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ABSTRACT: Wearable mechanical sensors have the poten-
tial to transform healthcare by enabling patient monitoring
outside of the clinic. A critical challenge in the development of
mechanicale.g., strainsensors is the combination of
sensitivity, dynamic range, and robustness. This work
describes a highly sensitive and robust wearable strain sensor
composed of three layered materials: graphene, an ultrathin
film of palladium, and highly plasticized PEDOT:PSS. The
role of the graphene is to provide a conductive, manipulable
substrate for the deposition of palladium. When deposited at
low nominal thicknesses (∼8 nm), palladium forms a rough,
granular film which is highly piezoresistive (i.e., the resistance increases with strain with high sensitivity). The dynamic range of
these graphene/palladium films, however, is poor and can only be extended to ∼10% before failure. This fragility renders the
films incompatible with wearable applications on stretchable substrates. To improve the working range of graphene/palladium
strain sensors, a layer of highly plasticized PEDOT:PSS is used as a stretchable conductive binder. That is, the conductive
polymer provides an alternative pathway for electrical conduction upon cracking of the palladium film and the graphene. The
result was a strain sensor that possessed good sensitivity at low strains (0.001% engineering strain) but with a working range up
to 86%. The piezoresistive performance can be optimized in a wearable device by sandwiching the conductive composite
between a soft PDMS layer in contact with the skin and a harder layer at the air interface. When attached to the skin of the
torso, the patch-like strain sensors were capable of detecting heartbeat (small strain) and respiration (large strain)
simultaneously. This demonstration highlights the ability of the sensor to measure low and high strains in a single interpolated
signal, which could be useful in monitoring, for example, obstructive sleep apnea with an unobtrusive device.
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■ INTRODUCTION

A major challenge in the development of wearable strain
sensors is to combine low detection limits with high dynamic
range. Ideally, a patch-like device would have the ability to
sense minute mechanical strains originating underneath the
skin (e.g., <0.1%) while also detectingand not being
destroyed bylarge deformations (e.g., >10%). This paper
describes a highly sensitive and stretchable tattoo-like strain
sensor that has a three-layer structure: (1) single-layer
graphene decorated with (2) an ultrathin granular palladium
film coated with (3) a thin film of highly plasticized
PEDOT:PSS (“PEDOT dough”).1 We designed this “struc-
tured blend” to have multiple synergistic, piezoresistive
mechanisms. That is, the graphene provides an ultrathin and
piezoresistive substrate for the deposition of the palladium.
The granular film of palladium enhances the piezoresistive
sensitivity of the graphene at low strains and decreases the
overall electrical resistance. The plasticized PEDOT:PSS
provides mechanical support and piezoresistance at high

strains.1,2 This composite material is capable of detecting
strains as low as 0.001%, is electrically stable when strained as
high as 86% (Figure S3), and can be cyclically strained at least
250 cycles at 10% strain (Figure S7). When attached to the
torso, this piezoresistive sensor produced an interpolated signal
containing large-amplitude modulations in resistance arising
from respiration along with smaller-amplitude ones arising
from heartbeats.

■ BACKGROUND

A variety of physiological processes produce mechanical signals
that manifest at the surface of the skin. These signals include
those arising from heartbeats, respiration, and movements of
the voluntary muscles. Multifunctional wearable health
monitors thus require strain sensors with high sensitivity and
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dynamic range.3−6 The most common type of strain sensor
used for patch-like “epidermal”7 or temporary tattoo-inspired
devices are made using metallic traces, usually with thicknesses
of hundreds of nanometers.8 Metallic traces can be fabricated
by deposition on rigid wafers from which they can be
transferred to stretchable substrates.8 The piezoresistance of a
solid metallic film arises from the change in geometry upon
stretching, in particular the increase in length and reduction in
cross-sectional dimensions. Geometric arguments show that
the gauge factordefined as where is the change in resistance
of the sensor due to strain, is the initial resistance, and is the
applied strainis limited to a maximum of 2.9 While
responsive to modest strains (≤3%), metallic films tend to
crack with greater deformations.10 Additionally, the relatively
low sensitivity of metallic films makes them suitable to detect
only large motions of the body.
To develop strain sensors with higher sensitivity, several

