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Abstract

The development of high-performance strain sensors has attracted significant attention in the field of smart wearable
devices. However, stretchable strain sensors usually suffer from a trade-off between sensitivity and sensing range. In
this study, we investigate a highly sensitive and stretchable piezoresistive strain sensor composed of a hybrid film of
1D multi-walled carbon nanotube (MWCNT) and 2D graphene that forms a percolation network on Ecoflex substrate
by spray coating. The mass of spray-coated MWCNT and graphene and their mass ratio are modulated to overcome
the trade-off between strain sensitivity and sensing range. We experimentally found that a stable percolation net-
work is formed by 0.18 mg of MWCNTs (coating area of 200 mm?), with a maximum gauge factor (GF) of 1,935.6

and stretchability of 814.2%. By incorporating the 0.36 mg of graphene into the MWCNT film (i.e., a mass ratio of 1:2
between MWCNT and graphene), the GF is further improved to 12,144.7 in a strain range of 650-700%. This high GF

is caused by the easy separation of the graphene network under the applied strain due to its two-dimensional (2D)
shape. High stretchability originates from the high aspect ratio of MWCNTSs that bridges the randomly distributed gra-
phenes, maintaining a conductive network even under sizeable tensile strain. Furthermore, a small difference in work
function between MWCNT and graphene and their stable percolation network enables sensitive UV light detection
even under a significant strain of 300% that cannot be achieved by sensors composed of MWCNT- or graphene-only.
The hybrids of MWCNT and graphene provide an opportunity to achieve high-performance stretchable devices.
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Introduction

With the development of wearable devices, the signifi-
cant potential of strain sensors in healthcare, human—
machine interfaces, and soft robotics has led to the desire
for high sensitivity, flexibility, and stretchability [1, 2].
Polymer composites consisting of an electrically conduc-
tive sensing layer and a polymer matrix have attracted
much attention in the field of piezoresistive strain sensors
because of their high flexibility and excellent mechanical
and electrical properties [3]. One-dimensional (1D) car-
bon nanotubes (CNTs) [4, 5], metal nanowires [6—8], and
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two-dimensional (2D) graphene [9, 10] and MXene [11,
12] are widely used as a sensing layer to fabricate strain
sensors with high stretchability and sensitivity. In strain
sensors, the fracture-prone nature of the contact points
between 2D nanomaterials with initial large contact areas
contributes to the high sensitivity, while 1D nanomateri-
als can withstand larger strains without breaking the con-
ductive paths because of their high aspect ratio [13, 14].
Therefore, combining the advantages of 1D and 2D
nanomaterials provides an opportunity to produce
strain sensors with both high gauge factor (GF) and
high stretchability. The GF, a measure of strain sensi-
tivity, is defined as the ratio between relative resistance
change and applied strain. Previous studies found that
a sensor composed of spray-coated CNTs exhibited
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a sensing range of ~90% and a GF of~433.3 in a strain
range of~40-70%, while the Ti;C,T -based sensor
exhibited improved sensitivity, but its stretchable range
was limited to~35% [15]. In contrast, the co-integration
of CNTs and TizC,T, enables the sensor to achieve a
wide stretchable range (~75%) and high sensitivity (GF
of 772.6 in a strain range of~40-70%) [15]. Further-
more, the strain sensors fabricated by embedding silver
nanofibers into flexible substrate exhibit a three-orders-
of-magnitude increase in GF after incorporating 2D
molybdenum disulfide nanosheets [16].

Among many possible combinations of 1D and 2D
nanomaterials for stretchable, sensitive strain sensors,
carbon nanomaterials such as CNTs and graphene would
be suitable candidates because of their excellent conduc-
tivity, stability, flexibility, various morphology, and low
toxicity [17, 18]. The 1D CNT-based strain sensors typi-
cally have a wide strain range but relatively small GF. The
strain sensor fabricated from aligned single-walled CNT
films can detect electrical signal changes in the 280%
strain range with a maximum GF of only~0.82 [4]. The
spray-coated CNTs on Ecoflex have a stretchable range
up to 1,380% but low sensitivity (~1.75 of GF) [19]. In
contrast, the 2D graphene-based strain sensors usually
have a large GF in the limited sensing range. The gra-
phene flake-PDMS strain sensor fabricated by the self-
assembly technique has a GF as high as 1037 in the 2%
stretchable range [20]. Therefore, combining 1D CNT
and 2D graphene should result in a wide strain range and
high sensitivity in a stretchable strain sensor. In addition
to strain sensing, the interaction with oxygen molecules
through adsorption and desorption processes by CNT
and graphene under UV irradiation makes them suitable
for achieving a stretchable photodetector. Previous stud-
ies found that oxygen molecules strongly adsorb on the
surfaces and trap electrons when MWCNT/graphene is
exposed to air, increasing their hole carrier concentration
[21]. Upon exposure to UV light, the binding of oxygen
molecules to MWCNT/graphene is disrupted by light-
induced m-electron plasmons, resulting in the desorption
of oxygen molecules from their surfaces and the return of
captured electrons [21, 22].

