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a b s t r a c t

Aligned carbon nanotube (CNT) arrays are promising candidates for strain sensors owing to their scalable
preparation and excellent conductivity and stretchability. However, aligned CNT arrays are limited by low
strain sensitivity and buckling deformation. In addition, cross-stacked CNT array films layer-by-layer
assembled on soft substrates exhibit anisotropic mechanical behavior due to their asymmetric layered
structures. In this work, we introduced a chemically hybridized CNT-graphene (G/CNT) film in which CNT
crossbars are effectively welded together by graphene. The hybrid films demonstrate enhanced isotropic
mechanical properties and strain sensitivity with a gauge factor of ~3, together with a high stretchability
of more than 20%. The enhanced electromechanical properties are attributed to the improved load
transfer efficiency among CNTs by graphene hybridization, as confirmed by Finite Element Analysis (FEA).
Biaxial strain sensors based on the hybridized G/CNT films have been applied for sensitive detection of
both minute vibrations caused by sound waves and large deformations from finger bending. The sensors
were further integrated into a tactile sensing array to map the spatial distribution of the surface
pressures.

© 2017 Elsevier Ltd. All rights reserved.
1. Introduction

Flexible and stretchable strain sensors hold significant promise
for applications in wearable and implantable electronics [1e10].
Conventional strain sensors based on metal foils or crystalline sil-
icon are limited by low stretchability [11] (maximum strain of 5%).
Recently, there have been numerous interests to develop strain
sensors by using nanomaterials and their assemblies. In particular,
strain sensors based on random CNT networks respond to tensile
strains through intertube rotation and sliding [12e15], which leads
to large stretchability. Due to their small tube diameter and very
low bending stiffness, the CNTs bend and buckle under compressive
strains, which results in irreversible deformation and electrical
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response to cyclic strains [13,16e18]. Reinforcing the strength of the
CNT joints can effectively increase their resistance to buckling
deformation [18]. However, at the beginning of the tensile defor-
mation, CNTs in a random network tend to rotate and align along
the stretching direction [15,19], which results in minimal changes
in their conducting pathways and consequently low sensitivity to
small strains [20]. As a result, the gauge factors of strain sensors
based on both random CNT networks and reinforced random CNT
networks are typically below 0.5 [13,15,17,18].

The microstructures of carbon nanotube assemblies play a critical
role in defining their collective properties. Compared to random CNT
networks, aligned CNT arrays have demonstrated enhanced elec-
trical and thermal conductivity in the parallel direction owing to the
alignment effect [20e22]. In addition, continuous, meter-long
aligned CNT array films can be readily drawn from as-grown CNT
forests [23]. The facile and scalable preparation of aligned CNT array
films, combined with their high electrical conductivity [24,25], is
essential for their practical applications in strain sensors [26]. In
addition, stretchable, cross-stacked CNT films with isotropic
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electrical conductivity have been prepared through the layer-by-
layer assembly of aligned CNT arrays in orthogonal orientation
[27]. However, these cross-stacked CNT films exhibit anisotropic
electromechanical behavior after transferred onto soft substrates, as
a result of their asymmetric layered structures and inefficient load
transfer in the out-of-plane direction. It is still a challenging task to
design CNT-based strain sensors with isotropic sensing properties, as
well as high sensitivity and reliability.

In the present study, cross-stacked CNT films have been chem-
ically hybridized with graphene through chemical vapor deposition
(CVD), which effectively improves the load transfer efficiency be-
tween the two CNT layers. As a result, the hybrid films demonstrate
monotonic electromechanical response along both aligned di-
rections, together with a high stretchability of more than 20%.
Furthermore, the strain sensitivity of the cross-stacked CNT films
has been increased by 5e10 times after graphene hybridization.
Multi-functional biaxial strain sensors have been constructed with
the G/CNT hybrid films for sensitive detection of both minute vi-
brations caused by sound waves and also large deformations from
finger bending. A sensor array was further integrated for the spatial
mapping of the surface pressure.

