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T
he past decade has seen a growing
body of research devoted to the in-
tegration of electronics with biologi-

cal or other soft, stretchable, flexible
systems.1 This field is broad, ranging from
wearable biosensors2 to ultralight, foldable
plastic electronics.3 An important subfield
involves the development of devices or
sensors to be mounted on or near the skin.
Clearly, because of the soft, compliant nat-
ure of tissue and the natural bending or
rotational motion associated with joints,
many applications in this area will require
the development of both structures and
materials that can stretch, bend, fold, twist
and generally deform in response to the
motion of the wearer.1,2,4 Such behavior is
generally not compatible with traditional
silicon/metal-based electronics. This has
led to the development of various stretch-
able materials and structures, which have
been used to fabricate a range of other
devices including transistors and sensors,
which can be integrated into clothing or
worn directly on the skin.5�9

Increasing interest surrounds wearable bio-
sensors,10 which can monitor a range of bio-
signals including blood pressure, respiration

rate and blood glucose levels.2 Particularly
important are wearable strain and motion
sensors, which can be used to monitor joint
and muscle motion with the aim of sensing
posture, movement and even breathing.4

A number of applications have been sug-
gested: smart suits for babies, athletes or
soldiers4 or in monitoring of patients which
are elderly, suffer from chronic disease or are
in rehabilitation.2,11

Such sensors usually work by detecting
the change in resistance of a material in
response to variations in its length. How-
ever, wearable strain sensors have a range
of requirements that are not all fulfilled
by standard strain-sensing platforms. They
need to be light and compliant, they must
be sensitive enough to detect processes
such as breathing, they should work at high
strains tomonitor large scalemotion such as
that associated with joints, and finally, they
need to operate at high speeds/strain rates
to follow fast voluntary and involuntary
movement. In addition, it should be possi-
ble to produce the sensing material in
various shapes, sizes and geometries, for
example, as fibers that could be woven into
garments. Ideally, these structures would
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ABSTRACT Monitoring of human bodily motion requires wearable sensors

that can detect position, velocity and acceleration. They should be cheap,

lightweight, mechanically compliant and display reasonable sensitivity at high

strains and strain rates. No reported material has simultaneously demonstrated all

the above requirements. Here we describe a simple method to infuse liquid-

exfoliated graphene into natural rubber to create conducting composites. These

materials are excellent strain sensors displaying 104-fold increases in resistance and working at strains exceeding 800%. The sensitivity is reasonably high,

with gauge factors of up to 35 observed. More importantly, these sensors can effectively track dynamic strain, working well at vibration frequencies of at

least 160 Hz. At 60 Hz, we could monitor strains of at least 6% at strain rates exceeding 6000%/s. We have used these composites as bodily motion sensors,

effectively monitoring joint and muscle motion as well and breathing and pulse.

KEYWORDS: bodily motion sensors . graphene�rubber composites . strain sensors . dynamic strain
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also be cheap to produce to facilitate widespread
availability. To the authors' knowledge no material
combines all these properties, severely limiting our
ability to fabricate multifunctional wearable strain and
motion sensors.
This is unfortunate as sensors made from such

materials could sense not only strain but velocity,
acceleration and force. The resulting capabilities would
facilitate applications not only in human motion sen-
sing but also in a range of areas including monitoring
of inflatable devices such as airbags, vibration detec-
tion and motion in robots or other moving mechanical
objects.
In order to developmaterials which can perform this

array of functions, many researchers have turned to
materials science and specifically nanotechnology.
Strain sensors have been demonstrated from a range
ofmaterials and structures includinghydrogels,12 nano-
structured papers,13�15 graphene-woven fabrics,11,16

nanotube arrays9 and complex nanoengineered
structures.7 Particularly promising have been the nano-
composite strain gauges.17 To date, strain gauges have
been prepared frompolymer-based composites, loaded
with nanoparticles,8 nanotubes,17�22 graphene,23�25

carbon nanofibers17,26 and carbon black,27,28 and have
demonstrated performance far superior than those
observed for commercial metal stain gauges.
The simplest performancemetric is the gauge factor,

G, which describes how the relative resistance change
depends on strain, ε:ΔR/R0 = Gε. For a normal material
with conductivity that is independent of strain, it
can be shown (see Supporting Information (SI)) that,
because of dimensional changes:

ΔR

R0
¼ ε(2þ ε) (1a)

For traditional strain gauges made of metal, this
means G ∼ 2 at low strain.29 For some materials, such
as composites, the conductivity is strain-dependent.
Then, at low strain, we can relate the fractional resis-
tance change to the strain by29

ΔR

R0
¼ (1þ 2ν)εþΔσ(ε)

σ0
(1b)

where the first term describes the effects of dimen-
sional changes, while the second term describes the
effects of any strain dependence of the conductivity
(ν is Poisson's ratio). We note that for a perfect in-
compressible material, ν = 1/2, so eqs 1a and 1b are
consistent at low strain. In a nanocomposite, applica-
tion of strain can change the spacing between con-
ductive filler particles resulting in large resistivity
changes. As a result, values of G as high as 1000 have
been demonstrated, although the vast majority of
papers report G < 50 (see SI for detailed literature
review). Some results have been extremely impressive.
Networks of graphene on elastomeric substrates have

demonstrated high gauge factor and good dynamic
performance at strains as high as 8%.16 Metalized
polymer nanofibers have been fabricated into low-
strain sensors for pressure, shear and torsionwith good
dynamic response up to 10Hz.7 Yamada et al. used arrays
of carbon nanotubes to prepare high-strain sensors with
very impressive dynamic response but relatively low
gauge factor.9 However, to the authors' knowledge, no
reports exist for strain sensors that combine low stiffness,
high gauge factor, high-strain and fast dynamic motion
sensing capabilities with the potential for simple, cheap
fabrication. This is an important gap that needs to be
filled for strain sensors to fulfill their full potential.
We believe graphene to be a very promising filler

