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Graphene emerges as an ideal material for constructing high-performance strain sensors, due to its supe-
rior mechanical property and high conductivity. However, in the process of assembling graphene into
macroscopic materials, its conductivity decreases significantly. Also, tedious fabrication process hinders
the application of graphene-based strain sensors. In this work, we report a freestanding graphene assem-
bled film (GAF) with high conductivity ((2.32 ± 0.08) � 105 S m�1). For the sensitive materials of strain
sensors, it is higher than most of reported carbon nanotube and graphene materials. These advantages
enable the GAF to be an ultra-low power consumption strain sensor for detecting airflow and vocal vibra-
tions. The resistance of the GAF remains unchanged with increasing temperature (20–100℃), exhibiting a
good thermal stability. Also, the GAF can be used as a strain sensor directly without any flexible sub-
strates, which greatly simplifies the fabrication process in comparison with most reported strain sensors.
Additionally, the GAF used as a pressure sensor with only ~4.7 lW power is investigated. This work pro-
vides a new direction for the preparation of advanced sensors with ultra-low power consumption, and
the development of flexible and energy-saving electronic devices.

� 2020 Science China Press. Published by Elsevier B.V. and Science China Press. All rights reserved.
1. Introduction

Flexible strain sensors, which are able to transform the stimuli
of mechanical deformation into the signals of electrical shifts
[1–3], have received increasing attention for their widespread
applications on wearable devices [4–6], artificial skins [7,8],
human-machine interactions [9,10], robotics [11–13], and speech
rehabilitation trainings [14,15]. Flexible sensors can be divided
into several types based on the working principle, such as
triboelectric-type, capacitance-type, piezoelectric-type, and
resistance-type [1,16]. Thereof, the resistance-type sensor is usu-
ally prepared by a simple process, but possesses an efficient effect
in receiving the signals of electrical shifts. Thus, many metallic
materials and conductive polymers have been tried to obtain effec-
tive resistance-type sensors. However, large density, inferior
chemical stability and low flexibility for metallic materials and
relative poor electrical conductivity for conductive polymers
prohibit their practical applications [1].

Graphene material is a promising candidate for resistance-type
sensors on account of its extraordinary flexibility [17,18], light-
weight [19,20], high electrical conductivity and remarkable chem-
ical stability [1,17,21,22]. For example, Liu et al. [23] synthesized a
graphene woven fabric/polydimethylsiloxane (PDMS) composite
with an electrical conductivity of 273 S m�1, which can be applied
in detecting feeble human motions. Pan et al. [24] reported a com-
posite film combining the as-prepared 3D graphene film with
PDMS, showing the superior performance of strain sensor and out-
standing stretching-releasing cycle’s durability. The electrical con-
ductivity is improved to 1160 S m�1. Also, Liu et al. [25] prepared a
strain sensor of fish-scale-like graphene on a pre-stretched tape
with enhanced sensing range of strain and the electrical conductiv-
ity (1350 S m�1). In general, the resistance-type strain sensors are
based on a combination of graphene materials and other flexible
substrates, including PDMS [23,24,26–28], elastic tapes [29,30],
textiles [23,31,32], rubbers [33], and fibers [4,13,34,35]. However,
they have limited applications due to the complex fabrication pro-
cess and difficulty in integration with the manufacturing processes
of electronic industries [11,36]. More importantly, the insufficient
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electrical conductivity of the graphene and hybrid materials usu-
ally leads to high power consumption, resulting in their failure in
energy requirement and mass production for strain sensors.