2. Experimental

2.1. The synthesis of cross-stacked G/CNT films

The film of super-aligned CNT arrays was drawn from vertically
Fig. 1. The preparation of cross-stacked G/CNT hybrids. (a) The schematic of the preparation
cross-stacked G/CNT hybrid film on Cu grid from the view of the top and bottom. The alignme
image showing a freestanding cross-stacked G/CNT film on water. Inset: a cross-stacked G/C
figure can be viewed online.)
aligned CNT forests [23, 28]. The metallic CNTs are multi-walled
with diameter of ca. 10 nm. The cross-stacked CNT films were
prepared by sequentially stacking two layers of CNTarrays, with the
alignment direction perpendicular to each other, which was then
scooped up by a Cu foil. The CNTcovered Cu foil was loaded into the
quartz tube which was then put into in a horizontal Lindberg/Blue
furnace (Thermal scientific). The system was then evacuated to
8.0*10�2 Torr and heated to 1050 �C under a H2 flowof 8 sccm. After
an annealing time of 30 min, a CH4 flow of 10 sccmwas introduced
for the growth of graphene. After the graphene growth, the system
was cooled down to room temperature with the gases on [29,30].
2.2. The preparation of cross-stacked G/CNT film based strain
sensor

The base and curing agent of Polydimethylsiloxane (PDMS, Dow
Corning Sylgard 184) were mixed in 10:1 mass ratio. After
degassing, the wet PDMS was poured onto a cross-stacked G/CNT
film covered Cu and cured at room temperature overnight. The
thickness of the PDMS substrate was 2 mm for tensile test and
multichannel touch sensing, and was 1 mm for the sound detection
test. The Cu foil was then etched with 0.3 mol/L FeCl3 aqueous
solution. The membranes were rinsed twice with distilled water to
remove FeCl3 residual, and then dried in air. Silver wires were
attached to two ends of the cross-stacked G/CNT film for electrical
measurements.
process. (b) SEM image of a cross-stacked CNT film on Cu grid. (c,d) The SEM images of
nt direction of different CNT layers is marked by arrows. Scale bar: 2 mm. (e) The optical
NT film conformally contacted onto the rough surface of a leaf. (A colour version of this
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2.3. Mechanical and electrical characterizations

Tensile strains were applied by a dynamic mechanical analyzer
manufactured by TA Instruments Company. Resistance recording
was conducted in situ by a Keithley 4200-SCS Semiconductor
parameter analyzer. The electrical measurements were performed
in a two-probe configuration, and DC current was recorded under
different strains.

2.4. Morphological analysis

All morphological analysis was conducted by a scanning elec-
tron microscopy (SEM, Nova430) manufactured by FEI company.

2.5. The detection of sounds

An ultrathin strain sensor was pasted onto the loudspeaker of a
soundbox [31], and the type and sound volume of the music was
controlled by a mobilephone through Bluetooth. The control of the
sound volumewas stepwise, with 13 units including muting (0e12,
relatively).

2.6. Finite element analysis simulation

A finite element analysis simulation was conducted in Abaqus.
In a representative model, a CNT network consisting of four CNTs in
Fig. 2. The morphological evolution and electromechanical response of cross-stacked CNT fil
PDMS. (b) Cross-stacked CNT film after cyclic stretching when the stretching direction is para
the cross-stacked CNT film during cyclic stretching with a strain of 10%, with representativ
a square pattern is bonded to the PDMS substrate. A quarter of
representative model is simulated taking advantage of the plane
symmetry of the model. For all of the CNTs, and hybridized gra-
phene, the elastic modulus is 1000 GPa and the Poisson's ratio is
0.16. The CNT is modeled by square cuboid with a cross section of
0.25 m2. The trapping effect of the bottom layer of cross-stacked
CNT film in graphene film is modeled by surface-to-surface con-
tact with infinite elastic slip stiffness. The hybridized graphene is
modeled by a block filling in the cross-stacked CNT film and in
surface-to-surface contact with two layers and PDMS substrate. The
tensile strain is 8% in the horizontal direction. In order to further
reveal the deformation of the overall structures as well as the ef-
fects of bottom layer on the upper layer in deformation, we also
conducted direct loading of the bottom structures. The graphene
hybridization with strong molecular-level junction, resulting in the
integrated behavior of overall structures, is also modeled by
surface-to-surface contact with two CNT layers.
3. Results and discussion

