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ABSTRACT: In this study, free-standing graphene foam (GF) was
developed by a three-step method: (1) vacuum-assisted dip-coating of
nickel foam (Ni−F) with graphene oxide (GO), (2) reduction of GO to
reduced graphene oxide (rGO), and then (3) etching out the nickel
scaffold. Pure GF samples were tested for their morphology, chemistry,
and mechanical integrity. GF mimics the microstructure of Ni−F while
individual bones of GF were hollow, because of the complete removal of
nickel. The GF-PDMS composites were tested for their ability to sense
both compressive and bending strains in the form of change in electrical
resistance. The composite showed different sensitivity to bending and
compression. Upon applying a 30% compressive strain on the GF-PDMS
composite, its resistance increased to ∼120% of its original value.
Similarly, bending a sample to a radius of 1 mm caused the composite to
change its resistance to ∼52% of its original resistance value. The relative
change in resistance of the composite by an applied pressure/strain can be tuned to considerably different values by heat-treating
the GF at different temperatures prior to infusing PDMS into its scaffold. Upon heat treating the GF at 800 °C prior to PDMS
infusion, the GF-PDMS demonstrated ∼10 times better sensitivity than the untreated sample for a compressive strain of 20%.
The composite was also tested for its ability to retain a change in electrical resistance when a brief load/strain is applied. The
GF-PDMS composite was tested for at least 500 cycles under compressive cyclic loading and showed good electromechanical
durability. Finally, it was demonstrated that the composite can be used to measure human blood pressure when attached to
human skin.
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■ INTRODUCTION

In order to realize future robots with sensibilities comparable
to those of human beings, the development of materials and
fixtures with human-like sensitivity is essential.1 Also, from the
inevitable escalating demand for renewable and sustainable
energy resources to stringent health monitoring, electronic
materials that are stretchable and wearable have an array of
applications in a variety of related current and coming-of-age
technologies.2

Although there have been considerable works on developing
artificial nose for sensing smells, touch-like human sensibilities
have been very challenging to emulate.3−5 It is intuitive to think
that pressure and strain sensitivities to touch are close in principle;
nonetheless, it is still a challenge to develop sensors capable of
differentiating different stimuli and response to very low pressures
or strains. Recently substantial advances have been made in mate-
rializing the touch sensibility through pressure-sensing mechanisms
using state-of-the-art technologies and advanced nanostruc-
tured and microstructured materials and devices.2,5−10

Along with several sophisticated materials used in flexible and
stretchable electronics, graphene, being one of today’s marvel

materials, has also been investigated for its usefulness in such
devices.11−15 Since the successful realization of two-dimensional
(2D) graphene, it has been desired to explore its connected,
three-dimensional (3D) structure to exploit its extraordinary
thermal and electrical properties for different applications.16−18

First, such graphene foam (GF) materials were proposed to
be made via a few theoretical models and later were successfully
realized in several experimental studies, using both chemical
vapor deposition (CVD)-grown graphene and reduced
graphene oxide (rGO).19−25 Graphene is semimetallic or
semiconducting in nature with a finite resistance; its 3D
structures change resistance when perturbed by a local stimulus,
such as local changes in temperature or electromagnetic field
and an outside stimulus such as an external force;11,26,27 and
there have been several studies that have attempted to use
CVD-grown and chemically modified GF materials as pressure
sensors.
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Chen et al. developed a pioneering method of not only
creating the first CVD-grown GF but also a GF-PDMS (where
PDMS = polydimethylsiloxane) composite, and they have
investigated its performance as a pressure/strain sensor with
altered sensitivities, in response to applied tension and
bending.20 The composite was demonstrated to be perfectly
reusable for 5000 cycles. In other works, mechanically robust
and highly flexible chemically modified GF were directly tested
for their pressure sensitivity in compression.21,28 Yao et al.
fabricated a flexible hybrid GF-polyurethane (PU) foam with
pressure sensitivities ranging from 0.001 to 0.26 KPa−1 under
compressive loads.29 More recently, GF made from a pyrolysis
method, was mixed with PDMS and tested for pressure
sensitivity in bending and stretching.30 Flexible and stretchable
electronic materials and devices can be realized straightfor-
wardly and economically using some of the aforementioned
works on GF-based pressure-sensing materials.29,31

