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precisely capturing human motions. [ 1–3 ]  
Piezoresistive-type sensor, based on the 
change in the resistance of materials with 
mechanical deformation, [ 12,13 ]  is a prom-
ising pressure sensor due to its simple 
fabrication, low cost, and easy signal 
collection. [ 14,15 ]  Conventionally, fl exible 
and stretchable rubbers fi lled with con-
ductive carbon such as carbon black, [ 15 ]  
carbon nanotubes, [ 16,17 ]  and graphene, [ 15 ]  
are used as sensing materials for pie-
zoresistive sensors. However, these con-
ductive rubber sensors often show poor 
sensitivity and high operated pressure 
(>10 kPa), limiting their further appli-
cation in artifi cial skin. [ 14,18 ]  To achieve 
a high sensitivity in the low-pressure 
regime (<10 kPa), aligned electrospun 
nanofi bers in piezoelectric sensors, [ 19 ]  
microstructured polydimethylsiloxane 
(PDMS) in capacitive [ 2,18,20–22 ]  and tribo-
electric sensors, [ 23,24 ]  have been employed 
and developed. However, the high oper-

ating voltage for those devices (10–100 V) limits their real 
applications in wearable devices. [ 25 ]  

 Recently, macroporous graphene monoliths (MGMs), with 
ultralow density and good electrical conductivity, have aroused 
considerable recent interest toward pressure sensing due to 
their excellent elasticity with a rapid rate of recovery. [ 26,27 ]  How-
ever, MGMs can exhibit better sensitivity when the strain is 
higher than 30%, which is undesirable for touch-type pressure 
sensors, [ 14 ]  such as artifi cial skin. Thus, it is of great challenge 
for obtaining pressure sensors with high sensitivity at both low 
strain and pressure. 

 Here, we demonstrate a novel bubble-decorated honey-
comb-like graphene fi lm (BHGF) as fl exible, highly sensi-
tively pressure sensor for monitoring the body motion. Hon-
eycomb-like network and the bubbles are derived from the 
evaporation of interlayer water and the evolved gases (H 2 O, 
CO 2 , and CO) trapped in adjacent graphene sheet during the 
pyrolysis of oxygen groups, respectively. Due to the switching 
effect depended on “point–to-point” and “point-to-face” contact 
modes, the BHGF pressure sensor has an ultrahigh sensitivity 
of 161.6 kPa −1 , several hundred times higher than most previ-
ously reported pressure sensors. [ 5,13,14,18,20 ]  More importantly, 
the BHGF sensor exhibits a low operating voltage and good 
cycling stability at a very low strain less than 4%, demonstrating 
that it is very suitable for application in artifi cial skin. [ 28 ]   
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  1.     Introduction 

 Strain or pressure sensors, detecting the electrical shift 
upon mechanical deformation, have attracted much atten-
tion for applications in infrastructural and automobile 
health monitoring. [ 1–7 ]  Especially, fl exible pressure sensors 
with high sensitivity in low deformability (strain) are highly 
desirable for better emulating human skin [ 8–11 ]  and more 
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  2.     Results and Discussion 

  2.1.     Material Synthesis and Structural Characterization 

 The formation of BHGF is schematically illustrated in  Figure    1  a. 
The concentrated graphene oxide (GO) dispersion was poured 
into the polytetrafl uoroethylene (PTFE) mould, and dried at 
room temperature. After that, the GO fi lm was peeled and 
heated in nitrogen atmosphere at 300 °C for 2 h with a heating 
rate of 3 °C min −1 . By using this simple technique, we are able 
to produce BHGF with A4 paper size (Figure  1 b), this size being 
limited only by the size of the PTFE mould available. Moreover, 
the freestanding fi lm shows good fl exibility (Figure  1 c) and 
can be easily cut into the desired shape (Figure  1 d), which are 
highly desirable for emulating human skin. [ 18,29,30 ]  After thermal 
treatment at 300 °C, the transformation from GO to conductive 
reduced graphene oxide (rGO) was confi rmed by X-ray diffrac-
tion (XRD) and X-ray photoelectron spectroscopy (XPS).  