Fig. 1a shows the schematic of the graphene hybridization
process of a cross-stacked CNT film. Ultrathin CNT films were firstly
drawn from as-grown CNT forests. During the drawing process,
CNTs were aligned nearly parallel with the drawing direction. Two
layers of aligned CNT films were sequentially stacked on a copper
foil in a crossbar structure, which naturally formed a large amount
m upon cyclic stretching with a strain of 10%. (a) The original cross-stacked CNT film on
llel to the top and (c) bottom CNT array. Scale bar: 2 mm. (d) The resistance recordings of
e 5 consecutive cycles. (A colour version of this figure can be viewed online.)



Fig. 3. The morphological evolution of cross-stacked CNT film (a) and cross-stacked G/CNT film (b) upon tensile stretching with a strain of 10%, with stretching direction parallel to
the bottom CNT array. Scale bar: 2 mm. (A colour version of this figure can be viewed online.)
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of rectangular holes (Fig. 1b). After CVD, graphene filled the
nanotube holes, forming a seamless G/CNT hybrid film. Raman
characterization shows that the graphene in the hybrid film is
mostly monolayer (Fig. S1). As shown in Fig. 1c and d, graphene
welded together the bottom and top CNT layers, which greatly
enhanced the strength of the cross-stacked CNT film (Fig. S2).
Therefore, the freestanding G/CNT hybrid film can be directly
transferred onto soft substrates, without the assistance of a poly-
mer stamp. Furthermore, the G/CNT hybrid film is highly flexible
and can form conformal contact with a rough surface such as a leaf
(Fig. 1e), which is beneficial for their integration into wearable
electronics. Moreover, the introduced graphene provides additional
conductive pathways, and the sheet resistance of the cross-stacked
CNT films decreased from 1335 to 902 U/sq after graphene
hybridization.

We first investigated the microstructural evolution and the
electromechanical response of the cross-stacked CNT films under
cyclic stretching. As shown in Fig. 2, a cross-stacked CNT film on
soft Polydimethylsiloxane (PDMS) substrate (Fig. 2a) was repeat-
edly stretched and released with a maximum strain of 10%. When
the applied strain was along the orientation of the top CNT layer,
extensive buckling occurred in the top CNT layer after cyclic
Fig. 4. Finite Element Analysis (FEA) to reveal a better stress transfer after the hybridization
square CNT networks, with the stretching direction marked by arrows, which is set to be pa
network before and (c) after graphene hybridization. (A colour version of this figure can be
stretching and releasing (Fig. 2b). In contrast, when the applied
strain was parallel to the orientation of the bottom CNT layer, no
buckling deformation was found (Fig. 2c). The anisotropic micro-
structural evolution of the cross-stacked CNT film under mechan-
ical strains can be explained by its asymmetrical layered structure
and inefficient load transfer between the two CNT layers. When the
applied tensile strain was parallel to the orientation of the top CNT
layer, the tensile strain caused intertube sliding in the top CNT layer.
Upon the release of the tensile strain, CNTs in the top layer bent and
buckled under substrate compression due to their high flexibility.
On the other hand, the bottom CNT layer was spatially confined
between the underlying substrate and the top CNT layer, which
greatly suppressed its buckling deformation under cyclic strains.

The aforementioned microstructural evolution of the cross-
stacked CNT film led to its anisotropic electrical response to me-
chanical strains. The resistance of the cross-stacked CNT film was
recorded during cyclic stretching and releasing with a maximum
strain of 10%. When the applied strain was parallel to the orienta-
tion of the top CNT layer, the cross-stacked CNT film showed aweak
and non-monotonic resistance response to tensile strains as a result
of the irreversible buckling deformation and energy dissipation in
the top CNT layer [17,18] (Fig. 2d (i)). On the other hand, when the
of graphene to cross-stacked CNT arrays. (a) Representative model of PDMS supported
rallel to the bottom layer. (b) The distribution of Mises stress amongst the square CNT
viewed online.)