Although nickel foam has been previously used as a template
for making GF as discussed earlier, all those methods employ a
CVD technique for depositing graphene on nickel skeleton.
The nickel, from the graphene-coated nickel foam via the CVD
method, is removed by first protecting the graphene with
poly(methyl methacrylate) (PMMA) and then etching out the
nickel foam with boiling hydrochloric acid (HCl). Herein,
we report another complementing work on developing a
GF-PDMS-based composite as a pressure and strain sensor. We
have made GF via a simple method of coating open-cell nickel
foam (Ni−F) with graphene oxide (GO) by vacuum-assisted
dip-coating and subsequently reducing the GO to rGO and
removing the nickel skeleton by etching with boiling HCl.
Later, PDMS was infiltrated inside the GF skeleton through
vacuum infiltration to form a stretchable and flexible GF-PDMS
composite. The composite was then tested for its pressure sen-
sitivity under bending and compressive loads besides
mechanical and microstructural analysis. The composite is
sensitive enough to be used to measure human blood pressure
when attached to skin. Our fabrication method for GF is
inspired by the CVD-grown GF; nonetheless, it is much more
facile than the latter as a simple dip-coating method is being
used and, unlike the CVD-grown GF, the current method does
not require any protective coating while etching the nickel.

■ EXPERIMENTAL SECTION
Materials. Graphite powder with a particle size of 20 mm,

concentrated sulfuric acid (H2SO4, 98%), potassium persulfate
(K2S2O8), phosphorus pentaoxide (P2O5), sodium nitrate (NaNO3),
hydrochloric acid (HCl), potassium permanganate (KMnO4), ethanol,
and hydrogen peroxide (H2O2), hydroiodic acid (HI) were obtained
from Sigma−Aldrich Co., Ltd. A silicone elastomer kit (SYLGARD
184) was obtained from SYLGARD Co., Ltd. Ni−F (90 PPI) was
obtained from a local supplier (Laboratory Scientific Supplies FZC).
All of the materials were directly used without further purification.

Preparation of GO Sheets. GO sheets were synthesized using the
modified Hummer’s method reported in our previous works and also
elsewhere.32,33

Preparation of GF and GF-PDMS Composite. First, Ni−F was
dip-coated by GO of concentration 8 mg mL−1 with the assistance of
vacuum. The GO-coated Ni−F was dried at 80 °C and put inside a
10% by weight (wt %) HI solution for 20 min for the reduction of GO
to rGO. Later, the rGO-coated Ni−F was immersed in 3 M hot HCl
solution at 80 °C for 24 h in order to ensure the complete removal of
nickel. The pure GF was then dried at 80 °C for 2 h. Finally, PDMS
was infused inside the GF via vacuum infiltration and cured at 80 °C.

Mechanical Tests. Mechanical tests were carried out using an
Instron Model 5848 microtester. GF and GF-PDMS samples were
tested first in quasi-static compression and subsequently cyclically
in compression. Specimen dimensions used for GF were 5 mm ×
4 mm × 3 mm. The specimen dimensions used for GF-PDMS com-
posite were 10 mm (length), 8 mm (width), and 3 mm (thickness).
The displacement-controlled static loading was carried out at a dis-
placement rate of 1 mm min−1, while the cyclic loading was carried out
at a displacement rate of 30 mm min−1. A 10 N load cell was used to
test the mechanical properties of the GF, whereas a 2 kN load cell was
used to test the GF-PDMS composite. In addition, a three-point bend
test of the composite was done on samples with dimensions of 20 mm
(length), 8 mm (width), and 3 mm (thickness) at a crosshead rate of
30 mm min−1.