research groups have used polymeric materials containing
conductive nanomaterials as an alternative to metallic traces.
As opposed to solid metallic traces, whose piezoresistance
relies on a predictable change in geometry with strain, the
mechanisms of nanomaterial-based strain sensors rely on
the displacement of conductive particles about their positions
adopted at mechanical equilibrium. The overall mechanical
behavior tends to depend on whether the polymer into which
the nanoparticles are embedded (or onto which they are
deposited) is hard or soft. There are many examples of
piezoresistive nanoparticles integrated with hard polymers. For
example, a sensor composed of carbon nanotubes in an epoxy
matrix was capable of detecting strains as low as 0.01% with a
gauge factor of 2.11 This piezoresistance was attributed to the
decrease in tunneling current as the carbon nanotubes were
pulled apart.11 Other groups developed strain sensors using
graphene particles supported on flexible and stretchable
substrates, capable of detecting low strains (<0.1%) with
wide ranging gauge factors (100−106).12−14 The piezoresist-
ance of graphene appears to arise from a change in electronic
structure, as the elongation of C−C bonds of single-layer
graphene causes a break in sublattice symmetry and opens the
band gap.15,16 Moreover, defects in graphene can also cause
electron scattering that can further increase the resistance
when the graphene is strained.17,18 Other strategies to develop
ultrasensitive piezoresistive films include the use of thin
metallic films on elastomeric substrates that are capable of
detecting strains >1% with gauge factors ranging from 200 to
16000 due to the formation of cracks in the films.19−21 Sensors
based on silicon microelectromechanical systems (MEMS) are
sensitive to small strains (0.00625−0.02%) with gauge factors
of 20−40 but are not as stretchable as strain sensors based on
nanoparticles embedded in or placed upon polymeric
substrates.22−24 While nanoparticle-based piezoresistors inte-
grated with hard polymers are sensitive to small strains, these
materials undergo electrical failure (open circuit) at modest
strains (generally >2%).
The stretchability of a nanoparticle-based strain sensor can

be increased by embedding the conductive particles in an
elastomeric matrix.25−27 Such sensors have been used to
monitor stretching of the skin as a result of, for example, the
bending of a joint.28−31 Although these materials can
accommodate large strains, they are generally not sensitive to
strains of low magnitudes. It has often been observed that
resistive strain sensors exhibit an inverse relationship between
stretchability and sensitivity (e.g., gauge factor) of the

material.32,33 For example, stretchable sensors have been
fabricated by coating elastic fibers with graphene and graphene
oxide particles, which can withstand strains up to 100% and
150% but have gauge factors of only 3.7 and 2,
respectively.34,35 Some methods to develop composite strain
sensors include impregnating polydimethylsiloxane (PDMS)
with a crumpled graphene/nanocellulose mix, stretchable up to
100% with a gauge factor of 7.36 Other groups have made
materials with higher stretchability (∼350%) or higher gauge
factors (∼35), but the same trade-off between stretchability
and sensitivity was observed.37,38 Materials that can withstand
large deformations with high sensitivity are appealing because
they can offer the ability to detect subtle biomechanical signals
interpolated with larger ones when used in wearable health
monitoring applications.
Previous work by our group showed that an ultrathin

palladium film on single-layer graphene transferred to PDMS
can detect strains as low as 0.001% and stretch up to 9%.2

These ultrathin films exhibit an island-like or granular
morphology at nominal thicknesses of ≤10 nm (as measured
by quartz crystal microbalance, QCM, during deposition).
Unlike ultrathin films of other metals, which exhibit a much
more disconnected island morphology and lower sensitivity,
the morphologies of palladium films having the greatest
sensitivity occur at the borderline between the discontinuous
(“nanoisland”) and continuous (though still granular) regimes
with increasing nominal thicknesses. The morphology and
interconnectivity of the grains depend strongly on the
conditions used for deposition (e.g., deposition rate, substrate
temperature, and identity of the substrate supporting the
graphene2). We attribute the piezoresistivity of these films to
several effects, which are operative to different degrees
depending on the exact morphology of the granular film
being used. These effects include (1) increased scattering of
individual metallic nanostructures during stretching, (2)
tunneling between closely spaced adjacent grains, (3) large-
scale cracking and increased tortuosity of initially contiguous
metal, and (4) the native piezoresistivity of graphene.2 These
films have been used by our group in a range of applications:
for example, to monitor swallowing activity in patients treated
for head and neck cancer,39 to detect small strains produced by
the contractions of cardiomyocytes,2 and to measure the
properties of fluids and solid objects in microfluidic devices by
measuring the “bulge” that forms in sidewalls of the channels
during transit.40 A shortcoming of the metal−graphene
composite material is that it is limited by the fragility of
graphene, which has a crack-onset strain of ∼6% when
supported by PDMS.41 This drawback has previously limited
the use of this material to applications where the sensor film
rests on a substrate which was flexible (e.g., polyimide) but not
stretchable.39,42,43

