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Graphene oxide (GO) foam exhibits both excellent elastic property and high relative dielectric permit-
tivity, which is a novel building block for future wearable electronic devices. Herein we present an ultra-
sensitive GO-based capacitive pressure sensor with graphene as electrodes by an efficient, low-cost
fabrication strategy over large-area integration as well as patterning for recording spatial pressure dis-
tribution. The GO-based sensor can detect a subtle pressure of ~0.24Pa with a fast response time
(~100 m) and a high sensitivity (~0.8 kPa~!). The superior sensing properties combining with good

flexibility and robustness reveal a great application potential in various fields, such as health monitoring,
flexible human-computer user interfaces, and robotics, which also give a new insight for all-carbon

electronics.

© 2016 Elsevier Ltd. All rights reserved.

1. Introduction

Recent development in electronics focuses on flexible devices
for applications which involve integration with the wireless health
monitoring, electronic skin, flexible sensor networks, artificial
muscles, flexible human-computer interfaces, and engineered tis-
sue constructs [1—3]. Electronic skin [4—6] has a great potential and
elicits considerable attention because numerous functions of bio-
logical skin can be realized. Lots of physical variables, such as
pressure [7—14], strain [15], temperature [16], humidity [17], and
other parameters, can be transformed into electronic signals. A
number of flexible pressure sensors have been reported recently;
these sensors include those based on microstructured rubber
dielectric layers capacitors [6], organic field-effect transistors
[8,10,18—20], organic microstructured piezoresistors [14,21—24],
carbon nanotubes [25], graphene [26,27] and graphene-coated
polymer foam [28], nanowires [29], and nanoparticles [30,31].
These sensors exhibit novel sensitivity, fast response, high spatial
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resolution, durability, and even self-healable ability [32,33]. In
addition, by using low-modulus elastomer, several sensors with
ultrahigh sensitivity in the low pressure regime (<1 kPa) have been
reported in recent years [6,29,31,34,35], which have overcome the
insensitive problem of sensors based on rubber thin films [18,22].

Pressure sensors based on transistors show excellent sensing
properties with ultrahigh sensitivities [10,20]. However, those
active devices are less power-efficient compared with passive
sensors based on resistive and capacitive sensors. In addition,
considering the better compatibility with wireless detection sys-
tems [36], the developments of capacitive sensors could be more
valuable than resistive ones.

Capacitance variation detection has been utilized in pressure
sensing and is widely investigated [6,36—44]. The effective relative
dielectric permittivity of sensors, which can be varied with applied
pressure, is crucial to sensitivity. Finding a novel dielectric material
with a suitable structure is a possible means to improve sensitivity.
Graphene oxide (GO) is a very important derivative of graphene,
and it is a 2D crystal with many good mechanical, thermal, and
electrical properties [45—47]. The basal plane along with the edges
of GO platelets consist of distributed functional groups containing
oxygen [48,49], such as hydroxyl, epoxy, and carboxyl groups
(supporting information in Figs. S1—S4). These functional groups
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together with structural defects strongly hinder the transfer of
electrons along the GO plane. Hence, GO sheets behave like in-
sulators, with differential conductivity values of 1-5 x 10~ S/cm
depending on the oxidation degree [50] and exhibit high relative
dielectric permittivity (in the order of 10* within the frequency
range of 0.1-70 Hz) according to a recent report [51]. Numerous
studies [52—55] have proven that GO can be a feasible building
block to assemble 3D ultra-light porous GO foam with good elastic
property. Its novel elastic property and high relative dielectric
permittivity make GO foam a good candidate as dielectric layer to
fabricate highly sensitive flexible pressure sensors. Recently, gra-
phene foam based resistive flexible pressure sensors have been
reported and exhibited a great potential in flexible electronics [28].
However, there is little report about pressure sensors based on
graphene oxide foam, which can be a good candidate in flexible
pressure sensors as dielectric materials due to its high relative
dielectric permittivity.