Change in Resistance Measurement. An oscilloscope (NI
ELVIS II+ 100 MS/s) was coupled with the Instron Model 5848
microtester and the in situ change in resistance was measured during
mechanical testing of the GF-PDMS composites.

Scanning Electron Microscopy, Energy-Dispersive Spectros-
copy (EDS), and Raman Spectra. Scanning electron microscopy
(SEM) (JEOL, Model JSM-7610F) was used for microstructural and
EDS studies, while a spectrometer with a backscattered confocal con-
figuration (Jobin Yvon Horiba, LabRAM), using a HeNe laser (633 nm),
was employed for Raman characterization of GO and GF.

■ RESULTS AND DISCUSSION

The fabrication process of GF formation is shown schematically
in Figure 1. The Ni−F is shown as a greenish skeleton, and the
GO-coated Ni−F is shown in the subsequent step where the
brownish red linings indicated the GO-coated Ni−F skeleton.
A photograph of GF is shown in Figure 2e. EDS results verify
the complete removal of nickel (see Figure S1b in the Supporting
Information); >95% carbon, along with some oxygen, is indicated
by the EDS peaks. In addition, the Raman spectra demonstrate
the D- and G-band shifts of carbon at 1340 and 1570 cm−1, as
shown in Figure S1c in the Supporting Information. Based on a
batch of five samples, GF has a density of 5.5 ± 1.3 mg cm−3,
estimated by measuring the volume and mass of the GF.
In order to understand and analyze the structure of the free-

standing GF and its conformity with its Ni−F scaffold, SEM
micrographs of the Ni−F and GF were taken at different resolu-
tions. The SEM micrograph of pure GF shown in Figure 2b
conforms well to the Ni−F shown in Figure 2a. The pore sizes
of the Ni−F and the GF range between 100 mm and 400 mm.

Figure 1. Schematic representation of formation of the GF.
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The close-up micrographs of the single bones of GF and Ni−F
appear to be different, as shown as insets in Figures 2a and 2b.
The morphology of a single Ni−F bone appears compact and
granular.34 On the other hand, the surface morphology of
a single bone of GF demonstrates a wrinkled structure of the
layer-by-layer deposited rGO sheets, shown as an inset in
Figure 2b. Since nickel has been completely removed from the
core of the GF, the fractured top-view of a single GF bone is
hollow, with very thin outer walls, as seen in Figure 2c. The
wrinkled morphology of the surface of GF bone can also be
seen clearly. A cross-sectional top-view image of the wall of GF
bone shows a wall thickness of ∼40 nm (Figure 2d). In
addition to understanding the morphology of a novel material,
it is also imperative to recognize its mechanical behavior before
analyzing its performance for load-bearing applications.

Cellular and porous foam materials have a generic mechan-
ical behavior under quasi-static compressive loads. On their
stress−strain curves, usually, there is an elasticity region at low
stress, followed by a long collapse plateau, and it is then
truncated by a densification region, whereby the stress rises
steeply.35 A typical stress−strain curve of GF is shown in Figure 2f.
The GF monoliths behave like a typical elastic-brittle foam in
compression, such as mullite (a ceramic foam), with a linear
elasticity region, plateau, and densification regimes.35 The
elastic region is the response of individual bones and bone walls
of the GF prior to the occurrence of any damage. The plateau
region is due to the progressive failure of GF bones and bone
walls. As more and more cells become crushed under com-
pression, opposing GF bones and bone walls touch each other
in compaction, leading to the final densification region.