mater for nanocomposite strain sensors. Currently
one of the most studied of nanomaterials, graphene
consists of atomically thin nanosheets of hexagonally
bonded carbon.30,31 These nanosheets display excel-
lent electrical properties, can be produced in large
quantities by liquid exfoliation32,33 and are easily in-
corporated into polymers to form composites.34 In this
work we demonstrate a very simple method to infil-
trate store-bought elastic bands with liquid-exfoliated
graphene to produce versatile strain sensors. We
show these simple strain sensors to work very well at
strains of >800%, both under quasi-static conditions or
at dynamic strain rates of at least 7000%/s. We also
demonstrate impressive performance as kinesthetic
motion sensors, detecting motions as subtle as those
associated with breathing and pulse.

RESULTS

Infusion of Graphene. Preparation of graphene-infil-
trated elastic bands (G-bands) requires twomain steps:
liquid exfoliation of graphene and infusion of graphene
into the rubber. We first prepared dispersions of gra-
phene in the solvent N-methyl-pyrrolidone (NMP) using
well-known liquid exfoliation techniques.32,35,36 Such
processes give large quantities of unoxidized, defect-
free graphene flakes (Figure 1 A,B) with lateral size of
500�1500nm (Figure 1C) and typically 1�6monolayers
per flake.32,36 We then soaked natural rubber-based,
store-bought elastic bands (Figure 1D) in toluene. Be-
cause the solubility parameters of natural rubber and
toluene are reasonably close (see SI), soaking results
in considerable swelling37 of the band (Figure 1E) with
all dimensions increasing by factors of �1.5�1.6 after
3.5 h soaking (Figure 1F,G). Natural rubber consists of
aggregated latex particles with sizes from 100s of nm to
microns. It is likely that these particles are poorly cross-
linked allowing toluene to diffuse between them to
create relatively large interparticle pores. The swollen
bandswere then transferred to a dispersionof graphene
in NMP, to which water had been added such that the
NMP:water ratio was 20:80. The presence of the water
makes it energetically favorable for the graphene to
migrate from the dispersion into the pores in the rubber
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that had been opened up by exposure to the toluene
(see SI). Extensive washing (to remove any graphene
adhered to the surface) and drying results in graphene-
infused bands (Figure 1H). Note that all steps in this
process are necessary to achieve good quality G-bands
(Figure 1I).

The bands were soaked in the NMP:water:graphene
dispersion for times ranging from 15 min to 48 h after
which they were removed and washed. After through
drying, the mass uptake of graphene was measured
by careful weighing. This was converted to mean
graphene volume fraction, φ, which is plotted versus

soak time, ts, in Figure 2A. The volume fraction scales as
φ �

√
ts, reaching ∼0.55 vol % after 48 h. The square-

root time dependence indicates that the graphene
uptake is diffusion-limited, which is consistent with

the graphene entering the interior of the band rather
than solely adsorbing on the surface.38 Quantitative
analysis gives an upper limit for the diffusion coefficient
for graphene within the rubber: D < 2.5 � 10�12 m2/s

Figure 2. Characterization of G-bands. (A) Measured gra-
phene content (vol %, after washing) as a function of soak
time, ts. The dashed line represents diffusion limited beha-
vior (i.e., �

√
ts). (B,C) Scanned images of freeze-fracture

surfaces of G-bands after swelling in toluene followedby (B)
soaking in NMP and (C) soaking in 20% NMP/water mixture
for 48 h. (D) Local reflectance measured as a function of
position on fracture surface (from top of band to bottom)
plotted for a pristine band and two different G-bands. (E)
Mean fracture surface reflectance as a function of graphene
volume fraction. The dashed line shows an analytic, empiri-
cal relationship between ÆRopæ and φ (see SI for equation).
Inset: Helium ion micrograph showing rubber-coated gra-
phene flakes protruding from a band fracture surface. (F)
NMR imaging was used to probe the concentration of NMP
molecules bound to the surface of graphene nanosheets as
a function of depth (y-axis) and soak time (x-axis). The color
coding represents the concentration of NMP bound to
graphene (proportional to concentration of graphene) in
arbitrary units. The solid line represents a constant concen-
tration profile consistent with depth �

√
ts. (G,H) Local

volume fraction, plotted as a function of depth. The solid
lines are calculated using eq 2, while the data points are
estimated from the reflectance data using the empirical
relationship between ÆRæ and φ described above. Note
that a depth of 0.6 mm represents the center of the band.
The theoretical curves in G and H were scaled to represent
the actual local φ by first plotting in arbitrary units and
then normalizing by multiplying by Æφexpæ � 0.6 mm/R
0
0.6mmφtheory dx.