Herein, we propose a freestanding and low power consumption
strain sensor using a highly conductive graphene assembled
film (GAF). The resistance of the GAF prepared by the high-
temperature treatment process remains unchanged with
increasing temperature, exhibiting a good thermal stability. This
advantage makes the GAF a stable strain sensor. To the best of
our knowledge, the conductivity of GAF is higher than most of sen-
sitive materials in reported carbon-based strain sensors. For exam-
ple, it is 17,678% higher than the conductivity of a recently
reported graphene material [25]. This renders the sensor with
high performance, low applied voltage, and ultra-low power
consumption. Also, the manufacturing process of GAF sensor with-
out any soft encapsulation material or substrate, is simpler, more
time-saving and economical. The GAF as a macroscopic product
assembled by microscopic graphene sheets, is suitable for industry
manufacturing process due to its good processability and compat-
ibility. This work provides a window to develop substrate-free and
energy-saving electronic devices.
2. Experimental

2.1. Preparation of GAF

Graphene oxide (GO, purchased from Wuxi Chengyi Education
Technology Co., Ltd.) was diluted with ultrapure water to form
GO suspension with 2%–4% solid content. GO suspension was
transformed into GO gel after mechanical stirring. Then GO gel
was scraped smoothly onto the surface of a polyethylene tereph-
thalate (PET) film, and GO film was obtained after drying at room
temperature. The thickness of the GO film can be adjusted by con-
trolling the thickness and number of the feeler gauge. Then the fab-
ricated GO films were torn off from the PET films and put in an
annealing furnace from room temperature to 1300 �C and held
for 2 h under the protection of argon gas flow. Then the tempera-
ture was raised to 3000 �C and held for 1 h and cooled down slowly
to room temperature. Thus, the GAF was obtained.

2.2. Preparation of the GAF based strain sensor

A GAF based strain sensor is composed of two copper wires, a
small slice (e.g., 10 mm � 50 mm) of the GAF and silver conductive
adhesive (Wuhan Double-Bond Chemical Co., Ltd.). For the better
contact between the source meter and the GAF, the silver conduc-
tive adhesive was employed to tightly attach copper wires onto
GAF after cured at 80 �C for the whole night.

2.3. Measurement of the relative resistance change (R–R0)/R0 of GAF
based strain sensor

The current response signals of the strain sensor deformations
were recorded by an Autolab PGSTAT302N electrochemical work-
station in a two-electrode mode at room temperature. The relative
resistance change (R–R0)/R0 of the GAF based strain sensor versus
applied strain was based on the obtained current responding
signals.

2.4. Measurement of the resistance of the GAF sensor under different
temperature

The GAF sensor was placed on a constant temperature heating
table. The resistance of the GAF sensor was tested by using a mul-
timeter. During the testing, the temperature of the heating table
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was heated from 20 to 100 �C, and the resistance of the GAF sensor
was tested every time the temperature increased by 10 �C.
3. Results and discussion

The schematic of the GAF fabrication process is exhibited in
Fig. 1a. Firstly, GO suspension was transformed into GO gel via
mechanical stirring (the corresponding digital photo is shown in
the step below). It is worth noting that GO sheets are the building
blocks of the GO film. The atomic force microscope (AFM) image
shows single-layer features of a GO sheet with an average thick-
ness of ~1.2 nm (Fig. 1b). Some wrinkles can be also observed at
the edge of the GO from AFM image, as further demonstrated by
the transmission electron microscope (TEM) image in Fig. 1c (in-
set). These wrinkle structures formed by osmotic force, provide a
big possibility to fabricate flexible GO films [19]. As expected, they
could be achieved by coating the GO gel on a PET film with a blade,
drying and then annealing at a high temperature under argon gas
flow. At last, a large-size GAF with a length of 170 mm and a width
of 150 mm can be obtained, indicating the big potential of GAF’s
scalable production.