Figure 2. SEM micrographs of (a) Ni−F, (b) GF, (c) a close-up view of a single hollow bone of pure GF, and (d) the cross-sectional view of the wall
of a single bone of the pure GF. Also shown are (e) a photograph of a free-standing pure GF sample and (f) a stress−strain curve of a GF sample.
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Densification occurs relatively rapidly with a steep rise in stress,
as shown in the stress−strain curve.
Based on five samples of dimensions 3 mm × 4 mm × 5 mm,

the elastic modulus is 89 ± 6 kPa. Additional stress−strain
curves from different GF samples are shown in Figure S2 of the
Supporting Information. When the load is released at 40%
strain, almost 20% ± 5% of the strain is recovered and the
sample displays somewhat elastic behavior when loaded re-
peatedly under compression. After 30 load cycles, the recovered
strain is still ∼15% ± 5% based on a batch of five samples. This
behavior is labeled as the post-compaction strain recovery in
Figure 2f. The measured elastic moduli of GF are on the lower
side when compared with other foams and similar structures.
Nonetheless, this mechanical weakness becomes strength when
it comes to its pressure sensing. The fact that the bones of GF
undergo deformation at very low pressures and its electrical
resistance changes simultaneously creates an opportunity of
exploiting pressure-sensing behavior.
Flexible and stretchable electronics is an emerging field

which requires flexible composite materials with both reliable
mechanical integrity and suitable electrical conductivity.36,37

Therefore, in order to induce robustness, strength, flexibility,
and stretch-ability to the GF without compromising its change
in electrical resistance upon deformation, PDMS was infiltrated
in GF via a vacuum infusion method. The process of infusion is
shown schematically in Figure 3a, and a photograph of the
GF-PDMS composite with aluminum foil electrical connections
are shown in the inset of Figure 3b. The GF-PDMS composites
were examined for their mechanical integrity using a microtester.
Loading−unloading compression cycles Nos. 1−500 of the
GF-PDMS are shown in Figure 3b, where the hysteresis is almost
the same, indicating that no substantial internal structural change
has occurred. The slightly different behavior in the first loading−
unloading cycle is usually observed in all elastomers.38

In order to quantify the change in electical resistance of the
GF-PDMS composite in response to external stimuli such as
pressure, an impedance measurement device was coupled with
the microtester, and its electrical resistance was measured while
deforming the composite under cyclic compressive loading.
Change in resistance of the composite at strains of 10%, 20%,
and 30% are shown in Figure 3c. The green squares show the
relative change in resistance when the strain is zero, and the
yellow squares show the relative change in resistance when

the strain is in its peak value (i.e., 10%, 20%, or 30%). The
resistance of the composite changes by 17% of the original
value when compressed by 10%. Just like the case of stress−
strain behavior, the change in electrical resistance of the first
cycle is different from subsequent cycles, whereby it becomes
more or less constant after the first cycle. The irreversible
change in resistance after the first cycle may be due to the
partial breaking or cracking of the GF bones. When increasing
the compressive strain from 10% to 20%, the change in resis-
tance increases from zero to ∼42%. For a compressive strain of
30%, the resistance changes to ∼120% of its original value. The
irreversible part of the change in resistance in the first cycle
becomes higher with higher amounts of strains induced in the
composite, because of the permanent breakage or cracking of
more GF bones than the lower strain values. The change in re-
sistance at 30% compressive strain is repeated for ∼500 cycles,
as shown in Figure S3 in the Supporting Information, demon-
strating excellent electromechanical integrity, in terms of both
stability and repeatibility of the GF-PDMS composite. In addi-
tion, the composite was twisted at 180° for at least 100 times,
and it was tested for its change in resistance at 10% compressive
strain, as shown in Figure S4 in the Supporting Information.
The changes in resistance with compressive strain curves for
both twisted and untwisted specimens correspond well with
each other. These results reveal that the composite is rugged
under shearing stresses as well, and its performance remains
unperturbed by repeatly twisting it many times.
The GF-PDMS composite demonstrates a relative change in

its electrical resistance when an external stimulus such as pres-
sure is applied on it. However, this change is not linear for
all pressure and load ranges. The relative change in resistance
with pressures was investigated, as shown later in this work in
Figure 5. The main curve relates the relative changes in resis-
tance (ΔR/R0) with pressures ranging from 0 to ∼1300 kPa.
Within this range, ΔR/R0 increases exponentially after 900 kPa
and reaches 80 000%, becoming an insulator at 1300 kPa.
Although the resistance changes significantly after 900 kPa, it does
not imply that it changes linearly in the lower pressure range. A
closeup of the main curve is shown as an inset, indicating a
perfectly linear region until ∼230 kPa, and after which the curve
becomes slightly nonlinear until 500 kPa. When a GF-PDMS
composite sample connected to a light-emitting diode (LED) via
a power supply is pressed, the illumination from the LED dims,