Fig. 5. The electromechanical response of cross-stacked G/CNT film upon cyclic stretching with a strain of 10% when the stretching direction is parallel to the (a) top and (b) bottom
CNT array. (A colour version of this figure can be viewed online.)
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applied strain was parallel to the orientation of the bottom CNT
layer, the cross-stacked CNT film showed a monotonic response to
tensile strains because of the suppression of the CNT buckling
deformation (Fig. 2d (ii)). We note that similar to random CNT
networks, the cross-stacked CNT films are limited by low strain
sensitivity. The average gauge factors of the cross-stacked CNT film
were measured to be 0.22 and 0.62 along the orientation of the top
and bottom CNT layers, respectively. The weak sensitivity and
anisotropic electromechanical behavior of the cross-stacked CNT
films seriously limit their applications in accurate and reliable
strain sensing.
Fig. 6. The application of cross-stacked G/CNT in detecting sounds and joint motions. (a) T
volume dropping 1 unit each time. Inset: The photo of a cross-stacked G/CNT based strain sen
recording of a single song clip, with the sound volume of 3 (unit). (c) The resistance recordin
(d) The resistance recording during five consecutive bending-unfolding processes of the fin
To investigate the role of graphene hybridization, we charac-
terized themicrostructures of both the cross-stacked CNT films and
G/CNT hybrid films under a tensile strain of 10%. The applied tensile
strains were along the orientation of the bottom CNT layers. As
shown in Fig. 3a, the 10% tensile strain led to intertube sliding in the
bottom CNT layer and lateral separation in the top CNT layer of the
cross-stacked CNT film. The CNTs in the top layer of the cross-
stacked CNT film were slightly buckled due to the Poisson's effect.
On the other hand, the G/CNT hybrid film exhibited a distinctively
different microstructure under the same strain value. As shown in
Fig. 3b, graphene hybridization effectively welded the top and
he resistance recording during the repeated broadcast of a song clip, with the sound
sor adhered on the loudspeaker of a soundbox. (b) The magnified view of the electrical
g of a cross-stacked G/CNT sensor during the bending of a finger with different degrees.
ger. (A colour version of this figure can be viewed online.)
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bottom CNT layers together [32,33], leading to enhanced resistance
to shear deformation. As a result, the hybrid film showed extensive
warping around the nanotube joints in response to the tensile
strain, indicating effective load transfer from the bottom CNT layer
to the top CNT layer. In addition, no buckling deformation was
observed after cyclic stretching along both alignment directions
(Fig. S3).

The effect of graphene hybridization on the enhancement of
load transfer within the CNTs was further confirmed by Finite
Element Analysis (FEA) (Fig. 4a). In a representative model, a CNT
network consisting of four CNTs in a square pattern was bonded
onto a PDMS substrate. A model of frictionless layer-to-layer
interface with super-lubrication properties was used for the pris-
tine CNT network. While for the graphene welded CNT network, a
fixed interface with strong molecular-level junction was employed
(See more detail in Methods). The stretching direction was parallel
to the orientation of the two CNTs in the bottom layer. As shown in
Fig. 4b, the average stress of the CNTs in the top layer of the pristine
CNT network was found to be four orders of magnitude lower than
that of the bottom CNTs. This poor load transfer between the two
CNT layers was due to their nearly frictionless interface [34e36].
Compared to the pristine CNT network, a graphene hybridized CNT
network shows dramatically increased average stress in the top
CNTs (Fig. 4c). In addition, we further investigated the deformation
of the G/CNT hybrid under the twisted stretching of the bottom
CNTs using FEA (Fig. S4). The simulated warping structure of the G/
CNT hybrid is well consistent with our experimental results in
Fig. 3b. These results confirm that graphene hybridization can
effectively reinforce the CNT crossbars and enhance the load
transfer efficiency between the top and bottom layer CNTs.
Fig. 7. The application of cross-stacked G/CNT film for multichannel touch sensing. (a) The p
panel, including the position of electrodes and the representative touch position, indicated
press is applied, with the correspondence of colors in (b). (A colour version of this figure c
As a result of their improved load transfer efficiency, the G/CNT
hybrid films exhibit greatly enhanced electromechanical perfor-
mance. We recorded the resistance of a G/CNT hybrid film during
cyclic stretching and releasing with a maximum strain of 10%. As
shown in Fig. 5a and b, the G/CNT hybrid film showed relatively
isotropic and linear response to mechanical strains along both
alignment directions, owing to the efficient load transfer and the
prevention of buckling deformation in the hybrid film [17,18]. The
effect of graphene in matrix reinforcement and electromechanical
linearity is in great correspondence in recent literatures [18,32,37].
More importantly, the hybrid film exhibited greatly enhanced
strain sensitivity with gauge factors of 2.38 and 2.98 along the two
alignment directions, which is 10 and 5 times higher than those of
the original CNT crossbars, respectively. Besides, the G/CNT strain
sensors have shown stable performance after 100 cycles of
stretching (Fig. S5).