In this study, we integrated 1D multi-walled CNT
(MWCNT) and 2D graphene as sensing materials for
strain sensors with high sensitivity and stretchabil-
ity. They have high electrical conductivity and excellent
mechanical properties [23], and the small difference in
work function between MWCNTs and graphene enables
charges to be transferred between them more efficiently
[24]. We first studied the electromechanical performance
of the MWCNT-based sensor with respect to the mass
of MWCNTs coated on~200 mm? of Ecoflex surface.
The results demonstrated that the percolation networks
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of the sensor were gradually saturated when the sprayed
MWCNT mass reached 0.18 mg. At this point, the sen-
sor had a stretchable range of up to 814.17%. After
adding 0.36 mg of graphene to 0.18 mg of MWCNTs
(i.e., MWCNT to graphene mass ratio of 1:2), the eas-
ily detachable property of the graphene network under
strain enabled the strain sensor to have a large GF of up
to 12,144.7 in a strain range of 650—700%. The wide strain
range of up to 710.5% is caused by the high aspect ratio
of MWCNTs that bridge the randomly distributed gra-
phene. The MWCNT/graphene hybrid sensor also exhib-
ited stability over 600 loading—unloading cycles of 500%
strain. Furthermore, because of the excellent sensitivity
of MWCNT and graphene to oxygen molecules under
UV irradiation and the small work function difference
between them, the MWCNT/graphene-based strain sen-
sor exhibited a photoresponse to UV light under 300%
strain. The combination of MWCNT and graphene could
be helpful in fabricating stretchable, multifunctional
Sensors.

Results and discussion

As described in Fig. la, the MWCNT/graphene dis-
persion obtained by 1 h of bath sonication was spray-
coated onto the Ecoflex substrate, which was cut into
a bone shape. A shadow mask was aligned on the Eco-
flex substrate to define the coating region, resulting
in the spray coating of MWCNT-graphene over an
area of 5x 40 mm? The photographs of the fabricated
MWCNT-, graphene-, and MWCNT/graphene hybrid-
based sensors are shown in Fig. la. In order to avoid
excessive confinement of the sensing materials on the
Ecoflex surface [7, 25, 26], the MWCNT and graphene
are directly spray-coated on the sticky Ecoflex surface
[27, 28] and tested without encapsulation. Scanning
electron microscopy (SEM) images of graphene and
MWCNT coated on a glass substrate are shown in Addi-
tional file 1: Fig. S1la and S1b. Based on the SEM images,
statistical size distributions are characterized and results
show that the size of graphene sheet is mostly distrib-
uted around 20 pm? (Additional file 1: Fig. S1c). In addi-
tion, the dominant length and diameter of MWCNT are
mostly around 0.5-1 pm and 60-70 nm, respectively
(Additional file 1: Fig. S1d and Sle). The spray-coated
MWCNTs and graphene were randomly distributed
on the Ecoflex substrate, as shown in the SEM images
(Fig. 1b). This is caused by the formation of tiny disper-
sion droplets on the hydrophobic Ecoflex surfaces dur-
ing spray coating of MWCNT/graphene dispersion [29,
30]. The randomly distributed droplets evaporate rap-
idly under a high temperature (90 °C) produced by a hot
plate under the samples. Random MWCNT/graphene
dispersed in the droplets remains on the Ecoflex surface.
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Fig. 1 a Schematic of the fabrication process of the MWCNT/graphene hybrid sensor. All scale bars in the photographs of the sensors are 5 mm. b
SEM images of MWCNT/graphene hybrids. The MWCNT and graphene are randomly distributed on the Ecoflex substrate. ¢ Partial enlargement of
b. The green dotted line is the edge of graphene and the red arrows indicate the MWCNTSs that bridge the graphenes. d Raman spectra of pristine

Ecoflex, MWCNT-, graphene-, and MWCNT-graphene-coated Ecoflex.

This random distribution of the sensing layer makes the
overall conductive path of the strain sensor easier to
break, providing an opportunity to improve the GF of the
sensor. An enlarged view of the SEM image (Fig. 1c) illus-
trates that a portion of MWCNTs (red arrows) are inter-
leaved between graphenes (within green dashed lines) in
the form of bridges. These MWCN'Ts contribute to main-
taining sensor stretchability.