Figure 1. Preparation of graphene and graphene infused
elastic bands (G-bands). (A,B) TEM images of typical few-
layer graphene nanosheets produced by liquid exfoliation
of graphite in NMP. (C) Histogram showing length of liquid
exfoliated graphene nanosheets. The mean length was
1 μm. (D) As-bought elastic bands. (E) Elastic band while
soaking in toluene. (F�H) A section of (F) an untreated
rubber band, (G) a band section after soaking in toluene for
3.5 h and (H) a graphene-infused band prepared by swelling
in toluene then soaking in an NMP:water:graphene mixture
for 4 h followed by washing and drying. (I) Photograph
of bands soaked under different conditions as described
in the labels. The labeling can be understood as follows:
the f represents a transfer from one liquid to another,
while a colon separates the components of a mixture. Thus,
“NMP:Gra” means the band was soaked only in a mixture
of NMP and graphene, while “Tol f NMP:H2O:Gra” means
the band was first soaked in toluene before transferring to
a dispersion of NMP, water and graphene. In all cases the
toluene soak time was 3.5 h, while the soak time in NMP-
based dispersions was 1 h. The NMP:H2O ratio was 20:80,
while the graphene concentration was 1 mg/mL. Note, only
the “Tol f NMP:H2O:Gra” treatment gave a uniform gra-
phene coating/infusion.
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(see SI and ref 39). As expected, this is considerably
lower than the diffusion coefficient for small molecules
in rubber (>10�10 m2/s).40

To confirm the infusion of graphene, we freeze-
fractured a number of bands, allowing the examination
of their interiors. Shown in Figure 2B,C are two images,
recorded using a transmission scanner, of the fracture
surfaces of two elastic bands. Each was swollen in
toluene, however one was then transferred to an
NMP:water mixture (i.e., no exposure to graphene,
Figure 2B), while the other was then soaked in an
NMP:water:graphene mixture for 48 h (φ = 0.56 vol %,
Figure 2C). It is clear from the second image that the
graphene has infused right to the center of the band
resulting in a considerable darkening of the rubber. We
can use the scanner to estimate the optical reflectance,
Rop, of the G-band as a function of position across
the fracture surface (i.e., top to bottom in Figure 2B,C).
This data is presented in Figure 2D (see SI for all data)
and shows that for pristine bands Rop ∼ 0.6, invariant
with depth. For composite bands the reflectance in the
interior of the band was always <0.6. Critically, for all
composites, Rop increased from edge to center consis-
tent with graphene content decreasing with depth into
the band. This shows that while the graphene clearly
diffuses deep into thebands, thegrapheneprofile is not
uniform and varies with soak time. Figure 2E shows
the mean reflectance, ÆRopæ, to fall smoothly with φ,
consistent with a steady increase in graphene content
with increasing soak time. The dashed line represents
an empirical relationship between ÆRopæ and φ, which
can be used to transform local Rop data to represent
local volume fraction, φL (see SI and below). We can
confirm the presence of graphene deep within the
band by characterizing the fracture surface microsco-
pically. Shown in Figure 2E (inset) is aHe ionmicrograph
showing graphene sheets protruding from the rubber,
confirming infusion deep into the interior.

We can dynamically probe the ingress of the gra-
phene into the rubber usingnuclearmagnetic resonance
(NMR) imaging. NMR probes the resonant frequency of
proton nuclei in themagnetic field gradient as a function
of depth into thebandwith the acquired signal reflecting
the local proton density weighted bymolecularmobility.
UsingNMR, chemical shift selection enables the observa-
tion of solvent components independently. Thus, a
typical measurement gives the relative concentration
of a given species as a function of depth within the
rubber at a given time. A sequence of measurements
taken over a given time period can be combined to give
a map of concentration as a function of both depth and
time.Wemonitored the infusion of graphene into rubber
by placing a dropofNMP:water:graphenemixture on the
surface of a toluene-swelled elastic band. NMR imaging
showed two signals associated with NMP, which we
attribute to free molecules and molecules bound to the
graphene surface. Shown in Figure 2F is a typical map,

which monitors the diffusion of graphene-bound NMP
into the rubber. Here, the color-coded local volume
fraction is plotted versus depth (i.e., distance diffused
into the rubber) and soak time. It is clear from this map
that the depthwhere a givenφ is observed (e.g.,φ= 1 au)
increases as

√
ts (solid line). This indicates a Fickian

diffusion process.40 The local concentration can be
related to both depth, x, and soak time, ts, by

41

φL(x)� erfc[x=(4Dts)
1=2] (2)

where erfc represents the complementary error function.
Fitting gives a diffusion coefficient ofD= 4� 10�13m2/s,
consistent with the values given above (see SI). It should
be noted that the diffusion coefficient for free NMP
was much faster: D ∼ 5 � 10�12 m2/s. However, this is
slow relative to the literature value for toluene diffusion
in rubber given above. This is probably because the
solubility parameters of NMP and rubber are significantly
different, hindering the ingress of free NMP (see SI).

Plotted in Figure 2E is an empirical function describ-
ing the relationship between ÆRopæ and φ (see SI).
We can use this to estimate the local graphene volume
fraction as a function of depth from reflectance line
scans such as those shown in Figure 2D. Such data
is shown for selected soak times in Figure 2G,H (see SI
for all data). Also shown are the local volume fraction
profiles calculated using eq 2 with D = 4� 10�13 m2/s.
For ts e 12 h, data from both the model and the
reflectance measurements are in good agreement
(Figure 2G). In particular, both show very small φL in
the band center. However, for tsg 16 h the agreement
was much poorer (Figure 2H). Interestingly, for these
longer times, the reflectance data showed more gra-
phene than expected in the center of the band (see SI).
We suggest that thismay be due to the relatively broad
nanosheet size distribution shown in Figure 1C. For
long soak times, smaller flakes, which should have
larger than average diffusion coefficients, travel deeper
into the band leaving the larger flakes closer to the
surface. Ultimately thismeans that for soak times below
∼12 h, the graphene is present as a surface layer, while
for ts above 21 h, it is distributedmuchmore uniformly.

