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Graphene Reinforced Carbon Nanotube Networks for

Wearable Strain Sensors

Jidong Shi, Xinming Li,* Huanyu Cheng, Zhuangjian Liu, Lingyu Zhao, Tingting Yang,
Zhaohe Dai, Zengguang Cheng, Enzheng Shi, Long Yang, Zhong Zhang, Anyuan Cao,

Hongwei Zhu,* and Ying Fang*

Transparent, stretchable films of carbon nanotubes (CNTs) have attracted
significant attention for applications in flexible electronics, while the lack

of structural strength in CNT networks leads to deformation and failure
under high mechanical load. In this work, enhancement of the strength and
load transfer capabilities of CNT networks by chemical vapor deposition of
graphene in the nanotube voids is proposed. The graphene hybridization sig-
nificantly strengthens the CNT networks, especially at nanotube joints, and
enhances their resistance to buckling and bundling under large cyclic strain
up to 20%. The hybridized films show linear and reproducible responses to
tensile strains, which have been applied in strain sensors to detect human

der Waals forces and form entangled net-
works. Due to the weak interactions at the
nanotube joints, the networks can respond
to tensile loads through interfacial sliding
between neighboring nanotubes, which
reduces the number density of nanotube
joints and consequently decreases the
electrical conductivity of the networks.['"]
This property of the CNT films can be
employed to measure strains and monitor
motions.'** However, due to the flex-
ibility of 1D nanostructures, CNTs bend
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motions with fast response, high sensitivity, and durability.

1. Introduction

Flexible electronics have been studied extensively for many
applications in recent years, including malleable displays,
wearable devices, and implantable biosensors.['® Networks of
overlapping 1D nanostructures have been favorably used as
functional materials in flexible electronics owing not only to
their superior stretchability but also to their outstanding con-
ductivity and transparency.”!% Thin films of copper nanow-
ires,l'I silver nanowires,'” and carbon nanotubes (CNTs)!314
are all commonly used to construct flexible devices. Among
these nanostructures, CNT networks are of particular interest
due to their low-cost and scalable synthesis, as well as good
chemical stability.l'>"'8] Carbon nanotubes are joined by the van

and buckle (instead of slide back) upon

the release of loads, which results in wavy

structures in the network.*2% The gen-

eration of nanotube buckles prevents the
restoration of conductive paths in the network after releasing
the strain, leading to permanent loss in network conduc-
tivity.21?2 In addition, upon cyclic loads, the wavy CNTs are
first straightened under tensile strain, causing no/little change
in conductivity. These microstructural deformation processes in
CNT networks seriously compromise their reliability and accu-
racy as strain sensors. Therefore, the major challenge for CNT
networks, as well as other 1D networks, is to tackle the weak
nanotube joints to resist buckling deformation. It has been
shown that the mechanical strength of 3D, porous CNT foams
can be greatly improved by the addition of graphene oxide
fillers through hydrothermal®}! or dip-coating processes.l**?°]
However, these methods always result in inhomogeneous dis-
tribution of fillers in the matrix, which could compromise the
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mechanical performance of the foams.?! In addition, solution-
based processes are known to cause the reduction in electrical
conductivity of CNT networks.[?3]

In this work, we present a novel strain sensor based on a
chemically hybridized film of CNT and graphene. Chemical
vapor deposition (CVD) growth of graphene on copper was car-
ried out by using ultrathin CNT films as templates, in which
graphene homogeneously fills the nanotube voids and forms
a seamless hybrid, named CNT embroidered graphene (CeG).
We systematically investigated the microstructural evolution of
the CeG films under cyclic strains. The graphene hybridization
greatly improves the strength and load transfer at the nanotube
joints, while maintaining the high transparency and conduc-
tivity of the CNT networks. Significantly, the buckling behavior
of nanotubes after cyclic strains has been completely prevented
in CeG films, even at a strain of 20%. As a result, the CeG
films exhibit linear and reliable conductivity responses to cyclic
strains. The CeG films have been applied as strain sensors to
detect human finger motions with fast response and high accu-
racy, demonstrating their potential for applications in wearable
devices.