In this work, we report the development of a structured
blend composite material consisting of single-layer graphene,
ultrathin granular palladium, and a highly plasticized
conductive polymer based on poly(3,4-ethylene-
dioxythiophene):poly(styrenesulfonate) (Gr/Pd/PE-
DOT:PSS, Figure 1). The conductivity and stretchability of
PEDOT:PSS are well-known to be improved with the use of
additives; increased stretchability is required to make
PEDOT:PSS compatible with skin-wearable applications.44−46

The formulation of plasticized PEDOT:PSS, described by Oh
and co-workers, consists of 92 wt % PEDOT:PSS (2 wt %
dispersion in water), 3 wt % Triton X-100 (a surfactant), and 5
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wt % dimethyl sulfoxane (DMSO).1 The advantage of stacking
these materials in a structured blendas opposed to mixing
them in a random blendis that sensitivity can be retained
with a wide dynamic range. By use of a stack of conductive
materials, the structured composite can detect strains as low as
0.001%, with stretchability up to 86% (Figure S3), and thus
have the ability to sense the range of strains stemming from
human activity. The device was capable of detecting strains
arising from small- and large-strain events (e.g., simultaneous
detection of heartbeats and respiration), demonstrating its
potential to monitor conditions such as obstructive sleep
apnea.

■ RESULTS AND DISCUSSION
The structured blend of the Gr/Pd/PEDOT:PSS was designed
to combine the high piezoresistivity of the Gr/Pd film with the
stretchability of highly plasticized PEDOT:PSS. Figure 1
illustrates the fabrication of the Gr/Pd/PEDOT:PSS sensor in
two phases (deposition of Gr/Pd and PEDOT:PSS,
respectively). A granular film of palladium (nominal thickness
of 8 nm) was evaporated on top of single-layer graphene
supported on copper foil, followed by a sputter deposition of
50 nm of aluminum through a stencil containing a serpentine
aperture (step 1). The aluminum film served as an etch resist
which would define for the serpentine layout of the Gr/Pd
film. The exposed graphene on both sides of the copper foil
was etched using oxygen plasma. Next, the aluminum film was
etched using a solution of potassium hydroxide (step 2).
Following the etching process, poly(methyl methacrylate)
(PMMA) was deposited on the copper/Gr/Pd substrate by
spin coating (step 2). The copper foil was then etched in a
solution of ammonium persulfate, and the serpentine pattern
of Gr/Pd/PMMA was transferred by a water bath onto a thin
layer of stiff PDMS (1 MPa) (step 3). Once the pattern of Gr/
Pd/PMMA was transferred, the PMMA was dissolved in
acetone, and the PEDOT:PSS formulation was deposited in a
serpentine pattern by spray coating through a different stencil
with the same serpentine pattern (step 4). After deposition of
the PEDOT:PSS formulation, the Gr/Pd/PEDOT:PSS sensor
was addressed with copper wires attached by carbon paint
(step 5). The device was encapsulated by a layer of softer
PDMS (0.15 MPa), deposited by spin coating the mixed
prepolymer followed by thermal curing (step 5).
The piezoresistance of the palladium film on single-layer

graphene is highly dependent on its nominal thickness (and
thus its morphology and interconnectivity). A plot of the sheet
resistance as a function of the nominal thickness of palladium
deposited on top of single-layer graphene is shown in Figure 2.

The sheet resistance of the palladium film on single-layer
graphene exhibits a conspicuous increase from 0 nm (graphene
only) to 2 nm film of palladium. This increase in resistance at
the lowest nominal thicknesses could be attributable to the
formation of Pd−C bonds on defect sites of graphene.47

Palladium adatoms have also been observed to etch the
graphene in the presence of oxygen during evaporation.48 In
the case of graphene transistors, the junction between the
palladium electrodes and the graphene channel has also been
shown to exhibit an increase in contact resistance at room
temperature.49 We attribute the decrease in sheet resistance for

Figure 1. Schematic illustration of process used to fabricate the
structured blend of Gr/Pd/PEDOT:PSS for use as a wearable strain
sensor.