Figure 3. (a) Schematic representation of PDMS infusion inside pure GF; (b) cyclic stress−strain curve of a GF-PDMS composite, along with a
photograph of GF-PDMS composite (inset); and (c) change in resistance of the composite with applied compressive cycles.
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as shown in Figure 4. GF-PDMS composite possesses different
sensitivity to the applied pressure at different pressure ranges.
For instance, within the linear region of the inset of Figure 4
(i.e., pressure range 0−200 kPa), the sensitivity (defined as
ΔR/R0/applied pressure, where ΔR/R0 is expressed as a per-
centage) is ∼0.6 kPa−1, whereas it is ∼0.8 kPa−1 from 200 kPa
to 500 kPa. In the exponential region of Figure 4, the sensitivity
escalates to 60 kPa−1.
In addition to testing and quantifying of strain and pressure

sensitivity of the GF-PDMS composite in compression, its
sensitivity in bending was also studied for three different bend
radii of, 3, 2, and 1 mm (using sample with dimensions of
20 mm × 8 mm × 3 mm), results are shown in Figure 5. A
material in bending undergoes different microstructural deforma-
tions than in compression; therefore, it can be envisaged that the
pressure/strain sensitivity of the composite will be different in
bending than that of the compression. In contrast to the stress in
compression, which is given as force divided by cross-sectional
area, the flexural stress at the midpoint of the composite (σf),
under three-point bending load, is estimated by

σ = P
bd
2

3f 2

where P is the applied load and b and d are the width and depth
of the rectangular GF-PDMS composite, respectively. A cyclic
bend radius of 3 mm, with a corresponding σf value of ∼0.93 MPa,
produces a ΔR/R0 value of only ∼2.1%. A bend radius of 2 mm,
with a corresponding σf value of ∼2.3 MPa, changes the resistance
of the composite to ∼12%. Similarly, a rather bigger bend, with
a radius of 1 mm and with a corresponding σf value of ∼5.6 MPa,
produces a ΔR/R0 value of ∼52%. Just like the case of compres-
sion, the change in resistance due to bending also does not
return to zero after the first cycle and remains constant during
the rest of the bending cycles. The reason for the irreversible
change in resistance in the first cycle could be attributed to the
reasons discussed earlier.
For a pressure or strain sensor to be implemented suc-

cessfully in low- and high-pressure-sensing applications, it
should possess a tunable pressure sensing capability. GF were
heat-treated at temperatures of 400 and 800 °C, and its effect
on the sensitivity of the GF-PDMS composite was investigated.
A plot of ΔR/R0, as a function of a 20% compressive strain, for
untreated and heat-treated samples are shown in Figure 5b.
As mentioned previously, a 20% compressive strain causes an
∼42% of change in the electrical resistance of the composite.
However, heat-treating the composite at 400 °C results in a

Figure 4. Relative change in electrical resistance of the GF-PDMS composite with applied static compressive loading, along with photographs of
LED dimming and lighting up upon being pressed and released, respectively. Line connecting data only indicates the trend in the data.