2. Results and Discussions

2.1. Preparation and Characterization

Thin CNT films were prepared by a floating catalyst CVD
method, and the thickness and conductivity of the films were
controlled by adjusting the growth time. Due to the porous
structure, CNT films offer high optical transparency. For this
work, we chose ultrathin CNT films with a high transmit-
tance of 90.2% at 550 nm (Figure S1, Supporting Informa-
tion) and a sheet resistance of =4 kQ sq7l. CeG films were
synthesized through catalytic growth of graphene by using
ultrathin CNT films as porous templates, resulting in seamless
CNT-graphene hybrids (Figure 1a). After graphene hybridiza-
tion, the transmittance of the CeG changes slightly to 87.1%
at 550 nm (Figure S1, Supporting Information), indicating its
potential applications in transparent devices. To fabricate flex-
ible devices, liquid polydimethylsiloxane (PDMS) was poured
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onto the as-synthesized CeG films and cured overnight at
room temperature. The use of liquid PDMS helps to increase
the adhesion between CeG films and PDMS. After copper
etching, metal wires were connected to CeG films, as shown in
Figure S2 (Supporting Information) and illustrated in detail in
the Experimental Section. We note that the CeG films show no
obvious change in sheet resistance compared to pristine CNT
films. This result confirms that the CNT networks dominate
the conductance of the hybrids. More importantly, in contrast
to previous solution-based approaches, our method ensures
that the conductive paths in the CNT networks remain intact
after graphene hybridization.

Figure 1b presents the scanning electron microscope
(SEM) images of an ultrathin CNT film before and after gra-
phene hybridization. The pristine CNT film consists of ran-
domly interconnected CNTs, with tube length from several
micrometers to tens of micrometers (Figure 1b (i)). Whereas
in the CeG film, CVD grown graphene, predominantly single-
layer, homogeneously fills in the nanotube voids, forming
a continuous CNT-graphene hybrid (Figure 1b (ii)). The
in situ synthesis of the hybrid ensures a strong interaction
between CNT and graphene. These structural features closely
resemble those of leaves and insects wings consisting of
supporting veins and flexible membranes, with both factors
acting together to achieve desirable mechanical properties
(Figure 1b (iii)).

2.2. Resistance to Buckling of CeG
2.2.1. Microstructural Analysis upon Cyclic Loads

To investigate the role of graphene hybridization, we character-
ized the microstructural evolution of both CNT and CeG films
under cyclic tensile strains. As shown in Figure 2a, flat CNT
films buckled and developed into periodic, wavy structures after
repeatedly stretching and releasing with a strain of 10%. When
the tensile strain was increased to 20%, more buckles appeared
in CNT films, with increased height and decreased wavelength,
respectively (Figure S3, Supporting Information). These defor-
mation processes of the CNT network are irreversible and result

Network
backbone

Membrane

A sructure resemble
(leaf)

Figure 1. a) Schematic illustration of the synthesis of a CNT embroidered graphene (CeG) film by using ultrathin CNT network as template. b) SEM
images of ultrathin CNT network (i) and derived CeG (ii), along with the optical images of a phoenix tree leaf (iii).
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Figure 2. Morphological analysis of both CNT film and CeG film under cyclic tensile strain. a) SEM images of a CNT film before stretch (i), after cyclic

stretch and release at a strain of 10% (ii), after cyclic stretch and release

at a strain of 20% (iii). b) SEM images of a CeG film before stretch (i), after

cyclic stretch and release at a strain of 10% (ii), after cyclic stretch and release at a strain of 20% (iii).

in considerable energy dissipation. On the other hand, the
buckling of CNTs has been effectively prevented by graphene
hybridization. The CeG film was flat and showed no buckling
after cyclic strain up to 20%, as shown in Figure 2b. Instead,
microscale cracks were formed in the CeG film. Interestingly,
the microscale cracks usually follow the junctions between CNT
and graphene, and are not restricted to the transverse direction.

2.2.2. Theoretical Analysis of the Role of Hybridized Graphene

To validate the buckling-resistant ability of graphene hybridi-
zation, we carried out 3D finite element analysis to reveal the
mechanism of hybridized graphene enhanced mechanical
properties in the CNT networks. In a representative model, a
CNT network consisting of three nanotubes in an equilateral

triangular pattern is attached onto a PDMS substrate (Figure 3a
(i) and (ii)). Under a uniaxial stretching in the x direction, the
two nanotubes at the right and left sides of the triangle bend
outward (Figure 3a (iii)), as a result of the vertical compression
induced by the Poisson effect. The elongation of the third nano-
tube at the base side is small due to the high Young's modulus
of CNTs. Compared with the pristine CNT network, a CNT-
graphene hybrid is mechanically stronger. Under the same
tensile strain, the CNTs at the right and left sides of the trian-
gular hybrid show much smaller deformation than the pris-
tine CNT network (Figure 3a (iv)), demonstrating an enhanced
strength. In addition, the maximum principal strain at the
three nanotube junctions of the CNT—graphene hybrid is also
much smaller than that of the pristine CNT network (Figure 3a
(iii, iv) and Figure S4, Supporting Information), indicating the
effective load transfer within the CNT-graphene hybrid. These