 In the XRD patterns, the BHGF exhibits a pronounced dif-
fraction peak at 24.3° compared to 10° for GO (Figure  1 e), indi-
cating the partial removal of oxygen groups and showing some 

graphitic structure. XPS analysis reveals the C/O atomic ratio is 
increased from 1.92 for GO to 4.34 for BHGF, which is in good 
agreement with XRD analysis. High-resolution C1s spectrum 
of BHGF can be deconvoluted into fi ve Gaussian peaks cen-
tered at 284.6, 285.4, 286.4, 287.9, and 289.2 eV, corresponding 
to the sp 2  C, sp 3  C, C O, C O, and O C O groups, respec-
tively (Figure S1, Supporting Information). [ 31,32 ]  Moreover, N 2  
adsorption/desorption measurement of BHGF shows a low 
Brunauer–Emmett–Teller (BET) surface area of 13 m 2  g −1 , 
meaning its densely stacked graphene sheets. 

 Compared with the GO fi lm with a dense structure 
(Figure  1 f), scanning electron microscopy (SEM) image of the 
BHGF exhibits a honeycomb-like network that is assembled by 
multilayer-stacked graphene sheets (Figure  1 g), and the pores 
are mainly derived from the volatilization of water remained 
in-between GO sheets during heat treatment. High-resolution 
SEM image further confi rms high-density bubbles with the 
diameters ranging from 100 to 300 nm on the surfaces of gra-
phene sheets, just like the bubble wrap (Figure  1 h). 

 We proposed the formation mechanism of the 
BHGF as shown in  Figure    2  . During the thermal treatment 
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 Figure 1.    a) Schematic illustration of the preparation of the BHGF fi lm. b) Digital photos of the BHGF fi lm. c) Flexibility and d) different shapes of 
BHGF. e) XRD patterns of GO and BHGF. f) SEM image of GO fi lm. g) Low and h) high-magnifi cation SEM images of BHGF; the white dotted line 
is cell unit.
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below 150 °C, interlayer water remained in-between GO fi lm 
would evaporate (Figure  2 a), resulting in the formation of a 
honeycomb-like network (Figure  2 b). Thermogravimetric anal-
ysis (TGA) shows about 15 wt% water remained in the dried 
GO fi lm (Figure S2, Supporting Information). After that, the 
decomposition of oxygen-containing functionalities with tem-
perature leads to small interlayer spacing of sheets (Figure  2 b), 
and consequently numerous bubbles are formed on the surfaces 
of the graphene sheets (Figure  2 c) due to the slowly evolved 
gases (H 2 O, CO 2 , and CO) trapped in adjacent graphene sheet. 

When the GO fi lm is thermal-treated with a 
fast heating rate of 10 °C min −1 , the obtained 
reduced GO exhibits a worm-like morphology 
similar to expanded graphite (Figure S3, Sup-
porting Information). The fast decomposi-
tion of oxygen-containing functionalities 
leads to high gas diffusion rate, resulting in 
tremendous volume expansion of graphene 
sheets due to instantaneously released gas.    

  2.2.     Mechanical and Piezoresistance 
Properties 

 As is expected, the BHGF exhibits superb 
compressive elasticity and responsivity. The 
BHGF can be compressed to at least 95% 
strain, and completely recover to its original 
shape in less than 1 s when the loading is 
removed ( Figure    3  a and Movie S1, Sup-
porting Information). Figure  3 b shows the 
cyclic compression test ( ε  = 50%) of BHGF 
for 200 loading/unloading cycles. Two distinct 
regions are observed during the loading pro-
cess, namely, a linear elastic region at  ε  < 30% 

corresponding to bending of graphene blocks or walls, and a 
densifi cation region at  ε  > 30% corresponding to densifi ca-
tion of cells (marked by white dotted line in Figure  1 g). For 
the fi rst compression cycle, the nearly linear elastic region 
of the BHGF is up to 30% strain, much higher than those of 
other graphene monolith (≈up to 20%). [ 26 ]  More interestingly, 
there is no obvious plastic deformation for BHGF after fatigue 
testing (Figure  3 c), in comparison to 10%–20% for other elas-
tomeric carbon foams, [ 33,34 ]  demonstrating excellent structural 
robustness. This result is surprising, as most carbon-based 
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 Figure 2.    Schematic illustration of formation mechanism of the BHGF. a) Water trapped in 
the GO fi lm. b) The formation of honeycomb-like network after the removal of water. c) The 
formation of bubbles on the sheets due to the evolved gases (H 2 O, CO 2 , and CO) trapped in 
adjacent graphene sheet.
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 Figure 3.    Compressive mechanical properties of the BHGF (seven-layer fi lm). a) A set of real-time images of the compression–recovery process. 
b) Compressive fatigue test with  ε  = 50% for 200 cycles. c) Stress–strain curves of loading and unloading for 1st, 100th, and 200th cycle, respectively.
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foams exhibit brittle manner when subjected to a large defor-
mation. [ 35–38 ]  Additionally, after 200 cycles, the maximum deg-
radation of the BHGF under compressive stress is smaller 
than 3% (Figure  3 c) and the bubble-like structure is still main-
tained (Figure S4, Supporting Information), further indicating 
remarkable structural stability.  