Properties of G-Bands. For each of the soak times, we
measured the (unstrained) electrical resistance, R0,
as a function of graphene volume fraction (Figure 3A).
The resistance varied from 4 MΩ at very low volume
fraction (φ = 0.06 vol %, ts = 15 min) to 57 kΩ at φ =
0.56% (ts = 48 h). To better understand this, we plot
the G-band conductivity, σ, as a function of volume
fraction in Figure 3B. The conductivity increases from
10�3 S/m for the lowest volume fraction to∼0.1 S/m for
φ = 0.56%. Interestingly, this data clearly shows a kink at
φ ≈ 0.3% that separates two regimes, at higher and
lower φ respectively. This behavior is reproducible and
has been observed in multiple batches of G-bands
(see SI). This kink occurs for bands prepared with soak
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times between 12 and 19 h. This is exactly the range
where the graphene transitions from being localized
close to the surface to beingmore uniformly distributed
(Figure 2 G,H). This will be discussed in more detail
below.

The electrical properties of composites consisting
of a conductive filler in an insulating matrix are gen-
erally described by percolation theory.42 In such sys-
tems, current can only flow above a critical volume
fraction, the percolation threshold, where the first
continuous conducting path across the matrix is
formed. Above the percolation threshold the conduc-
tivity is described by the percolation scaling law:

σ ¼ σ0(φ � φc)
t (3)

where φc is the percolation threshold, t is the per-
colation exponent and σ0 is usually similar to the

conductivity of the filler when formed into a film.43

We will treat the two regimes described above sepa-
rately, first fitting eq 2 to the data with φ>0.3% (i.e.,
ts g 21 h) and then separately to the data for φ<0.25%
(i.e., ts < 12 h). In the upper regime, a good fit (solid line)
is found for φc,U = 0.12% and t = 2. The percolation
threshold is close to literature values44 and consistent
with the value of φc ∼ 0.1% expected theoretically
for isotropic distributions of nanosheets with aspect
ratio ∼1000.45 The percolation exponent is identical
to the universal value of 2.0 expected for transport
in 3-dimensions.42 This is consistent with the data in
Figure 2H, which suggests that for the higher soak
times, the graphene is distributed throughout the
G-band. Interestingly the fit gives σ0 = 3700 S/m, very
close to the expected conductivity value for films
of liquid exfoliated graphene.46,47 This implies that
the graphene flakes making up the conducting net-
work are in close contact with no evidence of the
polymer coatings that usually limit the conductivity
of nanocomposites.48

We have also fit eq 3 to the lower range (φ < 0.25%).
We find a very good fit for φc,L = 0.04% and t = 1.3
(dashed line). This is extremely interesting as 1.3 is
the universal percolation exponent for transport in
2 dimensions.42 This implies that in the volume fraction
range φ < 0.25%, the dominant mode of conduction is
through the graphene close to the surface. Again, this
is consistent with the data in Figure 2G, which shows
the graphene to be largely localized in a surface layer
for the shorter soak times. It is worth noting that when
analyzing conductivity in a surface layer, eq 3 might
seem inappropriate. However, electrical properties of
thin films of conducting nanomaterials are known
to be well described by σ � (NA � NA,c)

t were NA is
the nanoconductor areal number density (effectively
the thickness of the layer of nanoconductors) and NA,c

is the associated percolation threshold.42 Because
NA,c � φ, eq 3 can be used to fit the low φ data as well
as the high φ regime. We then attribute φc,L = 0.04%
as the mean volume fraction for which the first
surface conducting path forms. Extrapolation of the
data in Figure 2A implies this first path to occur after
a soak time of ∼5 min under the conditions used in
this work.

The electrical data implies that G-bands can be
thought of as two resistors in parallel, one representing
the graphene-rich layer close to the surface and the
other representing the graphene in the bulk of the
band. For volume fractions above φ∼ 0.3% the current
flowing through the bulk dominates, while for φ <
0.25%, current flowing in the surface layer is dominant.

Strain Sensing. Natural rubber is an extremely exten-
sible material:49 mechanical testing showed the pris-
tine rubber bands to have strains-at-break of∼1100%.
This was not significantly reduced by swelling in
toluene followed by soaking in NMP:water (see SI).

Figure 3. Electrical properties of G-bands. (A) Measured
resistance at zero strain, R0, plotted versus graphene volume
fraction, φ. (B) Conductivity of bands plotted as a function of
graphene volume fraction. The lines are fits to percolation
theory. The upper region (solid line) was described by a
percolation threshold. φc,U = 0.12% and exponent t = 2 and is
consistent with transport through the bulk of the band. The
lower region (dashed line) was described by φc,L = 0.04% and
t = 1.3 and is consistent with transport along the surface of
the band. (C) Measured resistance as a function of applied
strain for bands for two different soak times. (D) Plots of
ΔR/R0 versus strain (log�log scale). The dashed lines show
the linear region as defined by ΔR/R0 = Gε. The solid line
shows what would be expected if the resistance change was
solely due to dimensional changes on stretching (i.e.,Δσ = 0).
(E) Gauge factor,G, plotted versus graphene volume fraction.
The dashed line represents the bulk percolation threshold
(0.12%). (F) Summary of results reported in the literature for
nanocomposite strain sensors (see Table S2 (SI)). Themaximum
reported value of G plotted versus the maximum reported
strain. Also plotted are the results obtained in this work.
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While the infusion of graphene did reduce the strain at
break somewhat, composite bands could be strained
to 500�1100% before failure (see SI).