(@) (ii) y (iii) (iv)
9.627¢-3 1.157e-3
6.418e-3 7.853e-4
y 3.209e-3 .132e-4
Position 1 without graphene Position 1 with graphene
2.047e-1 -4.114e-5
(b) L /CNT network L+AL
Stretch Release
Aligned Buckled
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: Zi;g/ Release M/
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Figure 3. Mechanism for graphene-enhanced mechanical properties in CNT network. a) Finite element method (FEM) analysis of graphene hybridiza-
tion. (i) Schematic of an equilateral triangular CNT network unit attached on a PDMS substrate, and the direction of the tensile strain is marked by the
arrows. (ii) Cross sectional schematic of a carbon nanotube. Eight positions are chosen for the analysis of strain distribution, with the adjacent positions
staggered by 45°. (iii, iv) The spatial distribution of the maximum principal strain at position 1 for the CNT network (iii) and CNT—graphene hybrid (iv),
respectively, under a strain of 20%. b,c) Schematic illustration of the microstructural evolution of CNT network b) and CeG c) under stretch and release.
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Figure 4. Microstructural analysis of layered CNT—graphene hybrid under cyclic strain. a) Schematic of a layered CNT—graphene hybrid. b) SEM images
at the graphene-rich side (i) and the CNT-rich side (ii) of a layered CNT—graphene hybrid after cyclic stretch and release at a strain of 20%.

results indicate that the hybridized graphene can both increase
the strength and reinforce the intertube junctions of the CNT
network, which effectively prevents the buckling deformation
of the CNT networks upon cyclic strain (Figure 3b,c).

2.2.3. Strong Interaction between CNT and Graphene in CeG

For comparison, we also prepared a layered CNT-graphene
hybrid by van der Waals stacking of a CNT film with a graphene
film,1”] as shown in Figure 4a and Figure S5 (Supporting Infor-
mation). After cyclic strain, long transverse cracks are formed
in the top graphene film of the layered hybrid (Figure 4b (i)),
indicating that the load is homogenously transferred to the
whole graphene film. These macroscopic, propagating cracks
are distinctly different from the microscopic, localized cracks
in the CeG films. In addition, the buckling of the CNT network
can be clearly observed in the layered hybrid after cyclic loads
(Figure 4b (ii)). These results confirm that the mechanical per-
formance of CNT-graphene hybrid depends critically on the
interaction between CNT and graphene. During the synthesis
of the CeG films, graphene and CNTs are bonded to form a
seamless hybrid, ensuring a strong interaction and effective
load transfer within the CNT-graphene hybrid (Figure Sé6a,
Supporting Information). On the other hand, the van der Waals
interaction between graphene and CNT5 in the layered hybrid
is weak, and the load transfer between them is not as efficient
to resist CNT buckling (Figure S6b, Supporting Information).

2.3. CeG as Strain Sensors
2.3.1. Electrical Analysis upon Cyclic Stretch and Release

Practical strain measurements require stretchable sensors
with accurate and reproducible response under large strains.
Figure 5 characterizes the resistance response of both CNT
films and CeG films under cyclic tensile strains. Both films were
prestretched and released at a strain of 10%. The resistance of
the films was then monitored in real-time when continuous tri-
angular waves were applied with increasing peak strain from
1% to 10%. Five triangle wave tests were conducted for each
peak strain level. Consistent with former studies,422% the
CNT film shows weak and nonmonotonic resistance response
to tensile strains below 6% (Figure 5a). Counterintuitively, a
small resistance peak appears for the CNT film at the release
of the small strain, as shown in Figure 5b. This abnormality
can be explained by the previously formed wavy structures of
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the CNT film. Under tensile loads, the buckled CNTs are first
straightened and flattened, which slightly increases the con-
tact area between nanotubes.?2l As a result, the resistance is
decreased first under small strain loading. As the strain is fur-
ther increased above 6%, the resistance of the CNT film starts
to increase due to the reduction of nanotube joints, resulting
in a second resistance peak at the maximum tensile strain
(Figure 5c). Thus the buckling deformation processes of the
CNT films lead to nonmonotonic response to strains, which
seriously limits their applications as accurate strain sensors.
On the other hand, the response of the CeG film is approxi-
mately linear (Figure 5c). The enhanced performance of the
CeG film is consistent with the increased structural stability of
the CNT network by graphene hybridization. The gauge factor
of the CeG strain sensor is 0.36, which is comparable to PDMS
supported CNT strain sensors at the first stretch.4202228 Com-
pared with other graphene and CNT strain sensors,?*3U our
CeG based strain sensors offer the advantages of high linearity
and reproducibility under cyclic strains.