 The resistance variation ratios (Δ R / R  o  = ( R  −  R  o )/ R  o , where 
 R  o  represents the initial resistance) of the BHGF fi lm with com-
pressive strain are shown in  Figure    4  a. It can be clearly seen 
that there are three different regions on the loading curve such 
as high response region ( ε  < 4%), transition region (4% <  ε  
< 10%), and low response region (10% <  ε  < 50%). Notably, the 
BHGF exhibits higher resistance variation ratio at low strain 
than previously reported material. [ 26,27,39–41 ]  Even at a strain 
of 20%, the BHGF still delivers a high resistance variation of 
84%. Different from BHGF pressure sensors, the resistance–
response of graphene foam shows an inverse curve (Figure S5, 
Supporting Information), the maximum resistance variation of 
graphene foam is 13%, much less than that of BHGF (89%). 
Moreover, the resistance variation ratio of BHGF can return to 
original values under loading–unloading process, indicating 
excellent mechanical stability and elasticity. This phenomenon 
has also been confi rmed by relaxation and steady-state curve of 
BHGF sensor under loading (100 g weight, 5 s) and unloading 
process (Figure S6, Supporting Information). It is worth noting 
that BHGF possesses short relaxation time and excellent resist-
ance–response, which are of benefi t to pressure sensors. [ 18 ]  All 
results show that BHGF can be suitably used as fl exible, highly 

sensitive, and stable pressure sensors for various applications, 
in particular for electronic artifi cial skin.  