This makes these materials potentially useful as
high-strain strain sensors. Whether the dominant cur-
rent flows through graphene nanosheets near the
surface or in the bulk, we expect the electrical resis-
tance to increase on the application of strain due to the
divergence of adjacent nanosheets. We slowly applied
strain (dL/dt =10 mm/min) to G-bands with a range of
volume fractions (unstrained length, L0 = 15mm). Note
the experiment was set to stop before breaking, mean-
ing that the maximum strains observed are lower
limits. Two examples of the resultant resistance-strain
curves are shown in Figure 3C (all others are shown
in the SI). In all cases the resistance increased drama-
tically on the application of strain. Although the curves
followed no single trend, in all cases an exponentially
increasing region was observed at low to intermediate
strains (∼5% to 100�300%depending onφ). We fit this
region to R = R0e

ε/ε0 (dashed lines), finding values of ε0
in the range 25�100%. Although ε0 tended to fall with
increasing volume fraction, the datawas very scattered
(see SI). Such exponential behavior has been observed
before for nanocomposite strain sensors50,51 and has
been explained as being due to the exponential de-
crease in interparticle tunnelling probability with
strain.20,50�53 Within such frameworks, ε0 is a parame-
ter that is related to the height of the potential barrier
between nanoparticles. Previously reported sensors
based onpolymer/carbon-fiber50 composites and poly-
mer/nanotube51 composites displayed data consistent
with values of ε0 of ∼2% and ∼15% respectively.

The fractional resistance change (ΔR/R0) is plotted
versus strain for two samples in Figure 3D (all data is
shown in the SI). Resistance changes as large as �104

were observed for strains of ε > 700% (see SI, ts = 12 h).
Also plotted on Figure 3D is the behavior expected for
a material with strain-independent conductivity such
that the resistance increase is solely due to dimen-
sional changes (dashed line). This is described by eq 1a
and is equivalent to G = 2. For all our samples, the
resistance changes are well above this line. This means
that, in addition to dimensional changes, strain-in-
duced changes in conductivity play an important role
in these sensors. For all samples, we found ΔR/R0 to
scale linearly with ε once ε < 4% (Figure 3D and SI),
allowing the calculation of G (Figure 3E). The gauge
factor increases with decreasing volume fraction from
G ∼ 10 for composites with φ ∼ 0.5% to a maximum
value of G = 35 for a G-band with φ = 0.2%, very close
to the bulk percolation threshold (0.12%). Below the
bulk percolation threshold, where electrical transport is
predominantly along the surface of the bands, G falls
considerably reaching G = 10�15 for φ = 0.07%. This
suggests that elastomers coated with graphene do
not make good strain sensors. Rather, bulk composites

with graphene content close to the percolation thresh-
old are required.

The maximum observed gauge factor of G = 35 is
relatively high compared to values reported in the
literature (Table S2 (SI)). In addition, G-bands can be
stretched to strains that are extremely high compared
to most reported strain sensors. To compare these
values to the literature, we plot a map of themaximum
reported values of both G and themaximum operating
strain for a range of nanocomposite strain sensors from
both the literature and the study described here
(Figure 3F and Table S2 (SI)). We find the best G-band
strain sensors to have comparable gauge factors to the
best high-strain sensors. However, G-bands described
here work at considerably higher stains than all but the
most extensible strain sensors reported to date.

Dynamic Sensing. The combination of sensitivity and
extensibility (Figure 3F) suggests G-bands to be ideal
for dynamic strain sensing. To test this, we used a
tensile tester to subject G-bands preparedwith a range
of soak times to a cyclic strain profile (Figure 4A,B). The
strain wave was trapezoidal in shape with a frequency
of 0.33 Hz. The minimum strain was 5%, while the
maximum strain was 75% giving a maximum strain
rate of 140%/s. In all cases, log(R) followed the strain
extremely well (Figure 4A,B and SI). The fractional
resistance change over the cycle, (Rmax � Rmin)/Rmin,
is plotted versus graphene volume fraction in
Figure 4C. This data is very similar to that in Figure 3E
and shows the dynamic response to be maximized
for volume fractions just above the bulk percolation
threshold. The ts = 12 h (φ = 0.27%) sample displayed
(Rmax � Rmin)/Rmin = 100 for εmax = 75%. This is
competitive with the best nanocomposite strain
sensors which operate at strains above 1%.8,9,16 For
comparison, Park et al. demonstrated silver nano-
particle/elastomer composites that operated at 1 Hz
displayingmaximum values of (Rmax� Rmin)/Rmin = 3 at
strains up to 16% .8 As with most nanocomposites,54,55

some conditioning is generally observed, here over
the first 200 cycles (Figure 4D and SI). However, after
200 cycles the response is extremely stable.

In these experiments, the frequency was limited by
the tensile tester used. To explore the sensor response
at higher frequencies we used a commercial vibration
generator to drive a piston that oscillated the band
perpendicular to its length (Figure 4E). Using a travel-
ing microscope we could show that, with the band
in place, the piston oscillated like a damped, driven
linear oscillator with amplitude, yamp, which variedwith
frequency, ν, as yamp = yresγν/[(ν

2 � ν0
2)2 þ (γν)2]1/2

where yres = 3.0 mm was the resonant amplitude, γ =
22 Hz was the damping constant and ν0 = 63.5 Hz was
the resonant frequency (see SI). In this geometry and
at low strain, the strain amplitude is given by εamp ≈
2yamp

2 /L0
2. Using an oscilloscope we monitored the

amplitude of resistance oscillation,ΔRamp, as a function

A
RTIC

LE



BOLAND ET AL. VOL. 8 ’ NO. 9 ’ 8819–8830 ’ 2014

www.acsnano.org

8825

of frequency as shown in Figure 4F. BecauseΔR = GR0ε
at low strain, the resistance amplitude is expected to be
given by

ΔRamp � 2R0Gy
2
amp=L

2
0 (4)

As such we fit the data in Figure 4F to

ΔRamp ¼ ΔRres(γν)
2

[(ν2 � ν20)
2 þ (γν)2]