A simple means to fabricate a new type of flexible pressure
sensor is reported in this paper. The key dielectric layer consists of
thin GO foam with a low effective elastic modulus, which contrib-
utes to the high pressure sensitivity of the devices. The direct
dependence on dielectric capacitance in these flexible pressure
sensors enables the detection of applied pressure and causes the
devices to exhibit excellent pressure sensitivity in a low-pressure
regime (<1 kPa). The GO-based sensor can detect a subtle pres-
sure of ~0.24 Pa with a fast response time (~100 ms) and a high
sensitivity (~0.8 kPa~1). The sensitivity is 2 x 10> times higher than
that of a flat PDMS layer [37], 1.6 x 10> times higher than that of
polyolefin foam [38],1.6 x 10? times higher than that of air gap [39],
4 times higher than that of a PDMS-coated layer [40], and higher
than the sensitivity of a structured PDMS layer (0.55 kPa~') [6]. In
addition, the sensor exhibits a rapid relaxation time (<1 s), good
durability (>1000 loading-unloading cycles and >1000 flexing cy-
cles), and the spatial resolution to locate pressure, showing great
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potential in subtle pressure detecting in the low loading range.
2. Experimental
2.1. Device fabrication

The GO foam was fabricated into capacitive pressure sensors by
sandwiching the foam between poly (ethyleneterephthalate) (PET)
sheets with patterned, reduced GO electrodes. The as-fabricated
square pressure-sensitive pad was 1 x 1 cm?. The fabrication pro-
cedure is schematically shown in Fig. 1(a). Spray-coating through a
stencil mask produced GO pattern lines on the PET substrate (step
1) and followed by reduction with hydriodic acid (HI) (step 2). GO
solution was applied to the back side of the PET substrate with
reduced GO electrodes (step 3); in this step, the density of the as-
prepared GO foam can be simply modified by changing the con-
centration of GO solutions. The GO solution was frozen at a tem-
perature of —50 °C (step 4) for half an hour and then dried in a
vacuum condition for ~12 h to form a thin GO foam (thickness of
~300 pm) without any structure damage (step 5). After that,
another patterned substrate was positioned (face to face) over the
first one to sandwich the as-prepared thin GO foam; the two sub-
strates were sealed with PDMS to avoid access to moisture (step 6).
Fig. 1(b)-1(d) show SEM images that present detailed structure
information of the press-sensitive sensor arrays. Fig. 1(b) shows the
surface morphology of the reduced GO electrodes and demon-
strates the uniformity and flatness of the reduced GO electrodes
produced through spray-coating; the conductivity of these elec-
trodes is~100 S/cm (standard four-point probe measurement at
room temperature). Cross section of the electrode and PET sub-
strate is presented in Fig. 1(c). The reduced GO electrode with a
layered structure and the insulating PET are roughly separated by a
red dashed line, indicating a good lamination. The porous structure
of the dielectric thin GO foam is clearly shown in Fig. 1(d). The

3. Dropping GO solution

10 pm

Fig. 1. Fabrication of prototype pressure sensor arrays. (a) Schematic of the fabrication of GO foam-based pressure sensor arrays. Spray-coating through a stencil mask produced
lines of GO pattern on the PET substrate (step 1). The GO pattern was reduced by hydriodic acid (HI) (step 2). The GO solution was applied to the back side of the PET substrate with
reduced GO electrodes (step 3). The GO solution was frozen at a temperature of —50 °C (step 4) and then dried in a vacuum condition to form thin GO foam (thickness of ~300 pm)
(step 5). A second patterned substrate was positioned (face to face) over the first to sandwich the as-prepared thin GO foam; the two substrates were sealed with PDMS (step 6). (b)
SEM image of the surface morphology of reduced GO electrode. (c) SEM image of the cross section of the reduced GO electrode and PET substrate, which are roughly separated by a
red dashed line. (d) SEM image of the thin GO foam layer. (A colour version of this figure can be viewed online.)
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average pore size is about several tens of micrometers. Such pores
combined with GO skeleton contribute to the elasticity of GO foam.