Raman spectra of pristine Ecoflex, MWCNT, graphene,
and MWCNT/graphene hybrid-coated Ecoflex were
obtained under excitation at 532 nm (Fig. 1d). Compared
with the Raman spectrum of pristine Ecoflex (black line
in Fig. 1d), the Raman spectra of graphene-, MWCNT-,
and MWCNT/graphene-Ecoflex exhibit characteristic
peaks for carbon-based materials (red, blue, and green
lines in Fig. 1d) such as D-bands at 1339, 1351, and
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1338 cm™! from the disorder present in the sp® hybrid
carbon system, G-bands at 1588, 1583, and 1589 cm™*
from the stretching of the C—C bonds in the graphite lat-
tice, and 2D bands at 2703, 2693, and 2697 cm™! [31].
Compared with MWCNT, the intensity of the 2D peak
in the MWCNT/graphene hybrid decreases. We used
the monolayer graphene produced by thermal exfolia-
tion and hydrogen reduction methods. During this pro-
cess, surface-abundant functional groups of graphite
oxide increase the interlayer spacing from 0.34 to ~ 0.65—
0.75 nm [32, 33]. The subsequent increase in tempera-
ture or pressure leads to escaping gases at the interlayer
spacing, thus lifting off the graphene oxide. The exfoli-
ated graphene oxides are then reduced by hydrogen to
form monolayer graphene [34, 35]. Eventually, the sur-
face of monolayer graphene prepared by a repeated oxi-
dation-reduction process has a large number of defects
and residual functional groups, which could result in
a weak intensity of 2D peaks in the Raman spectrum of
monolayer graphene [35-37]. The intensity ratio (I/1g)
between the D and G peaks, which provide information
on interactions and structural defects in carbon-based
materials, are 1.02, 0.74, and 1.33 for graphene, MWCNT,
and MWCNT/graphene hybrid. The high I,/ ratios of
graphene and MWOCNT/graphene hybrids compared
with MWCNT also indicate the presence of a large num-
ber of defects in the graphene-containing samples.

The stretchable range and GF of the strain sensor can
be modulated by adjusting the mass of MWCNTs and
graphene and the ratio of MWCNTs and graphene. We
investigated the sensing properties of the strain sensors
composed of MWCNTs only with different spray-coated
quantities to ensure high sensor stretchability. Given the
intrinsic high aspect ratio of MWCNTs, the percolation
networks of the sensing layer respond to tensile loads
by sliding and fracture of connections between adjacent
MWCNTs. As depicted in Fig. 2a, the stretchability of
the sensor increases with the mass of the spray-coated
MWCNTSs in the given area (~200 mm?). The stretch-
able range of the sensor increases sharply from 300 to
814.17% when the mass of the spray-coated MWCNTs
increases from 0.12 to 0.18 mg. However, when the
mass of MWCNTs increases by more than 0.18 mg, the
increase rate of the stretchable range of the sensor slows
down significantly and finally broke at 930% (MWCNT
mass of 0.36 mg). This result indicates that the percola-
tion networks of the sensor are gradually saturated after
the mass of MWCNTs reaches 0.18 mg, caused by the
increased number of conductive pathways in the sensor
with increasing MWCNTs mass. However, the increased
conductive pathways also cause a gradual decrease in the
sensitivity, as depicted in Fig. 2a. For all cases, the rela-
tive resistance change of the sensor increases nonlinearly
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with an increase in the strain. The resistance change in
the sensor under a small strain is caused primarily by
the sliding between MWCNTs. As the strain increases,
the conductive pathways between the sliding MWCNTs
gradually break, causing a more significant resistance
change.