(5)

(i.e., � yamp
2 ) where ΔRres = 7.8 kΩ is the resistance

amplitude on resonance and γ = 24 Hz and ν0 = 63.8.
We note that the fit is very good over all frequencies,
even close to resonancewhere theG-band is subjected
to tensile velocities (i.e., dL/dt), tensile strains and strain
rates of approximately 35 cm/s, 6% and 7000%/s,
respectively. We plot ΔRamp versus yamp in Figure 4F
(inset) showing behavior predicted by eq 4. The cal-
culated gauge factor is plotted versus frequency in
Figure 4G showing approximate frequency indepen-
dence. We note that the sensitivity of this G-band
remains undiminished at frequencies of up to 160 Hz.
We compare our dynamic results to the literature in
Figure 4H (literature data open symbols). We found
G-bands to work at higher combinations of frequency
and strain than any other composite strain sensor.

Kinesthetic Sensing. We believe G-bands to be of
great interest in a range of applications but in particular
as components in medical devices for measuring
human (or animal) bodily motion. To demonstrate
the broad dynamic range of the G-bands, we tested
them as strain sensors in a number of scenarios. By
attaching a G-band across the first knuckle of the index
finger (Figure 5A) we could monitor the relatively
high-strain motion (ε∼ 40%) associated with repeated
bending of the finger (Figure 5B). We could detect
muscular motion associated with clenching and un-
clenching of the fist (ε ∼ 4%) by wrapping a G-band
around the forearm (Figure 5C,D). By attaching the
G-Band to the throat (Figure 5E) we could detect
speech (Figure 5F). However, the G-band is so sensitive
that if the subject did not remain still, small neck move-
ments dominated the response, rendering the throat
movement associated with speech undetectable.

We also attempted to measure the very subtle
motions associated with breathing and pulse. To
monitor breathing, a∼4 cm long G-band was attached
horizontally across the rib cage on the subjects side.
The resistance was monitored over approximately
5 min with the subject sitting in a chair. Figure 5G
shows the resistance-time waveform to be well-
defined and periodic response but also asymmetric.
The Fourier transform (Figure 5H) clearly shows the
Fourier components associated with the breathing
movement. To measure pulse, a band was wrapped
around the tip of the subject's finger (∼20% prestrain)
as a pulse sensor. Under these circumstances, a sym-
metric, periodic waveform was detected (Figure 5I)
with a single Fourier component of frequency ∼1 Hz
(Figure 5J), as expected for human pulse.

Finally, it is worth considering the safety of gra-
phene based strain sensors that might be worn near
the skin. First, we note that recent in vitro tests in our
lab have shown liquid exfoliated graphene to display
virtually no toxicity toward human cells.56 Neverthe-
less, we decided to explore the possibility of graphene
being transferred from the G-band to the skin,

Figure 4. Dynamic motion sensing using G-bands. (A,B)
Resistance change as a response to cyclic strain for bands
preparedwith soak times of 15min (φ = 0.06 vol%) and 12 h
(φ = 0.27 vol %). In both cases the strain wave was trapezoi-
dal in shape with a period 3 s (rise and fall times of 0.5 s and
time atmax andmin 1 s). The minimum strain was 5%, while
the maximum strain was 75%. (C) Fractional resistance
change on cycling plotted versus volume fraction, φ. The
dashed line represents the bulk percolation threshold, φc,U =
0.12%. (D) Resistance data plotted versus cycle number for a
band prepared with soak time of 48 h (φ = 0.56 vol %). (E)
Photograph of a mounted G-band about to be driven to
oscillate perpendicular to its length by a vertically vibrating
piston. (F) Frequency dependence of the peak to peak
resistance change, ΔRamp. The line represents the behavior
expected for a damped driven piston with the resistance
amplitude proportional to the square of the piston ampli-
tude (see text). Inset: Peak to peak resistance change plotted
versus piston displacement amplitude. The line demon-
strates that ΔRamp � yamp

2 . (G) Dynamic gauge factor, G,
plotted versus vibration frequency. (H) Survey of the litera-
ture for dynamic strain sensing with composites. The open
symbols represent nanocomposite sensors reported in the
literature (see Table S2 (SI)). The closed symbols represent
the piston and tensile tester (TT) data from this work.
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specifically in the presence of sweat. To do this, we
sonicated G-bands in human sweat, carefully weighing
the band before and after sonication. On average, we
found a relative mass loss of (1.5 ( 0.75) � 10�3. This
suggests that under very extreme conditions, some of
the graphene may detach from the G-band. However,
in real world applications, this could be mitigated by
encapsulation of the G-band using an appropriate
barrier polymer.

DISCUSSION

The G-band strain sensors described in this work
have four main strengths. The process is potentially
cheap and scalable. Liquid-exfoliated graphene can
be produced in large quantities33 and will be cheap
compared to most nanomaterials. We envisage gra-
phene infusion occurring during rubber production
with very little process modification. In addition, the
sensitivity of these materials is relatively high for a
composite strain sensor (G = 35), making them com-
petitive with most commercial strain sensors. More
importantly, these strain sensors are the most exten-
sible ever demonstrated, performing beyond 800%
strain. This extensibility facilitates the monitoring of
dynamic strain, allowing their use as velocity and
acceleration sensors. Indeed this may be their greatest
strength: these sensors operate at combinations of
frequency and strain amplitude, unheard in any other
strain sensors (e.g., 60 Hz and 6% strain). Moreover, it is
worth noting that the dynamic data we have reported
represent lower performance limits as the strains and
frequencies applied were limited by the equipment
and not the G-bands.
These strain sensors display a number of advantages