Figure 2. Electronic characterization of palladium films on single-layer
graphene. Sheet resistance of discontinuous palladium films on single-
layer graphene as a function of nominal thickness of palladium
evaporated on top of the graphene layer.
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nominal thicknesses of palladium >2 nm to the formation of a
subcontiguous and eventually a continuous film of palladium at
a thickness of 10 nm.
The morphologies of the films at 2, 6, and 10 nm nominal

thickness are shown in the atomic force microscopy (AFM)
and scanning electron microscopy (SEM) images in Figure 3.

At a low nominal thickness of palladium, the morphology of
the film appears to have grains of a minute size (∼5−10 nm
diameter), with nanoscopic gaps between palladium grains
(∼10−15 nm). As more palladium is deposited, between 2 and
6 nm (4 nm palladium seen in Figure S2), the grains appear to
bridge together, and the spacing between these bridged grains
increases when compared to the thickness of 2 nm. This
bridging continues at higher thicknesses, between 8 nm (seen
in Figure S2) and 10 nm, where the grains join toward a solid,

visually contiguous film, with high surface coverage of the large
palladium grains. The coverage seen in the microscopy images
help explain the sheet resistance measurements for these
respective nominal thicknesses, as the difference in sheet
resistance lessens as more palladium is deposited, indicative of
the formation of a bulk palladium film at 10 nm.
The piezoresistance of the composite film is affected by the

piezoresistive response of the individual components. Figure 4
shows the normalized change in resistance experienced by the
films on glass coverslips (thickness ∼130 μm) when bent over
a step edge of 13 μm, producing a tensile strain of 0.001%.
These experiments were performed for five different materials:
PEDOT:PSS “dough” (4a), 20 nm solid palladium film (4b),
single-layer graphene (4c), graphene supporting 8 nm
palladium film (4d), and the complete structured blend (4e).
The PEDOT:PSS “dough” and the solid palladium film do not
produce a piezoresistive signal at these low strains. In contrast,
a clear piezoresistive response of single-layer graphene,
ultrathin palladium (8 nm), and the Gr/Pd/PEDOT:PSS
composite film is seen in Figure 4c−e. Measurement of large
and small deformations associated with physiological signals,
however, requires the ability to be stretched while maintaining
sensitivity at these higher strains.
After the sensitivity of the structured blend to ultralow

strains was confirmed, the material was incorporated into a
wearable device. In this application, the device needed to
adhere conformally to skin, resist the formation of cracks in the
sensor film, and have a wide dynamic range. The stability of
the sensor on the skin depended on the stiffness of the
elastomeric layers used for both the substrate (the layer in
contact with the skin and supporting the graphene) and the
encapsulant (the layer in contact with the PEDOT:PSS and
the air). To minimize the mismatch in stiffness between the
skin and the sensor, and thus improve adhesion to the skin, we
used PDMS with a relatively low modulus (0.15 MPa). (Softer
PDMS also has an inherent viscoelastic tack that further
improved adhesion to the skin.) To reduce the mismatch in
modulus between the sensor layer and the encapsulant, and
thus reduce the propensity for cracking, we used PDMS with a
modulus of 1 MPa for the skin interface.50,51 It should be

Figure 3.Morphological characterization of palladium films on single-
layer graphene. Atomic force microscopy (AFM) results depicting (a)
height and (b) phase images depicting the palladium films of various
thicknesses on single-layer graphene. (c) Scanning electron
microscopy (SEM) images of palladium films of various nominal
thicknesses on single-layer graphene.