Figure 5. (a) Change in electrical resistance of GF-PDMS composite with different applied bending strains (bending radii); (b) effect of GF heat
treatment on pressure sensitivity of GF-PDMS composite.
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ΔR/R0 value of ∼130% under the same compressive strain. The
recorded ΔR/R0 value for the composite heat-treated at
800 °C, is ∼380%. Thus, heat treatment causes considerable change
in the strain/pressure sensitivity of the composite, because it
causes better reduction of the unreduced GO, as discussed
elsewhere.23,39−41 These results show that the strain/pressure
sensitivity of the GF-PDMS composite can be tuned to a
desired value by heat treating the GF at different temperatures.
In addition to probing the cyclic change in resistance with

cyclically applied compressive or bending load, it is also
important to know whether the change in resistance remains
constant after longer term loading. This is studied by
maintaining a 35% strain and 0% strain on the composite, in
compression, for 10 s each, as shown in Figures 6a and 6b. A
lower displacement rate of 5 mm min−1 was employed for this
analysis, in order to avoid abrupt changes in resistance when
the load is applied or removed. The curve depicted in the plot
of strain versus time (Figure 6b) shows the crests and troughs
of zero and 35% strain and the extent to which these strains are
upheld. The cyclic stress−strain curve is shown in Figure 6b,
showing some different behavior when compared to Figure 3c
where strain is not upheld. When a 35% strain is maintained for
10 s, the stress relaxes from ∼380 kPa to ∼330 kPa, because of
the viscoelastic behavior of the PDMS. The changes in resis-
tance, taken simultaneously, are plotted in Figure 6c. The curve
for the change in resistance with time corresponds reasonably
well with the strain−time curve, with a slight decrease in ΔR/R0

at a peak strain of 35%. At this peak strain, ΔR/R0 reaches a
value of ∼200%, which decreases to ∼10% in 10 s. This de-
crease in ΔR/R0 is associated with the drop in the stress at peak
strain due to the viscoelastic slackening of the GF-PDMS
composite, as observed in Figure 6b. Therefore, from these

results, it can be concluded that the resistance of the composite
corresponds well to the applied strain and the change caused by
a certain strain in the composite remains static if the applied
strain is maintained.
Considering the enhanced pressure/strain sensitivity of

the GF-PDMS composite with GF heat-treated at 800 °C,
the composite was used to sense human blood pressure (BP).
The composite was attached to the wrist of a volunteer, and the
relative change in electrical resistance, relative to time, was
measured, as shown in Figure 6d. The pulses are shown as the
crests and troughs of the relative change in resistance peaks.
The cyclic curve for BP measurement shows pulse peaks of
about equal strength. The randomly picked pulse peaks, denoted
by dotted lines in Figure 6d, show the strength of each peak,
which is ∼0.2% ± 1 standard deviation. Upon calibration of
these results, the BP can be measured within 1 s. Since the blood
pulses in veins are associated with the heartbeat rate, this com-
posite sensor can also be used to monitor the heartbeat rate. In
addition, the composite may potentially be used as a respirometer.

■ CONCLUSIONS

We have successfully mimicked the Ni−F structure into a free-
standing three-dimensional (3D) graphene foam (GF) via a
facile dip-coating, reduction, and etching method. The resulting
GF possesses the typical fracture behavior of elastic-brittle foam
with an elastic modulus of ∼89 kPa. Vacuum infusion of PDMS
into GF results in a resilient and flexible composite. When
tested in cyclic compressive loading, it changes its electrical
resistance. Upon the application of a compressive strain of 30%
on the GF-PDMS composite, its resistance increases to ∼120%
of its original value. Similarly, bending a sample to a radius of
1 mm causes the composite to change its resistance to ∼52% of

Figure 6. (a) Compressive strain versus time curve with strain being maintained at 0% and 35% for 10 s each; (b) the simultaneously taken cyclic
stress−strain curve; (c) the simultaneously taken values of the relative change in resistance as a function of applied compressive strain; and (d) the
blood pressure (BP) response of the GF-PDMS composite when in contact with a human wrist, in terms of the relative change in resistance.
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its original resistance value. The composite changes its resis-
tance linearly with applied compressive stresses of up to 200 kPa
and becomes slightly nonlinear until an applied pressure of
500 kPa and later changes fairly exponentially. When heat
treating the GF at 800 °C prior to PDMS infusion, the GF-PDMS
demonstrates ∼10 times better sensitivity than the untreated
sample for a compressive strain of 20%. The composite was also
demonstrated to record human blood pressure and heartbeat rate.
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