over other nanocomposite strain sensors prepared
using fillers such as carbon black, carbon nanotubes,
carbon nanofibers or nanographite. First, we believe

there is a significant advantage to the production
method. Nanocomposite strain sensors are generally
made by solution- ormelt-processing duringwhich the
nanofillers tend to get coated by a layer of polymer.
This can result in significant reductions48 in the σ0
parameter eq 3 meaning that relatively high loading
levels are required to obtain a resistance appropriate
for practical measurements. Such high loading levels
may be undesirable as they can degrade other com-
posite properties such as extensibility.57 In ourmethod,
the graphene enters the polymer by diffusion through
the internal porous structure, resulting in a network of
well-connected flakes with no interflake polymer
layers. The resultant nanocomposites have high values
of σ0, allowing reasonably small resistances to be
achieved for relatively low graphene loading. Impor-
tantly, the process is universal and will allow the
addition of other nanomaterials.
In addition, we believe that graphene as a material

offers certain advantages. As described above, nano-
composite strain sensors should display a reasonable
conductivity at low loading level. To minimize the
percolation threshold,45 large aspect ratio nanofillers
are usually preferable. Nanographite particles typically
display aspect ratios smaller than those associatedwith
graphene leading to percolation thresholds well above
1%.52,58 While carbon nanotubes have large aspect
ratios and have been used to produce composites with
low percolation thresholds,48 nanotubes are expen-
sive, making most composite applications economic-
ally unviable. Carbon fibers have high aspect ratios,
leading to percolation thresholds ∼1%.50,59 However,
due to their relatively large dimensions, carbon fiber-
filled elastomers tend to have very low extensibility,60

making them unsuitable for high-strain applications.
Carbon black (CB) is very cheap and under certain
circumstances can give composites with percolation

Figure 5. ApplicationsofG-bands as bodymonitors. (A) Photoof aG-band connected across a knuckle and (B) resistance trace
as the finger is repeatedly bent. (C) Photo of a G-band wrapped around a forearm and (D) resistance trace as the hand is
repeatedly opened and closed. (E) Photo of a G-band attached to a throat and (F) resistance trace as the word “graphene” is
repeatedly spoken. (G) Resistance traces showing slow breathing. (H) Fast Fourier transform showing Fourier components of
the breathing waveform. (I) Resistance traces showing pulse. (J) Fast Fourier transform showing Fourier components of the
pulse waveform.
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thresholds as low as 1%.58 However, in most cases
CB/polymer composites have percolation thresholds
>10%.61�63 This means large volume fractions are
needed to obtain the required resistances,28 generally
leading to extensibilities that are lower than in the neat
polymer.64 In contrast, the graphene-filled composites
described here have a percolation threshold well
below 1%, extensibilities approaching 1000% and are
expected to be relatively cheap.
These advantages are reflected in the exceptional

performance of these strain sensors that combine high
sensitivity and high rate capability with the potential to
work at high strain. They perform very well compared
to the literature as shown in Figures 3F and 4H. This
combination of properties makes these sensors ideal
for a range of applications from vibrationmonitoring in
the automotive or aerospace industry to kinesthetic
(bodily motion) sensing in the medical devices indus-
try. We believe they are particularly useful in the latter
due to their lightweight nature, high compliance and
the potential to form them into fibrous thread-like
structures. One can envisage weaving G-band based
sensors into clothing tomonitor themotion of athletes
or patients undergoing rehabilitation. Alternatively,

they could be used as early warning systems for cot
death in babies or diagnosis of sleep apnea in adults.
Ultimately, one can imagine a wearable network of
G-bands performing wellness monitoring by continu-
ous recording of functions like breathing, heart rate
and pulse. Indeed, such applications may be realistic
specifically due to the extremely low cost of these
sensors. A typical G-band contains ∼0.1 g of rubber
and <1 mg graphene, making the materials cost
essentially zero. This will make it possible to roll out
G-band based sensors extremely widely, for example,
facilitating use in the developing world.

CONCLUSION

In summary, we have demonstrated a very simple
process for producing graphene�natural rubber
composites. Addition of graphene results in electrical
conductivities as high as 0.1 S/m and so electrical
resistances of <100 kΩ. Critically, the resistance de-
pends strongly on the strain allowing these composites
to function as strain sensors. They are sensitive, dis-
playing gauge factors of up to 35, and operate at high
strains and strain rates, making them ideal for a range
of applications in dynamic strain sensing.

METHODS

G-Band Preparation. A County Stationary No. 32 elastic band
(natural rubber based) was placed in a vial of toluene in a low
power sonic bath (Branson 1510 model 42 kHz) for 3.5 h. Under
these circumstances, the band swells to approximately four
times its initial volume. A dispersion of graphene in NMP was
prepared by ultrasonic tip-sonication (Sonics Vibra Cell model
VCX, 750W, 42 kHz) for 72 h at 45% amplitude. This was then
vacuum filtered to form a film that was redispersed at high
concentration (5 mg/mL) by ultrasonic tip-sonication for 10 min
followed by bath-sonication for 2.5 h.65Water was added to give
a composition of NMP:water = 20:80 by volume (see SI for
optimization of NMP:water ratio) and so an overall graphene
concentration of 1 mg/mL. In the text, such dispersions are
referred to as NMP:water:graphene. The toluene-treated rubber
bands were then directly placed into this dispersion and soaked
for various times from 15 min to 48 h. Critically, tests show the
exfoliated graphene to be very stable for at least 48 h in these
NMP:water mixtures and reasonably stable over 48 h in a
mixture of NMP and toluene (see SI). After soaking, they were
washed by bath sonication in deionized water for 45 min (see
SI for optimization of washing time). After this treatment
the rubber band was left to dry in an oven at 60 C for 72 h.
Thermogravimetry showed virtually no evidence of any residual
solvent remaining after drying in this way (TGA curves compo-
sites differed by no more than 0.3% in the region between
100 �C < T < 200 �C, see SI). It is worth noting that the bands are
unaffected by soaking in NMP, water or NMP:water mixtures
with no apparent dissolution or degradation. We have found
that each step in this process (i.e., soaking in toluene followed
by transfer to graphene:NMP:water) is necessary for the produc-
tion of good quality G-bands.