The hybridized G/CNT films combine the merits of enhanced
strain sensitivity with high stretchability (more than 20%, Figs. S6
and S7), allowing sensitive detection of both small and large
strains. For example, strain sensors based on the hybridized G/CNT
films can be used to detect acoustic pressure vibrations of the air
[31,38]. Fig. 6a presents the resistance response of a G/CNT strain
sensor when a piece of music was played. The acoustic information
of the music piece can be accurately and reliably resolved by the G/
CNT strain sensor at different volume levels. Fig. 6b shows the
detailed resistance changes measured at volume 3. Importantly, the
minimum detected strain by the sensor was calculated to be less
than 0.01%. In addition, the sound pressure (A1 tone, 55 Hz) was
measured to be only 0.15 Pa at volume 3 (Fig. S8). These results
highlight the capability of the G/CNT strain sensor for the detection
hoto of a 3 � 3 panel of cross-stacked G/CNT film. (b) The schematic of the 3 � 3 touch
by colored arrows. (c) and (d) The electrical response of the touch panel when a point
an be viewed online.)
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of ultra-small strains. In addition, the G/CNT strain sensors can be
also applied to detect large strains induced by human motions
[12,39,40]. A G/CNT strain sensor was mounted onto the proximal
interphalangeal (PIP) joint of the index finger. The stretching and
releasing of the G/CNT strain sensor from the finger bending and
straighteningmotion generated well-defined resistance spikes, and
the intensity of the spikes increased with the bending angle of the
finger (Fig. 6c). In addition, the strain sensor could work reliably
during repeated finger bending process (Fig. 6d).

To detect complex human motions, it is desirable to build strain
sensor arrays [41e45]. As a demonstration, we constructed a flex-
ible 3 � 3 tactile sensing array using a hybridized G/CNT film
supported on a PDMS substrate (Fig. 7a). The area of each G/CNT
sensor was 3 mm � 3 mm, and the center-to-center spacing of
adjacent sensors was 4 mm. A point pressure was applied through
manual contact on different regions of the sensing array (Fig. 7b).
As shown in Fig. 7c and d, the strain outputs of the sensing array
corresponded well with the positions of the input pressure. The
spatially resolved pressure detection by the G/CNT strain sensor
array makes it a promising candidate for the development of in-
tegrated e-skins.

4. Conclusion

In summary, cross-stacked CNT films were seamlessly hybrid-
ized with graphene through a chemical route. Graphene effectively
welded the CNT crossbars together, which greatly enhanced the
load transfer efficiency among the CNTs. As a result, the G/CNT
hybrid films demonstrated nearly isotropic electromechanical
properties. Furthermore, the gauge factor of the G/CNT hybrid films
was improved by 5e10 times compared with the cross-stacked CNT
films. These characteristics, combined with their good linearity and
high stretchability, make the G/CNT hybrid films promising mate-
rials for a number of strain sensing applications, including acoustic
pressure monitoring and human motion detection.
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