2.2. Pressure-sensing properties of the GO foam-based sensors

Fig. 2 shows the pressure-sensing properties of the GO foam-
based sensors. A z-stage was utilized and combined with a force
gauge to make a well-defined load. In Fig. 2(a), it is shown that the
pressure response curve (measured twice consecutively: first run,
filled symbols; second run, open symbols) of sensitivity on GO
foams with different densities, namely, 1.1, 4.8, and 9.8 mg/cm?> (the
difference among them is clearly demonstrated by scanning elec-
tron microscopy in supporting information Fig. S5); the corre-
sponding sensors are denoted as sensors 1, 2, and 3, respectively.
The operating frequency for the testing was 1 MHz. According to
the previous report [6], the pressure sensitivity S is the slope of
capacitance versus pressure [6] as follows: S = d (AC/Cp)/dp=(1/
Co) x dC/dp. In this formula, p is the applied pressure; C and Cgp are
the corresponding capacitances with and without applied pressure.
At the very low pressure regime (0—1 kPa), sensor 1 exhibited a
high sensitivity of~0.8 kPa~!, which is the highest among the three
sensors (sensor 2: ~0.44 kPa~!; sensor 3: ~0.28 kPa~!), and
demonstrating the ability in detecting subtle pressure. Also, the
microstructure of GO foam shows little damage after 1 kPa pressure
according to the SEM images in Fig. S6 (a) and (b) (supporting in-
formation). At the pressures regime above 1 kPa, the sensitivity
decreased to ~0.15 kPa~ . The decrease in sensitivity is ascribed to
the increasing elastic resistance with increasing compression
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depending on the density of the GO foams (in essence, different air/
GO volume ratios) [6]. The results indicate that either sensitivity or
pressure range can be tunable by changing the density of the GO
foams. All three sensors showed an instant response to external
loading and unloading in Fig. 2 (b), and the response and relaxation
times are approximately 100 ms (the resolution limit of our mea-
surement system). Sensor 1 can detect the placement and removal
of several ultra-small weights. For instance, different sizes of petals
(weight: 2.5, 4.8, 8.2, and 16 mg corresponding to pressure of 0.24,
0.47, 0.8, and 1.6 Pa, respectively) was placed and removed from a
thin square glass plate which covers the entire sensing area (Fig. 2
(c)). The operating frequency for the testing was set to be 1 MHz.
The response to the subtle pressure was almost linear (Fig. 2(d)).
The pressure detection limit of our sensors was 0.24 Pa, which is the
lowest pressure detected by capacitive pressure sensors as far as we
know. The high sensitivity of the GO foams can be ascribed to two
main factors. First, due to the existence of air voids, GO foams
shows low elastic resistance. Second, when the GO foams com-
pressed, the air is displaced, which has a relative lower dielectric
constant (¢ = 1.0) compared with GO (¢ = ~10, at 1 MHz). Conse-
quently, the capacitance increase in the GO foams attributes to both
the distance reduction between the two electrode plates as well as
the increase of effective dielectric constant.

2.3. Stability of the sensor

Sensor 2 was selected to test the stability of the proposed sen-
sors. By loading and unloading an object that weighs 30 g
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Fig. 2. Pressure-sensing properties of GO foam based sensors. (a) Pressure response of GO foams with different densities, namely, 1.1, 4.8, and 9.8 mg/cm> (measured twice
consecutively: first run, filled symbols; second run, open symbols). The operating frequency of LCR meter was set to be 1 MHz. (b) Instant response of pressure sensors, which
exhibit response and recovery times about 100ms. (c) Transient response to the placement and removal of several ultra-small weights, such as different sizes of pedals (weight: 2.5,
4.8, 8.2, and 16 mg; corresponding pressure: 0.24 Pa, 0.46 Pa, 0.79 Pa, and 1.54 Pa) in the GO foam-based sensor. Inset: a petal on the sensor. The operating frequency of LCR meter
was 1 MHz. (d) Capacitive response to subtle pressures; good linearity is exhibited. (A colour version of this figure can be viewed online.)
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(corresponding pressure: 3 kPa) over a thousand cycles, the test for
sensor repeatability can be obtain and the result has been shown in
Fig. 3 (a). In addition, the flexing durability has also been tested by
bending the sensor with an angle between horizontal direction and
the bending direction of ~30° (One end was kept fixed and the
other end was bent to a certain angle, Fig. S7 in supporting infor-
mation) for a thousand cycles. Fig. 3 (b) exhibited the result. Min-
imal fluctuation was observed in both compression and bending
results and the performance loss of the device was less than 1%
after 1000 loading-unloading cycles, indicating no deterioration in
structure. What's more, the stability could be further improved by
better encapsulation. By varying the testing frequency (from 1 kHz
to 1 MHz), the sensitivity of the sensor deviated little according to
results shown in Fig. 3 (c¢) and 3 (d), which indicate that the pro-
posed sensor can be utilized in a wide range of frequency. The
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hysteresis test has also been conducted and minimal pressure
hysteresis (maximum hysteresis is less than 5% at 1.4 kPa) was
observed (Fig. 3 (e)). Fig. 3 (f) shows the temperature dependence
of the sensor. The capacitance change increased with the temper-
ature most likely as a result of the thermal expansion of the GO
foam (capacitance is inversely proportional to film thickness).
However, this temperature dependent behavior seemed reversible.
When temperature getting back to room temperature (20 °C), the
capacitance curve showed little deviation from the original one.