To investigate the structural information of the GAF, X-ray
diffraction (XRD) pattern was performed. In Fig. 1c, a narrow and
intense (0 0 2) peak of a GAF is located at 2h = 26.64�, indicating
that the graphitized carbon possesses an interlayer distance of
d = 3.35 Å according to Bragg equation. The graphitized structure
was further confirmed by the weak D band (at 1335 cm�1) and a
low value of ID/IG (0.052) in Raman spectrum (Fig. 1d). Besides,
the remarkable 2D band at 2726 cm�1 indicates the presence of
graphene layers in GAF. The image taken by a super-large depth
of field 3D microscopic system (KEYENCE, VHX-600E) reveals that
the GAF possesses a rough surface structure. The electrical conduc-
tivity of such a GAF can be modulated from (0.63 ± 0.02) � 105 to
(2.32 ± 0.08) � 105 S m�1 by changing the quantity and solid con-
tent of GO gel’s precursor, and the thickness of GAF (Table S1
online). In terms of the conductivity of sensitive materials for sen-
sors, GAF is 9% higher than the highest reported CNT material and
17,678% higher than the highest reported graphene material. To
the best of our knowledge, the detected electrical conductivity of
(2.32 ± 0.08) � 105 S m�1 in our work surpasses to the reported
carbon-based strain sensors (Fig. 1f) [11,20,24,25,28,30,33,
37–46], thus laying the foundation for low-power devices.

The porous micro-structure of the GAF is further confirmed by
scanning electron microscope (SEM). As shown in Fig. 2a (top view)
and b (45� top view), there are numerous micro-folds on the sur-
face of GAF, which is consistent with the result obtained from
Fig. 1e. In Fig. 2c, the yellow and blue dotted lines indicate two dif-
ferent directions of micro-folds. The yellow and blue arrows point
to the direction in which the micro-folds are flattened. When the
GAF receives an external tensile load, the protruding portions of
the micro-folds are flattened to provide cushioning for the overall
structure and to avoid structural damage, thus improving flexibil-
ity and mechanical stability. As shown in Fig. 2d, the GAF can be
folded without any damage or breakage. Fig. 2e and f are both
the cross-section views of the GAF with porous micro-structure,
which is comprised of many micron-sized pores and single-layer
or multilayer graphene laminates [17,47]. During the annealing
process, the oxygen-containing functional groups gradually
decomposed and converted into various gases, such as CO, CO2

and H2O (g). These gases gathered and escaped from adjacent gra-
phene laminates to form micron-sized pores and micro-folds,
which is similar to the cavity-branched structure [48]. In addition,
these micron-sized pores and micro-folds render the GAF with
high elongation of 6.7% at break (Fig. S1 online). The GAF with
porous micro-structure exhibits excellent flexibility and
e assembled films with porous micro-structure for freestanding and ultra-
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Fig. 1. (Color online) Preparation and material characterizations of the GAF. (a) The schematic of the GAF fabrication process. (b) The AFM ichnography of GO sheets. (c) XRD
pattern and (d) Raman spectrum of the GAF, the inset of (c) is the TEM image of a GO sheet. (e) The surface picture of the GAF taken by a super-large depth of field 3D
microscopic system. (f) The comparison of conductivity among carbon-based strain sensors, including graphene (G), carbon nanotube (CNT), carbon aerogel (CA), carbon fiber
(CF), graphite, single-walled carbon nanotube (SWCNT).
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recoverability. As shown in Movie S1 (online), the GAF can restore
to its original state without any damage after folding and kneading.
Furthermore, the GAF can maintain high electrical conductivity
after 2000 bending cycles testing at a frequency of 0.5 Hz and
bending angle of 0� to 150� ( Fig. 2g and S2 (online)), while Cu foil
with the same thickness (110 lm) broke after only 23 cycles due to
metal fatigue.

To explore the strain sensing performance of GAF, the elec-
tromechanical characteristics of the GAF based strain sensor were
tested. As shown in Fig. S3a and b (online), four copper wire elec-
trodes were placed on the GAF and fixed with silver conductive
paste. Next, the GAF with four electrodes was flattened on the
one side of a polished substrate and then encapsulated with a resin
to completely fix the GAF on the surface of the substrate, which
ensures the consistent deformation of the substrate and GAF when
tensile loads were applied. The strain gauges were encapsulated on
the other side of the substrate with the glue (Fig. S3c online). As
shown in Fig. S4 (online), the measuring system consists of four
parts (a constant current source, a voltage recorder, a strain recor-
der and a universal testing machine), which is used to test the
gauge factor (GF) and tensile strain stretching-releasing cycles of
Please cite this article as: Z. Wang, P. Li, R. Song et al., High conductive graphen
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a GAF based strain sensor. The GF can be calculated according to
the formula GF = ((R–R0)/R0)/e, which is usually used to describe
the sensitivity of a strain sensor.