 The pressure sensitivity  S  p  (defi ned as  S  p  =  δ  (Δ R / R  0 )/ δ  p ) 
of the BHGF is calculated from the Δ R / R  o –pressure curve 
as shown in Figure  4 b. There are two apparent different pie-
zoresistive sensitivities in the low and high-pressure regions. 
Remarkably, the BHGF shows an ultrahigh sensitivity as high 
as 161.6 kPa −1  in the low-pressure regime from 9 to 560 Pa cor-
responding to the strains less than 4% (Figure  3 c), about 621 
and 489 times higher than graphene–polyurethane sponge [ 14 ]  
and polypyrrole/silver hybrid sponge, [ 13 ]  respectively. The 
sensitivity of the BHGF sensor is higher than the resistance-
type devices (0.26–15.1 kPa −1 ), [ 5,25,42 ]  capacitive-type devices 
(2.3 × 10 −4 –13.8 kPa −1 ), [ 2,43–45 ]  organic fi eld-effect transistors 
(10 −5 –0.55 kPa −1 ), [ 18,46–48 ]  and piezoelectric sensors devices 
(0.02–0.131 kPa −1 ) [ 49,50 ]  (Figure  4 c). More importantly, the resis-
tive variation of 10% can be detected under a very low pressure 
of 9 Pa, which is very suitable for application in electronic skin. 
Figure  4 d shows the resistance variation of the BHGF sensor 
at a strain of 50% in the fi rst ten loading/unloading cycles. 
The loading/unloading curves are symmetrical and sharp, 
even after 200 cycles, the resistance–response curve shape is 
still maintained (Figure S7, Supporting Information), meaning 
excellent recovery property and high sensitivity of pressure 
sensor. Therefore, the electrical conductivity of the BHGF is 
highly sensitive to the pressure, thereby making it potential 
applications in highly sensitive pressure sensors and electronic 
artifi cial skin. 
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 Figure 4.    a) The relationship between Δ R / R  0  and compressive strain of BHGF. The inseted symbols represent graphene monolith, graphene aerogel, 
3D graphene sponge, and nanofi ber-assembled cellular aerogel. b) The resistance variation ratio–pressure curve of BHGF; the BHGF shows a sensitivity 
of 161.6 kPa −1  in the low-pressure regime from 9 to 560 Pa. c) Comparison of pressure sensitivity of the BHGF pressure sensor with the resistance-
type devices, capacitive-type devices, organic fi eld-effect transistors, and piezoelectric devices. d) Resistance variation ratio recorded in the fi rst ten 
loading/unloading cycles.
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 Recently, 3D MGMs with various structures such as foams, [ 51 ]  
sponges, [ 52 ]  and aerogels, [ 53–55 ]  have found broad applications in 
absorbents, catalysis, sensors, and energy storage and conver-
sion. [ 56,57 ]  Owing to the combination of 3D porous structure, 
excellent electric conductivity, and compressive elasticity, MGMs 
are considered as promising component for piezoresistive sen-
sors. [ 58 ]  Indeed, the piezoresistive sensitivity of MGMs is related 
to the densifi cation of pore walls constructed by graphene skel-
eton, which depends on the thicknesses of pore walls, pore sizes 
and distribution, and weight density. [ 26,27 ]  The pressure-sensing 
mechanism is determined by the structure change of sensors 
from completely disordered foam to perfectly ordered structure 
during the compression as shown in  Figure    5  . At a low strain 
less than 20% (Figure  5 a), the resistive variation is related to the 
bending of stacked graphene sheets. Therefore, the resistance 
variation is very low due to the existence in an interconnected 
conductive structure during the densifi cation of MGMs. Only at 
a strain higher than 30%, the more densifi cation of the sheets 
is, the higher variation in conductivity is obtained. In the case of 
BHGF, the honeycomb structure is derived from the remaining 
water in-between stacked graphene sheets (Figure  5 b). Under 
a very low strain, the pore walls would begin to contact with 
“point-to-point” and “point-to-face” modes, resulting in greatly 
increased conductivity of the fi lm. At a higher strain, the resist-
ance variation would gradually decrease because the nanosheets 
are in close contact with each other.   

  2.3.     Detection of Finger Movement and Wrist Pulses 

 For further realization of the potential application as elec-
tronic artifi cial skin, BHGF was located on the back side of the 
fi nger joint and wrist for human motion detection as shown in 
 Figure    6  . The applied voltage on the pressure sensor for moni-
toring fi nger motion ranges from 10 mV to 1 V, the output cur-
rents are proportional to the applied voltage (Figure  6 a). The 
output signals appear and disappear with the bending and 
straightening of fi nger, which is ascribed to the result of the dif-
ferent compression strain (Figure  6 b). It is worth mentioning 
that our pressure sensor can be well driven even at a very low 

voltage of 10 mV, much lower than those of organic thin-fi lm 
transistors (>6 V), [ 28 ]  organic fi eld-effect transistors (6 V), [ 48 ]  and 
fl exible polymer transistors (>10 V). [ 2 ]  The low operating voltage 
of 10 mV of BHGF sensor is suffi ciently low to allow for pow-
ering by energy-harvesting devices, [ 59 ]  such as triboelectric gen-
erators. [ 60,61 ]  Moreover, the signal amplitude also depends on 
the strain created by the fi nger bending. The more the fi nger 
bends, the more signal amplitude increases, as shown in Movie 
S2 (Supporting Information). Therefore, the pressure sensor 
performs perfectly after repeated fi nger motions, indicating 
good durability and fl exibility.  

 To further detect slight variations in pressure on the strain 
sensor, we developed a wrist-wear device to monitor a human 
pulse (Figure  6 c). By applying a voltage of 1 V on the pressure 
sensor, the pulses can be numbered by the successive signal 
amplitude. It is worth noting that the output signals exhibit 
good reproducibility, which is coincident with a young person’s 
pulse (75 beats min −1 ). We show that high-performance pres-
sure sensors can be produced in a low-cost, facile, and scal-
able manner. Therefore, the above results demonstrate that the 
human pulse could be identifi ed with our graphene-based pres-
sure sensor, indicating that it is a potential wrist-wear device for 
detecting human’s health.   