Figure 4. Piezoresistive characterization of the Gr/Pd/PEDOT:PSS material and its components on glass coverslips bent over a step edge of 13 μm
(0.001% strain at the apex). Piezoresistive response of (a) pure PEDOT:PSS, (b) a 20 nm palladium film, (c) single-layer graphene, (d) single-layer
graphene decorated with a granular palladium film of 8 nm nominal thickness, and (e) the complete composite of the Gr/Pd/PEDOT:PSS
material.
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noted that this reduction in modulus mismatch, which affects
propensity in cracking, can lead to a reduction in the sensitivity
(i.e., gauge factor) at higher strains, as seen in Figure S3.
Sensitivity to biaxial strains was afforded by patterning the
sensor film into serpentines with a deposition mask.
The force−strain curve of the composite sensor is shown in

Figure 5a. The behavior is dominated by the stiffest material in

the device stack, in this case PDMS with a modulus of 1 MPa.
The piezoresistive behavior and the photographic images of
the rectangular Gr/Pd/PEDOT:PSS films with different
encapsulants demonstrate that a use of a stiffer encapsulant
reduces the formation of cracks and attenuates the gauge factor
at higher strain regimes (Figure S3). The combination of

functions stemming from the sensor design enables increased
signals when detecting smaller strain without risking signals
saturation stemming from larger deformations.
We then tested whether the sensor was capable of measuring

both small and large strains simultaneously in a wearable
device. Informed by our analysis, we placed the sensors under
the left pectoral muscle of a healthy human subject (Figure
6a). The device is subject to stretch to approximately 10−15%
strain when placed under the body, which can be well
accommodated by the device, as indicated in the finite element
analysis (FEA) simulation in Figure 6b. Additionally, these
strains are well within the strain regime where the biaxial strain
gauge has more sensitivity over the rectangular-shaped devices
seen in Figure S3. The device was capable of reliably detecting
large human motions, such as wrist bends, seen in Figure S8.
While the sensor was able to detect the motions of the wrist,
there were spikes in resistance stemming from the initiation of
the wrist movement (bending or unbending). This can
possibly be attributed to the viscoelastic response of the
device when undergoing large strains at short time scales. The
material can reliably perform and detect strains in the sensor
device on nonsmooth surfaces such as the human body. The
ability to detect ultralow strain signals and larger stretching
deformations can be seen in Figure 6c,d, as the sensor can
detect heartbeats regardless of whether or not the human
subject is breathing. This application highlights the com-
plementarity of sensitive nanoscale piezoresistors with
conductive polymers. The ability to detect heartbeats and
respiration simultaneously can enable the development of
deployable sensors to potentially monitor and diagnose health
disorders such as obstructive sleep apnea, whose diagnosis
currently requires polysomnography using bulky equip-
ment.52−57

■ CONCLUSIONS

We have shown that a structured blend consisting of graphene,
an ultrathin granular palladium film, and highly plasticized

Figure 5. Characterization of Gr/Pd/PEDOT:PSS in a biaxial strain
sensor pattern under uniaxial strain. The (a) stress−strain curve, (b)
gauge factor, (c) photographic images, and (d) finite element analysis
(FEA) of the Gr/Pd/PEDOT:PSS structured blend, with a 1 MPa
PDMS encapsulant and a 0.15 MPa PDMS substrate.

Figure 6. On-body testing of the Gr/Pd/PEDOT:PSS material with a 1 MPa PDMS encapsulant and a 0.15 MPa PDMS substrate, patterned into a
serpentine strain gauge design. (a) Photograph and side view schematic of the wearable Gr/Pd/PEDOT:PSS sensor with a 1 MPa PDMS
encapsulant and a 0.15 MPa PDMS substrate on the body of a human subject. (b) Finite element analysis (FEA) of the patterned Gr/Pd/
PEDOT:PSS sensor as the material accommodates stress stemming from a normal force, simulating the force stemming from a heartbeat and/or
respiration. Piezoresistive response of the patterned Gr/Pd/PEDOT:PSS sensor to simulations of (c) obstructive sleep apnea and (d) normal sleep
by the human subject.
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PEDOT:PSS can exhibit low detection limits, high sensitivities,
and sufficient stretchability for wearable applications. In
particular, the layer-by-layer architecture of Gr/Pd/PE-
DOT:PSS enables a multimodal piezoresistive response over
different strain regimes. This proof-of-concept application
demonstrates the potential use of materials like Gr/Pd/
PEDOT:PSS to remotely monitor patients who suffer from
conditions like obstructive sleep apnea, suffered by 3−5% of
the global population.58,59 The data provided by a sensor like
this can offer more actionable data to a user, such as a trained
medical professional, and help them come to a decision that
would otherwise not benefit the patient in time. In a larger
context, materials like Gr/Pd/PEDOT:PSS represent potential
materials-based solutions to real-world applications, where
complex strains stemming from subtle and large strains need to
be detected.