The mass uptake of graphene was found using an accurate
balance to measure the mass of the bands before and after
soaking, taking due consideration of the mass lost due to the
solvent treatment and cleaning. Mass fraction was converted to
volume fraction takingFgra= 2200kg/m3andFrubber = 1000 kg/m3.
Optical scans were made using an Epson Perfection V700 Photo
flat-bed scanner with a bit depth of 48 bits per pixel and a spatial

resolution of 6400 dpi. The scanner output (in reflective mode)
was converted to reflectivity by scanningwhite andblack objects
to obtain outputs consistent with R ∼ 0 and R ∼ 1 and
subsequently normalizing the signal. Helium ion microscopy
was performed on film fracture surfaces with a Zeiss Orion Plus.
The working distance was ∼5 mm and a 20 μm aperture was
used. The beam current was 0.5 pA with a tilt of 15 degrees.

NMP imaging was performed using an open-access
GARField benchtop permanent magnet, characterized by a
magnetic field of 0.7 T and gradient strength G of 17.5 T/m in
the vertical direction. The strong magnetic field gradient is
generated by two shaped magnet pole pieces and encodes
the spatial position to yield one-dimensional proton profiles
through the sample with amaximum spatial resolution of <8 μm
to a depth of approximately 750 μm into the rubber. A radio-
frequency (RF) planar-spiral surface coil of 6 mm in diameter is
located at the center of the pole gap and selects a comparable
sample planar area. The RF coil has variable capacitors for tuning
and matching, which are placed several coil diameters from the
coil. Molecular mobility is expressed by the self-diffusivity along
the gradient direction and by the NMR longitudinal and trans-
verse relaxation times T1 and T2. These parameters describe the
nuclear spin relaxation caused by molecular rotation, with T2
affected by slower motional processes. For these experiments,
the rubber bands were cut into 450�500 μm thick pieces, and
then placed on the sample stage that is above the coil. The
profile of a dry pristine sample was taken as a reference. The
experiment was performed by depositing a drop of NMP:water:
graphene mixture on the surface of a rubber band and using
NMP to monitor the ingress of the graphene.

Electromechanical Testing. Samples for electrical and electro-
mechanical testing were prepared by cutting the bands into
1.5 or 4 cm segments. Initially, we performed both 2- and
4-probe electrical measurements using a Keithley KE2601
source meter. In all cases both techniques gave the same
resistance indicating the contact resistance to be very small
compared to the band resistance. Subsequently, all measure-
ments were made using 2 probes. A Zwick Z0.5 ProLine Tensile
Tester (100 N Load Cell) was used to apply dynamic strain to the
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band, while a Keithley KE2601 source meter, controlled by
LabView software, was used tomeasure the electrical resistance
of the band as a function of time. The bands were first strained
slowly (10 mm/min) until they reached a preset resistance with
stress, strain and electrical resistance monitored continuously.
This was performed for bands that had been soaked for times
from 15 min and 48 h. In addition, purely mechanical measure-
ments were performed where the G-bands were stretched to
failure (strain rate 10 cm/min).

Dynamic electromechanical testing was performed on
bands soaked for a number of bands spanning the whole range
of soak times. Trapezoidal strain-time profiles were applied
as shown in Figure 4 with resistance and strain monitored as
a function of time for 500�1000 cycles. High rate measure-
mentswere performed using a Philip Harris VibrationGenerator,
a Tektronix TDS3024 oscilloscope to measure the resistance
amplitude and a traveling microscope to measure the vibra-
tion amplitude. The band used for the high frequency measure-
ments had unstrained length and resistance: L0 = 4 cm,
R0 = 220 kΩ.

Samples for the kinesthetic testing were prepared with
bands soaked for 48 h. A band cut into ∼4 cm segment was
taped to the first knuckle of the index finger, which was
wrapped in a finger segment of nitro-cellulose lab glove, using
conductive copper tape. A Keithley KE2601 source meter and
crocodile clips were used to measure the change in resistance
due to joint movement with time.

For themuscular motion detection a bandwas produced by
soaking in the graphene dispersion with a short segment of the
band raised above the surface of the liquid and so unexposed
to the graphene. In this way, the entire band was conducting
except for a short (∼1 cm) long insulating section. The cutoff
wrist section of a nitro-cellulose lab glove was placed through
the band and was pulled over the forearm. The crocodile clips
and leads attached to the source meter were clipped directly to
the band either side of the insulating section.

For speech, breathing, and pulse response an adhesive
bandage was attach to the throat just below the thyroid
cartilage, across the 5,6 and seventh rib and around the tip of
the index finger, respectively. A ∼4 cm band segment in each
casewaswrapped around or put across the bandage.Wire leads
were attached to the bands at either end with conductive
copper tape, which were connected to the source meter, and
held in place over the skin/bandage using household scotch
tape during testing.

G-bands were sonicated in human sweat (obtained from a
subject after jogging while wrapped in plastic) for 2 h using
a sonic bath (Branson 1510) . The bands were then dried in a
vacuum oven at 60 degrees for 24 h
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