  3.     Conclusion 

 In summary, we report a novel strategy for the fabrication of 
highly sensitive pressure sensor based on the bubbles decorated 
on honeycomb-like fi lm. Due to switching effect depended 
on “point-to-point” and “point-to-face” contact modes, the 
freestanding fl exible graphene pressure sensor exhibits an 
ultrahigh sensitivity at a very low strain, and excellent cycling 
stability, which can monitor human motions such as fi nger 
bending and pulse. Moreover, the sensor has a low operating 
voltage of 10 mV that can be powered by energy-harvesting 
devices, such as triboelectric generators. Therefore, the high 
sensitivity, long cycling life, and large-scale fabrication of the 
graphene pressure sensors make it a promising candidate for 
manufacturing low-cost artifi cial skin.  

Adv. Funct. Mater. 2015, 25, 6545–6551

www.afm-journal.de
www.MaterialsViews.com

 Figure 5.    Pressure-sensing mechanism of graphene foam and BHGF. a) Structure change of graphene foam during the compression process. 
b) Obvious resistance variation of BHGF at low strain.
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  4.     Experimental Section 
  Preparation of BHGF : GO was prepared by using a modifi ed Hummers 

method, from natural graphite. [ 62 ]  In this work, the concentration of 
GO suspension was designed to 4 mg mL −1 . First, the concentrated 
GO suspension was poured into the PTFE mould and smoothed by a 
glass rod. Second, the wet fi lm was dried at room temperature for 12 h. 
Finally, the dried GO fi lm was heated in nitrogen atmosphere at 300 °C 
for 2 h with a heating rate of 3 °C min −1 , and the obtained graphene fi lm 
was named as BHGF. For comparison, graphene foam was prepared 
according to the following steps: First, 10 mL of 6 mg mL −1  GO aqueous 
suspension was sealed in a 16 mL Tefl on autoclave and maintained 
at 180 °C for 12 h. Then the autoclave was naturally cooled to room 
temperature and the as-prepared gel was immersed in deionized water 
for 1 h and lead water to fi ll into graphene pores. Finally, the graphene 
hydrogel was rapidly frozen by quenching in liquid nitrogen and then 
freeze dried to form graphene foam. 

  Characterization Methods : The microstructure and morphology were 
characterized by SEM (SU70-HSD). The crystallographic structures of 
the samples were determined by XRD equipped with Cu Kα radiation 
( λ  = 0.15406 nm). XPS spectra of the samples were measured by a 
Perkin-Elmer PHI-5700 ESCA system with a monochromated Al Kα X-ray 
source (1486.6 eV). The specifi c surface area was determined by the BET 
method using an N 2  gas adsorption analyzer (Quantachrome, NOVA 
2000, USA). TGA was conducted with a differential thermal analyzer 
(STA 449 F3) from room temperature to 800 °C, and the heating rate 
was set at 10 °C min −1 . The compressive tests were carried out by using 
an AGS-X material testing system (SHIMADZU). The strain rate for 
1 cm gauge length is 9 mm min −1  with a preload of 0.5 N. The electric 
test was performed on a CHI 660E potentiostat–galvanostat (CH 
Instruments Inc. Shanghai). 

  Pressure Sensor Fabrication and Measurement : The samples used 
were cut into square shaped fi lms with a size of 5 × 5 cm 2 . The seven 
square-shaped graphene fi lms were sandwiched between two parallel 
metal electrodes; after that, the samples were placed on AGS-X material 
testing system (SHIMADZU) and kept at a preselected constant 
pressure, while the electrical response was simultaneously recorded by 
CHI 660E electrochemical workstation. 

  Wearable Pressure Sensor Fabrication and Measurement : The BHGF fi lms 
were assembled into a resistive-type pressure sensor by sandwiching the 

fi lm between two copper foils. The sizes of the BHGF fi lm were 1 × 2 cm 2  
for monitoring the bending and straightening of fi nger, and 1 × 1 cm 2  for 
wrist-wear device. The BHGF sensor was attached onto a person’s fi nger 
joint and wrist by using duct tape, and connected to the measurement 
system with the CHI 660E electrochemical workstation.  
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 Supporting Information is available from the Wiley Online Library or 
from the author.  
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pulse; the inset image shows a pulse sensor for monitoring the physical force of a heartbeat in real time.
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