As shown in Fig. 3a, the sensing curve of GAF (110 lm thick-
ness) based strain sensor can be divided into two parts (Fig. S5
online). In the first part, the GF is 0.743 with linearity R2 = 0.925
during the strain of 0–0.8%. This is because the resistance change
of GAF is mainly related to the deformation of the porous structure
surrounded by stacked graphene sheets. At this time, owing to the
existing of interconnected conductive structure during the densifi-
cation of GAF, the resistance change and the GF of GAF is small. In
the second part, the GF is 1.934 with linearity R2 = 0.997 during the
strain of 0.8%–2.8%. The resistance change in GAF is mainly related
to the relative sliding between adjacent stacked graphene sheets.
At this time, the resistance change and the GF in GAF is more pro-
nounced due to the enhancement of contact resistance. The GF is
very close to 2.000 for the traditional metal gauges with a maxi-
mum strain of 5% [9].

The GAF strain sensor possesses the highest electrical conduc-
tivity and higher GF than many strain sensors based on graphene,
CNT and other materials (Table S2 online). However, the GF of the
e assembled films with porous micro-structure for freestanding and ultra-
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Fig. 2. (Color online) Porous micro-structure and bending stability of the GAF. (a–c) The surface SEM images of the GAF. The yellow and blue dotted lines in (c) are two
different directions of micro-folds, and the yellow and blue arrows point to the directions in which the micro-folds are flattened. (d–f) The cross-sectional SEM images of the
GAF. (g) The variation of electrical conductivity of GAF recorded in the 2000 bending cycles, the insets are the digital photos of intact GAF (110 lm thickness) after 2000
bending cycles and broken Cu foil (110 lm thickness) after 23 bending cycles, both at the recovering state.
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GAF strain sensor still needs to be further improved (Fig. S6
online). In Fig. 3b, when the GAF based strain sensor was under dif-
ferent strain, the corresponding resistance variation exhibited as a
step shape, and the GAF based strain sensor possesses good repro-
ducibility. To further investigate the mechanical stability and
repeatability, the whole measuring system was run cycle test for
720 cycles under 670 le (0–2 kN tensile load), and the correspond-
ing resistance variation is shown in Fig. 3c. Two magnified views of
resistance variation during 1480.4–1632.1 s and 20,357.6–20,511.
1 s are shown in the inset of Fig. 3c, exhibiting that GAF based
strain sensor possesses excellent stability in the cycle test of tensile
load. As shown in Fig. 3d, when the GAF based strain sensor is sub-
jected to tensile strain, the adjacent graphene sheets slide rela-
tively to each other, thereby increasing their contact-resistance
[25].

We also explored the effect of temperature on the resistance of
GAF sensor by using a multimeter. During the test, the GAF sensor
was placed on a constant temperature heating table. As shown in
Fig. 3e, with the temperature of the heating table was heated from
20 to 100℃, the resistance of the GAF sensor remained unchanged.
Please cite this article as: Z. Wang, P. Li, R. Song et al., High conductive graphen
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In fact, GAF that has undergone a high temperature treatment of
3000 ℃ has good thermal stability. The resistance of GAF does
not change significantly with the increasing temperature, which
is very significant for sensors.

Based on its light weight, flexibility and porous micro-structure,
we also used GAF as a pressure sensor and made some preliminary
explorations (Fig. S7 online). The resistance of a GAF sensor
changes when subjected to pressure. The applied voltage of GAF
sensor is only 0.01 V (only 1/150 of an AA-type battery working
voltage of 1.5 V theoretically), which is much less than the applied
voltage (typically greater than 0.1 V) used for reported carbon-
based sensors (Table S3 online). Therefore, the GAF has ultra-low
power consumption (with the power of ~4.7 lW) due to its high
electrical conductivity.