2.3.2. Application of CeG as Strain Sensors

The sensitive and linear response of the CeG films to strains,
combined with their high transparency and flexibility, makes
them particularly attractive for the development of strain sen-
sors. As an example, transparent strain sensors based on CNT
and CeG films have been fabricated to detect the bending
movements of fingers (Figure 6a). As shown in Figure 6b, the
CeG sensor is stretched during the bending of the index finger,
which induces a fast and sensitive resistance response in the
CeG film. As the finger is unfolded, the resistance of the CeG
quickly returns to the base level. Whereas, for the CNT sensor,
the bending-unbending motion of the finger results in a weak,
negative resistance response due to the straightening processes
of the CNT buckles. In addition, a three-channel CeG sensor
has been further demonstrated to simultaneously measure the
strains at different positions along the index finger during peri-
odical bending and unbending (Figure S8, Supporting Informa-
tion). These results demonstrate the unique potential of CeG
films as transparent and reliable strain sensors.

3. Conclusion

In conclusion, we reported a flexible and transparent strain
sensor based on chemically hybridized films of CNT and gra-
phene, and demonstrated its practical application as wearable
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Figure 5. Resistance response of CNT film and CeG film during cyclic tensile stretch. a) Resistance recording of a CNT film and a CeG film under
continuous triangular waves with increasing peak strain from 1% to 10%. Five triangle wave tests were conducted for each peak strain level. b) The
magnified view of a triangle wave test with the peak strain of 6%. c) The magnified view of a triangle wave test with the peak strain of 9%.
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Figure 6. Demonstration of the motion sensing application of CeG. a) The photos of the unbending/bending state of a finger, with the CeG/ultrathin
PDMS adhered on the finger joint. b) The resistance recording during five bending—releasing processes using CNT network and CeG based flexible
device, respectively.
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strain sensors. The graphene hybridization effectively resists
the buckling deformation of CNTs under cyclic strain due to the
strong interaction and effective load transfer within the hybrid-
ized films. As a result, the hybridized films exhibit linear and
reliable resistance response to strain, which has been applied
as wearable strain sensors to detect human motions. Our study
highlights the strength and potential of smart material hybridi-
zation and may provide a new material platform for wearable
and implantable electronics.

4. Experimental Section

Synthesis of CNT Films: CNT films were synthesized by floating
catalyst CVD.B? A quartz tube was heated to 1060 °C under 20 sccm Ar
gas flow, then a xylene solution carrying ferrocene (0.045 g mL™") and
sulfur (0.001 g mL™") was injected into the quartz tube in the upstream
at 5 mL min™', with 1275 sccm Ar and 225 sccm H, flow. The reaction
time could be adjusted from 5 to 60 min to control the thickness of CNT
film. The as-prepared CNT films were collected on a nickel foil placed
in the downstream of the gas flow. After synthesis, the CNT films were
transferred onto water surface.

Preparation of CNT Embroidered Graphene (CeG): A CNT film was
transferred to a Cu foil (Alfa, 99.99%). The CNT covered Cu foil
was loaded into the quartz tube. Then the quartz tube was heated to
1050 °C under 8 sccm H, flow. After 30 min annealing, 10 sccm CH,4 was
introduced into the quartz tube for graphene growth. After a growth time
of 30 min, the quartz tube was cooled down to room temperature.3’]

Preparation of CeG Flexible Devices: The base and curing Agent of
PDMS (Dow Corning Sylgard 184) were mixed in 10:1 mass ratio, and
the wet PDMS was poured onto a CeG covered Cu foil after degassing.
Then PDMS was cured at room temperature overnight, followed by the
etching of Cu with 0.3 mol L™! FeCl; aqueous solution. The membranes
were rinsed twice with distilled water to remove FeCl; residual and then
dried in air. Silver wires were attached to two ends of the CeG film for
electrical measurements.

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.

Finite Element Analysis Simulation: In a representative model, a CNT
network consisting of three CNTs in an equilateral triangular pattern is
bonded on the PDMS substrate. For CNT, the elastic modulus is set at
1TPa, the Poisson’s ratio is 0.19; for graphene, the elastic modulus is
250 GPa, the Poisson’s ratio is 0.16; for PDMS, the elastic modulus is
1.8 MPa, the Poisson’s ratio is 0.49. All dimensions in the model were
amplified by 1000 times into continuum region. The tensile strain is
20% in the horizontal direction. The maximum principal strain at eight
positions along the nanotube cross section was investigated. Positions
6, 7, and 8 were omitted for discussion because they are symmetric
to positions 2, 3, and 4, respectively. The maximum principal strain
distribution of position 1 is presented in Figure 3a (iii, iv) and the
maximum principal strain distributions of positions 2-5 are presented
in Figure S4.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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