2.4. Sensing mechanism and spatial resolution
The ultra-high sensitivity of the GO foam pressure sensor is

ascribed to the structure of the GO foam and its high relative
dielectric permittivity. The as-prepared GO foam acted like a
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Fig. 3. Stability of the GO pressure sensor. (a) Capacitance of the GO foam pressure sensor in 1000 cycles of loading—unloading. (b) Capacitance of the GO foam pressure sensor over
1000 bending cycles. (c) Capacitive response to pressure at frequencies of 1, 10, 100, and 1000 kHz. All the four curves exhibit almost the same variation tendency. (d) The low
pressure regime in (c) and all four near-linear curves show almost the same slope (~0.8 kPa~'). (e) Pressure hysteresis of the sensor. (f) Temperature dependence of the sensor. (A

colour version of this figure can be viewed online.)
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sponge. The density of this GO foam was only 4.8 mg cm™>; it was
light enough and could be placed onto the stamen of a flower
without causing any damages (supporting information Fig. S8). This
condition means that this monolith is a mixture of GO skeleton and
air. According to the SEM image shown in Fig. 1 (d), a well-ordered
porous 3D network consisting of 2D sheets was created. These GO
sheets that are very thin (high magnification SEM image in sup-
porting information Fig. S9) are highly interconnected through
plenty of junctions; such an interconnection possibly attributes to
the novel mechanical properties of the GO foam. The porous

structure provides voids which allow the GO foam to elastically
deform upon the applied external pressure. The structure trans-
formation of the GO foams by a loading—unloading cycle is sche-
matically shown in Fig. 4 (a). By applying external pressure, the GO
foams were compressed, resulting in air displacement. Therefore,
the increase in capacitance in the GO foams is ascribed to the
effective dielectric constant increase along with the distance
reduction between the two electrode plates. The structure differ-
ence between the original GO foam and the one under pressure
determined through scanning electron microscopy is clearly shown
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Fig. 4. Elasticity of the GO foam and spatial resolution of pressure sensor arrays. (a) Schematic of the loading—unloading cycle for the GO foam pressure sensor. (b) and (c) are SEM
images of the original GO foam and GO foam under pressure, respectively. (d) 100 consecutive compression tests on the GO foam. (e) Comparison to low-modulus elastomer and
foams, GO foam shows lower normalized E.s, which means it is easier to be compressed by the same external load. (f) Relative dielectric permittivity measurement at different
frequency. (g) These pressure-sensor arrays were built with thin GO foam sandwiched between reduced GO electrode-containing PET sheets with a standing strawberry (~18 g) and
the pressure response to the strawberry. Insert: Bird's eye view of the strawberry standing on the sensor arrays. (A colour version of this figure can be viewed online.)
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in Fig. 4 (b) and 4 (c). The GO sheets became denser under external
pressure. Fig. 4 (d) shows a plot of strain versus stress for 100
loading cycles of a GO foam sample (height: ~0.8 cm; area: 7.1 cm?).
In the loading cycles, the maximum stress and strain values were
about 5 kPa and 50%, respectively. According to a previous study
[14], effective elastic modulus (Eefr) is defined as the slope of the
applied stress versus strain and can describe the elasticity of GO
foam. The GO foam in the current study exhibited a very low Eggr at
low pressure regime; the low value increased with compression.
Eefr at 1 kPa was 8.2 kPa, which is much smaller than that of pol-
ydimethylsiloxane (PDMS) [56], which is a typical low-modulus
elastomer. E.f normalized by density was calculated to be
~1.71 MPa cm? g1, which is also lower than the modulus values of
many polymers [57] and carbon nanotubes [58,59] based foams. By
compared to low-modulus elastomer and foams shown in Fig. 4 (e),
GO foam shows lower normalized E.f, which means it's easier to be
compressed by the same external load for GO foam. Slight plastic
deformation appeared in the first cycle of compression shown in
Fig. 4 (d), whereas that in subsequent cycles was effectively indis-
tinguishable. Compared with original GO foam, microstructure
damage happened after 100 loading-unloading cycles, which was
certified by the SEM images in Fig. S6 (a) and (c) (supporting in-
formation). The GO foam will remain stable and porous until the
pressure reaching 20 kPa, under which the GO foam was pressed to
a flat membrane. What's more, the relative dielectric permittivity
result is shown in Fig. 4 (f), which is similar to Liu's [51] and exhibits
a high relative dielectric permittivity.