GAF sensors not only have the sensing performance of strain
and pressure, and low power consumption, but also the potential
applications in speech recognition. As is shown in Fig. 4a, the
GAF sensor (110 lm thickness) can be attached on the larynx of
a user with scotch tape. When the user spoke distinct words, such
as ‘‘Hi”, ‘‘Good” and ‘‘Okay”, the obtained curves were distinctive
e assembled films with porous micro-structure for freestanding and ultra-
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Fig. 3. (Color online) Performance, tensile cycle stability and thermal stability of the GAF strain sensor. (a) The GF and linear behavior of the GAF based strain sensor. (b)
Repeated measurements of the corresponding resistance variation of the sensor with different strains. (c) Resistance variation of the GAF based strain sensor during tensile
strain stretching-releasing cycles for 720 cycles under tensile strain of 0 ~ 670 le. The insets are magnified views of resistance variations during 1480.4–1632.1 s and
20,357.6–20,511.1 s, respectively. (d) Schematic diagram of the resistance change mechanism of the GAF strain sensor during the tensile-recovery cycle testing. (e) The
resistance of the GAF sensor when the temperature of the heating table was heated from 20 to 100 ℃.

Z. Wang et al. / Science Bulletin xxx (xxxx) xxx 5
and reproducible (Fig. 4b–d). Specifically, during the speaker’s pro-
nunciation, muscles movement and significant skin deformation
around the larynx generate the interfacial shear stress between
the sensor and the skin. The interfacial shear stress leads to tensile
deformation and resistance increase of the GAF sensor. This prop-
erty manifests the great potential of GAF sensor to apply in the
fields of human–computer interaction and speech rehabilitation
training. In addition, the power consumed by the GAF stress sensor
at this time is only ~0.08 mW, showing ultra-low power. Interest-
ingly, the GAF sensor (110 lm thickness) can also be applied to
detect the flow of air. As shown in Fig. 4e, f, S8 (online) and Movie
S2 (online), when a user blows air towards the sensor, a signal of
resistance change could be observed. This is because when air
was blown toward the GAF, the GAF was bent due to the fixed ends
of the GAF. In this case, both sides of the GAF were subjected to
tensile and compressive strains, respectively. The distribution of
Please cite this article as: Z. Wang, P. Li, R. Song et al., High conductive graphen
low power strain sensors, Science Bulletin, https://doi.org/10.1016/j.scib.2020.
strain was not uniform. Moreover, the local strain would vary
along the thickness and contribute to conductivity as shown in
Fig. S7g (online). The measured resistance is a combination of all
these factors.
4. Conclusion

In summary, we have developed a high conductive, flexible and
freestanding GAF, which is assembled by micron-sized pores and
micro-fold graphene laminates during high-temperature heat
treatment. This high-temperature treatment endows GAF with
good thermal stability, making its resistance unchanged with
increasing temperature. The prepared GAF sensors with high
conductivity ((2.32 ± 0.08) � 105 S m�1) possess ultra-low operat-
ing voltage (0.01 V), which is much lower than the reported
e assembled films with porous micro-structure for freestanding and ultra-
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Fig. 4. (Color online) Speech recognition, air flow detecting of the GAF sensor with ultra-low power consumption. (a) The GAF sensor (110 lm thickness) attached on the
larynx of the user with scotch tape. (b–d) The corresponding obtained curves of resistance change of the GAF sensor when the user spoke words of ‘‘Hi”, ‘‘Okay” and ‘‘Good”,
respectively. (e) Schematic diagram of air blowing and (f) the corresponding signal of resistance change of the GAF sensor (110 lm thickness).
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carbon-based sensors (0.1–5 V), thus achieving ultra-low power
consumption (~4.7 lW). Moreover, the manufacturing process of
GAF sensor without any flexible substrate is simpler, more efficient
and lower cost. Our work provides a new approach in the prepara-
tion of the sensitive material for freestanding sensors, and even
energy-efficient flexible electronic devices.
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