We improved the GF of the sensor by incorporating
2D monolayer graphene into the 1D MWCNTs network.
The 2D graphene with a relatively low aspect ratio makes
the conductive pathways between the sensing materials
more prone to strain fractures, resulting in high strain
sensitivity of the sensor. A mass of 0.18 mg of MWCNTs,
the amount where percolation networks and stretch-
ability saturates, was chosen as the basis for incorporat-
ing graphene. The MWCNTs and graphene were mixed
in mass ratios of 1:1.5, 1:2, and 1:3. As the mass of the
incorporated graphene increases, the GF of the sensor
gradually increases, while the stretchable range gradu-
ally decreases, as depicted in Fig. 2b. The improved GF
could be caused by the formation of MWCNT bridges
between graphenes (Fig. 1b, c). In the small strain range,
the sliding between the sensing materials dominates the
resistance change of the sensor, which produces a small
resistance change in the sensor. However, graphene-gra-
phene and graphene-MWCNTs networks can be easily
fractured under a wide strain range, producing larger
resistance changes. As shown in Additional file 1: Fig. S2,
the sensing layer of the MWCNT-based sensor does not
show obvious cracks even at a large strain of 550% due
to the high aspect ratio and dense conductive network
of MWCNTs (Additional file 1: Fig. S2a). On the other
hand, as shown in Additional file 1: Fig. S2b and S2c, the
cracks are formed under stretching in the graphene- and
MWCNT/graphene-based sensors. Particularly, the gra-
phene-based sensor shows a few discontinuities due to
the formation of large cracks as indicated by green dot-
ted lines in Additional file 1: Fig. S2b, which limit the
stretchability of the sensor below 300%. The MWCNT/
graphene-based sensor produces many smaller cracks
than the graphene-based sensor due to the incorporation
of MWCNTs with a high aspect ratio (Additional file 1:
Fig. S2¢), enabling high stretchability. In addition, the rel-
ative resistance change in the MWCNT/graphene hybrid
sensor increased nonlinearly with increasing strain. The
strain sensor fabricated with a mass ratio of 1:2 exhibits
both a large GF (12,144.7, in a strain range of 650—-700%)
and a wide strain range (710.5%), as depicted in the yel-
low bar in Fig. 2c. This characteristic can be applicable
for monitoring significant strain with high sensitivity.

The strain responses of the MWCNT-graphene hybrid
sensor with a mass ratio of 1:2 were further investigated.
As depicted in Fig. 3a, upon the loading—unloading from
0% to 10—600% of tensile strain, the sensor response was
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Fig. 2 Electromechanical performance of MWCNT/graphene hybrid sensor. a Strain sensing characteristic of the MWCNT-based sensor according
to the mass of the coated MWCNTSs (unit: mg). b Strain sensing characterization of MWCNT-, graphene-, and MWCNT/graphene hybrid-based
sensors with different mass ratios. For both a and b, the partially enlarged views of the relative resistance change in the sensors at a strain range
of 0-300% are depicted below them. Loading speed for all experiments is 2 mm/s. ¢ GF of the MWCNT-, graphene-, and MWCNT/graphene
hybrid-based sensors in a strain range of 0-700% for a 50% strain step. The strain sensor prepared by spray coating 0.36 mg graphene has the
largest GF (~34,101.5), but the sensing range is limited to 330%. In contrast, the strain sensor composed of a hybrid of 1D MWCNT and 2D graphene
with a mass ratio of 1:2 exhibits both a high GF of 12,144.7 (at a strain range of 650% ~ 700%) and a high sensing range of 710.5%

reversibly recovered to its initial state with some degree
of hysteresis caused by the viscoelasticity of the Ecoflex
substrate. These reversible strain responses indicate the
high elasticity and stretchability of the sensor. The rela-
tive resistance change in the MWCNT/graphene hybrid
sensor under cyclic strain in a strain range of 50—-600%
is depicted in Fig. 3b. The responses of the sensor under

different strains remained almost unchanged during the
10 cycles of the loading—unloading process, indicating
that the sensor has adequate repeatability. The reliabil-
ity and durability of the strain sensor in practical appli-
cations are also important. The durability of the sensor
was evaluated by periodic stretch-release cycling (500%
strain). As depicted in Fig. 3¢, the signal drift was~5%
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during 600 cycles. The signal drift is attributed to the
instability of the conductive pathway under repeatedly
applied large strain, which could be due to the peel-off of
the sensing materials from the Ecoflex substrate [7, 38].
We demonstrated a stretchable photodetector by
investigating the photoresponses of MWCNT-, gra-
phene-, and MWCNT/graphene hybrid-based sensors
to UV light with a wavelength of 365 nm in different
stretched states. The distance between the sensor and the
UV light source was fixed to 10 cm for all experiments.
The sprayed quantities of MWCNT and graphene for

homogeneous carbon nanomaterial-based sensors were
0.18 and 0.36 mg, while the MWCNT/graphene hybrid
was spray-coated at a mass ratio of 1:2 (0.18:0.36 mg).
As depicted in Fig. 4a, compared with MWCNT- and
graphene-based sensors, the MWCNT/graphene hybrid
sensors exhibit a larger response to UV light under all
strains tested because more MWCNTs and graphene
are involved in the response in the MWCNT/graphene
hybrid sensor with the formation of abundant conduc-
tive pathways. Furthermore, the small difference in work
function between MWCNT and graphene could attribute
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Fig. 4 a Photoresponses of MWCNT-, graphene-, and MWCNT/graphene hybrid-based sensors to UV light (365 nm) under different strains. The
MWCNT/graphene hybrid sensor has the highest photoresponse compared with other sensors across the strain range tested. The MWCNT/
graphene hybrid can measure photoresponses under high strains of over 250%. b The resistance of the MWCNT-, graphene-, and MWCNT/
graphene hybrid-based sensors at different strains in the dark. Inset is an enlarged view of the sensor resistance at 0% strain

