength was observed with the increase of GnPs in the
epoxy/GnP composites, about 200% increase when using 5 vol %
GnPs compared with the neat epoxy controls. Based on the pre-
vious research,38,41,42 the tensile strength is often reduced when
a brittle matrix hardener is added. The opposite trend reported
here is possibly because when adding GnPs into the resin matrix
during the preparation of composite materials, GnPs achieved

good dispersion in the resin and better interaction with resin,
resulting in dramatic sensitivity and improved mechanical prop-
erties.29,34 However, tensile strength slowly increased when the
GnPs content is more than 3.75%. The possible reason is that
part of GnPs aggregated at high concentration in the resin so that
the GnPs and the resin matrix cannot be fully contacted and
defects occur. Because of the difficulty in dispersing the graphene
when its content is greater than 5 vol %, the experiment was con-
ducted using GnPs up to 5 vol %. We have also summarized the
elongation of the break in Table I and a comparison of the
mechanical and functional performance of various similar compos-
ites in Table II.

As shown in Table II, we compared the mechanical properties of
our epoxy/GnP composite film cured by J2000 with those of J230
and J400 cured composites. Our film shows relatively lower modu-
lus and tensile strength than J230 and J400 cured epoxy/GnP com-
posites, but it demonstrates better flexibility (Figure 5). Because
our films are cured by the long chain molecular of J2000, promot-
ing to creation of a ductile composite matrix. It is worth to com-
pare our J2000 cured composite film with some GnP composites
with ductile matrices such as rubbers (Table II).

Application of Strain Sensors
Strain sensors with high sensitivity can be used to measure electri-
cal signal changes when small deformation occurs. This makes
these sensors ideal monitoring human movement and other health-
related parameters. The sensitivity is the key property for a strain
sensor and affects the performance of strain sensor directly. There-
fore, the gauge factor was used to investigate the sensitivity of strain

Figure 9. Gauge factor testing of strain sensor based on GnP composite films with different content: (a) the schematic of gauge factor testing; (b) the curves
of resistance change versus time; (c) the curve of resistance changes and strain; and (d) the curves of gauge factor and strain. [Color figure can be viewed at
wileyonlinelibrary.com]

Figure 10. Cyclic tensile test of sensor at 10%. [Color figure can be viewed
at wileyonlinelibrary.com]
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sensor. Tensile tests of different GnPs content were performed to
monitor induced electrical resistance changes to register the electri-
cal response of the material under strain. Figure 9(a) is a schematic
of the gauge factor test in which the conductive resistance was mea-
sured during the tensile test. To find the optimal sensitivity, a number
of GnPs composite films with different GnPs content were examined
to obtain their gauge factors. The resistance changes curves of flexible
sensor at various ratios of GnPs and the strain versus time was mea-
sured by DAQ and Instron 5567 tensile machine, respectively [-
Figure 9(b)]. We then combined the strain and resistance change at
same time to obtain Figure 9(c). Figure 9(c) shows the relationship
between electrical resistance changes of GnPs composite films with
different contents and tensile strain. The results show the electrical
resistance increases with strain, which have been discussed previously.
The significant resistance changes are mainly due to the increase in
the inter-particle distance and decrease in the GnPs sheets intercon-
nection. As the strain increases these factors overlap. Furthermore,
the resistance decreases when the content of GnPs in composite film
is increased from low content (1.25%) to high content (5%). This is
because 5 vol % GnPs composite film have higher electrical conduc-
tivity when compared to its peer low GnPs content composite film
under the same strain. By contrast, the black curve (1.25%) shows the
highest resistance change among all other curves under the same strain.
A similar trend is observed for the gauge factor changes in Figure 9(d).
In summary, the film with 1.25% content of GnPs shows higher gauge
factor than others, although with the highest resistance change. There-
fore, based on both mechanical performance tests and gauge factor
measurement, high-content GnPs film has lower sensitivity but sta-
ble productivity and better mechanical performance. We chose the
composite filmwith 2.5% content GnPs composite film as the subject
of the following study due to the ideal mechanical performance and
sensitivity.

We then conducted cyclic tensile test to study the stability and
reproducibility of sensor. The sensor exhibits good durability
after 1000 cycles at 10% in Figure 10. The resistance changes of
first 20 second and last 20 second were compared, suggesting the
sensor has good stability and reproducibility. In addition, it
almost instantaneously responds to cyclic loading, indicating it
has quick response ability. All of the performances stated above
are beneficial to our flexible strain sensor.

We firstly applied the sensors under a normal condition of pulse
movement with the speed of 1.5 beats/s [Figure 11(a)]. Our strain

sensor can clearly and instantaneously monitor pulse movement,
which is essential to diagnose in some medical conditions. Each
recorded pulse cycle includes (1) a wave corresponding to the

Figure 11. Strain sensor used to monitor (a) real-time pulse movement, and (b) back of hand movement. [Color figure can be viewed at wileyonlinelibrary.com]

Figure 12. A flexible sensor with various (a) bending angles; (b) resistance
change rates, and (c) the gauge factor after several bending. [Color figure
can be viewed at wileyonlinelibrary.com]
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incident forward wave, (2) a relative steady section originating
from the diastolic wave,36,38 and (3) a minor dicrotic notch.39

Second, our sensor can clearly detect the stretched forearm skin
caused by fist clenching, forming a signal of resistance enhance-
ment ~50% which relates to a peak in Figure 11(b); the peak
should correspond to the initial clenching, and the progressive
decline of resistance is explained by elastic recovery of the skin.

Flexible Sensors
Previous experiments in the sensing section mainly focused on the
change of resistance rate during stretching, and our films also have
certain sensing properties when bending. In this part, 2.5% content
composite film has been used. The performance of the epoxy/GnP
composite films with 2.5% of GnPs under different bending condi-
tions is illustrated in Figure 12(a). As shown in Figure 12(a), compos-
ite films could be bent up to 180�, demonstrating good flexibility.
The resistance changes rate graphs in Figure 12(b) demonstrate vari-
ation with bending angles of 45�, 90�,135�, and 180�. It can be seen
from the Figure 12(b) that the response of a larger angle is more
sensitive than for a small bending angle. This may be due to the fact
that the GnPs sheets at the bend become denser as the bending angle
increases, which makes the sensing ability more sensitive. We then
conducted cyclic tensile test to study the stability and reproducibility
of sensor. In Figure 12, the resistance changes of 100 bending cycles
and 200 bending cycles were compared, suggesting the sensor has
good stability and repeatability.

CONCLUSION

In summary, we used a novel method to make the epoxy/GnP
composite film by adding the flexible curing agent J2000. J2000
has long molecular chains that can attach more functional parti-
cles to improve the uptake of functional particles. The cured
composite has good flexibility and ductility. With the increased
content of GnPs, the conductivity of composite film improves
from 10−14 to 10−6 S/cm. Epoxy/GnP composites also show
generally prominent increase in Young’s modulus and tensile
strength at higher GnPs level. As a flexible sensor, it successfully
achieved real-time monitoring for several body motions such as
pulse movement and muscle deformation clearly demonstrating
the potential of the composite film as a flexible sensor.
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