Owing to the good elasticity and high relative dielectric
permittivity, a prototype capacitive pressure sensor array with 64
pixels sandwiched between reduced GO electrode-containing PET
sheets was fabricated to collect spatially resolved pressure infor-
mation, which is highly desirable in realizing human—computer
interface applications. Each of the pixels measured ~64 mm?
(8 x 8 mm?), and the spacing between electrodes was 8 mm. The
weight distribution can be recorded on each pixel by measuring the
pixel capacitance. The patterned reduced GO line electrodes can be
used as address and data lines. Fig. 4 (g) show the response of the
sensor array to the placement of a strawberry (~18 g, the corre-
sponding pressure is ~3 kPa for one sensor). Darker color areas
correspond to higher capacitances, and the darker areas with
greater compression in correspond properly to the location where
the strawberry stands. Points E3, E4, F3 and F4 are the darkest in
the heat map in Fig. 4(g), which reflects the exact place where the
strawberry was placed shown in the inset photograph. The proto-
type sensor array has enough spatial resolution to locate the
pressure distribution and demonstrates a potential for use in press-
touchable devices in human—computer interface applications.

A new concept application was implemented to impart pressure
detection to GO by forming a porous foam-like structure. In pre-
vious reports [52,53], GO foam was usually applied in energy
storage, environmental protection, and so on. In this study, we
prepared thin GO foam as a compressible dielectric layer through a
novel multiphase synthesis strategy to fabricate a capacitive pres-
sure sensor with many good properties, indicating that GO foam is a
candidate for flexible pressure sensing. Both elastic property and
high relative dielectric permittivity make GO foam pressure sensors
surpass most previously developed capacitive pressure sensors and
become one of the most sensitive capacitive sensors. In addition,
the overall comparison for densities, moduli, sensitivities, limits of
detection of the different sensors has been summarized in Table S1
in supporting information. Fig. 5 is the radar chart to show a
comparison of the sensing characteristics of typical capacitive
pressure sensors. Base-signal-normalized sensitivity S of the
lightest GO foam is 2 x 10> times higher than that of a flat PDMS

Sensitivity (kPa™)

Pmin (kPa)

Fig. 5. Comparison of three key parameters (sensitivity, response time and pressure
detecting limit) associated with capacitive pressure sensors. In the radar chart, 1 (Red)
is our result, compared with 2 (Black, PDMS-coated layer, Ref. [40]), 3 (Green, fluo-
rosilicone, Ref. [44]), 4 (Blue, structured PDMS, Ref. [6]), 5 (Cyan, air, Ref. [39]), 6
(Magenta, polyolefin foam, Ref. [38]), 7 (Yellow, flat PDMS, Ref. [37]), 8 (Dark yellow,
PDMS bump, Ref. [43]), 9 (Navy, polyester pile, Ref. [42]) and 10 (Purple, cytop,
Ref. [41]). (A colour version of this figure can be viewed online.)

layer [37], 1.6 x 10> times higher than that of polyolefin foam [38],
1.6 x 10% times higher than that of air gap [39], 4 times higher than
that of a PDMS-coated layer [40], and higher than the sensitivity of
a structured PDMS layer (0.55 kPa~!) [6]. This GO-based capacitive
pressure sensor had the ability to sense the placement and removal
of a small flower petal with a pressure of 0.24 Pa. To our knowledge,
this is the first flexible capacitive pressure sensor which can detect
such low pressure.

3. Conclusion

In summary, GO foam was designed into a dielectric layer
composed of porous microstructures, endowed with structure-
derived elasticity. This elasticity together with high relative
dielectric permittivity enables reasonable designs for high sensi-
tivity, rapid response, and stable capacitive pressure sensors.
Combining the structure-derived elasticity with high relative
dielectric permittivity of the GO foam, our capacitive pressure
sensor presents unprecedented sensitivity. The GO foam capacitive
pressure sensors, with the good properties of high sensitivity, good
reproducibility, and rapid response time, exhibit a great application
potential in various fields, especially for the areas needing subtle
pressure detecting in the low loading range, including flexible
human—computer interfaces and robotics. For instance, this sensor
can be integrated into car's steering wheel to monitor the condi-
tions of the driver. If the tired driver has the trend to loose the
steering wheel, sensors will detect the subtle pressure change and
then warn the driver. This research also predicts that GO foam will
be highly useful in flexible devices because of its advantageous
traits, including structural controllability, good elasticity, and high
relative dielectric permittivity.
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Appendix A. Supplementary data

Supplementary data related to this article can be found at http://
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