more efficient transfer of photogenerated charge carriers
[21, 39, 40], resulting in a high photoresponse of 250%
under 0% strain. The MWCNT- and graphene-based sen-
sors no longer respond to UV light over strains exceed-
ing 150% and 200%, although their stretchable range
can reach 300% of strain. The MWCNT-based sensor
exhibited the smallest response to UV light because of
the high resistance of the sensor, which hinders the effi-
cient transport of photogenerated carriers (Fig. 4b). The
MWCNT/graphene hybrid sensor can respond to UV
light under 300% strain. To calibrate the effect of tem-
perature changes on the experimental results during UV
sensing, we measured the temperature change of the sen-
sors during seven on—off cycles of UV sensing by con-
tacting a thermocouple on top of the sensing layer. As
shown in Additional file 1: Fig. S3a, the temperature of
the sensor surface increased from 24.7 to 36.57 °C under
UV exposure, which can be due to heat transfer from
the UV lamp. In addition, we separately measured the
relative current change of the MWCNT-, graphene-, and
MWCNT/graphene-based sensors in the temperature

range of 23.75-40 °C (Additional file 1: Fig. S3b). Based
on the measured data, the temperature response of the
sensor was characterized (Additional file 1: Table S1),
and it was compensated according to the measured tem-
perature and temperature responses, which was reflected
in Fig. 4a. The results imply that the mixture of CNT
and graphene can not only improve the sensitivity of the
strain sensor but also contribute to improve photore-
sponse even under stretched state.

Conclusion

We investigated the piezoresistive strain sensors by
mixing 0.36 mg of graphene into 0.18 mg of MWCNT
to achieve a high sensitivity and wide sensing range.
The percolation network is formed by the MWCNTs
that bridge the graphene flakes on the Ecoflex sub-
strate. The hybrid of MWCNT and graphene produces
a high GF (12,144.7 in the 650-700% strain range)
while maintaining a stretchable range up to~710.5%.
The experimental results illustrate that the MWCNT/
graphene-based sensor exhibits reversible responses up
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to 600% tensile strain with high durability, as demon-
strated by 600 cyclic loading—unloading of 500% strain.
Furthermore, the UV sensing results demonstrate that
the MWCNT/graphene-based sensor can respond
to incident light in a strain range of 0-300%, and the
response to UV light is as high as 250%. Our sensor
fabricated by mixing MWCNTs and graphene in a 1:2
mass ratio exhibits high sensitivity and stretchability. It
could be a building block for achieving multifunctional
wearable devices that require mechanical deformability.
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Additional file 1: Figure S1. SEM image of a graphene and b MWCNT
coated on a glass substrate. c—e Column charts of size statistics of gra-
phene (c), length and diameter statistics of MWCNT (d,e). The statistical
results show that the size of graphene sheet is mostly distributed around
20 um?. In addition, the dominant length and diameter of MWCNT are
mostly around 0.5-1 pm and 60-70 nm, respectively. Figure S2. Photo-
graphs and optical microscope images of a MWCNT-, b graphene-, and ¢
MWCNT/graphene hybrid-based sensor at 0% and 550% strain. No obvi-
ous cracks are observed in the MWCNT-based sensor under 550% strain,
but significant cracks are formed once the graphene is added to the sens-
ing layer. This can be due to the easy separation of graphene under large
stretching. It is noted that the size of cracks is smaller in the MWCNT/gra-
phene-based sensor than in the graphene-based sensor, which might be
due to the high aspect ratio of MWCNTs that bridge the graphene flakes.
Figure S3. a Temperature change of the sensor surface for seven cycles of
UV sensing. The temperature of the sensor surface increased from 24.7°C
to 36.57°C owing to heat transfer from the UV lamp. b Relative current
change of the MWCNT-, graphene-, and MWCNT/graphene hybrid-based
sensors during the temperature increased from 23.75°C to 40°C. Table S1.
Relative current change of MWCNT-, graphene-, and MWCNT/graphene
hybrid-based sensors caused by the temperature changes during each UV
on-off cycle shown in Fig. 4a.
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