■ METHODS
Fabrication of the Sensor. Step 1: A nominal thickness of 8 nm

of palladium nanoislands was deposited on top of single layer-
graphene on copper foil (GrollTex, Inc.) using thermal evaporation
(Orion System, AJA International) at a rate of 0.02 Å/s. A stainless
steel stencil (Metal Etch Services, San Marcos, CA) was used to
deposit the palladium nanoislands in a serpentine strain gauge shape,
as shown in Figure 1. 50 nm of aluminum was deposited at 1.5 Å/s on
top of the palladium by sputtering. The aluminum layer served as a
mask to selectively etch off the graphene around the strain gauge
pattern. Step 2: The graphene surrounding the design was then etched
by oxygen plasma for 5 min. Afterward, the graphene on the back of
the copper foil was etched off by oxygen plasma for 5 min. Similarly,
the aluminum film was etched by submerging the sensor films into
0.025 M KOH in water (Fisher Scientific) for 1 min, leaving the
serpentine strain gauge shape that comprises palladium nanoislands
on a single layer of graphene. After etching the aluminum film, 4 mass
% PMMA (product no. 43982, Alfa Aesar) in anisole (Acros
Organics) was deposited on top of the palladium nanoislands/
graphene/copper by spin coating (4000 rpm, 4000 rpm/s, 60 s). The
film was then heated to 150 °C for 5 min to remove residual solvent.
Step 3: The supporting copper foil was etched away in 0.05 g/mL
ammonium persulfate (Acros Organics) in water. The film of Gr/Pd/
PMMA was transferred out of the ammonium persulfate by adhering
the edge of the film to a glass slide, lifting out the film from the
ammonium persulfate, and plunging the glass slide into a water bath,
releasing the film on the surface of the water.
A thin layer of 1 MPa PDMS was prepared by spin coating (2500

rpm, 2000 rpm/s, 5 min) a precured mix (10 prepolymer:1 curing
agent by weight) onto a sheet of tattoo paper with a water-soluble
layer (Laser Temporary Tattoo Kit, Papilio) followed by subsequent
curing on a hot plate for 5 min at 150 °C. The 1 MPa PDMS tattoo
paper was then cut and mounted on a 7.62 cm × 5.08 cm glass slide
using polyimide tape (Caplinq, Product No. PIT0.5S UT/25.4). The
Gr/Pd/PMMA film was then transferred onto the 7.62 cm × 5.08 cm
encapsulant of 1 MPa PDMS on tattoo paper by a water transfer
technique, resulting in tattoo paper/PDMS/Gr/Pd/PMMA. Step 4:
After transferring the obtaining the 1 MPa PDMS/Gr/Pd/PMMA
architecture, the PMMA was dissolved in a hot acetone bath of
around 40 °C for 1 min. The polyimide tape used to mount the tattoo
paper/1 MPa PDMS sample prevented the acetone from seeping and
prematurely soaking the tattoo paper. After the bath, the sample was
immediately rinsed with IPA and placed under vacuum to dry. The
PEDOT:PSS formulation was deposited by spray coating through a
serpentine stencil. A bulk solution of the PEDOT:PSS formulation
(92 wt % PEDOT:PSS, 3 wt % Triton X-100, and 5 wt % DMSO) was
made and diluted in water (3 water:1 PEDOT:PSS) to prevent
clogging in the spray gun (200-9 Fine Head Gravity Feed Airbrush
(G), Badger Air-Brush Co.).
The tattoo paper/1 MPa PDMS/Gr/Pd device was centered on a

14 cm diameter hot plate set to 150 °C. The spray gun was fixed to a

metal stand at a distance of 16.5 cm and at an angle of 60°, both
measured from sample to airbrush tip (see Figure S1). The first step
of the spraying routine consisted of six sprays (1 s duration each) that
served as primer layers to improve the PEDOT:PSS formulation’s
wettability. The deposition of the primer layers was followed by four
10 s spray intervals and eight 20 s spray intervals (200 s duration, total
deposition time: 206 s). Between each spray interval, the sample was
rotated by 90°, the stencil was lifted from the PMMA/Gr/Pd/
PEDOT:PSS surface, and the PEDOT dough was allowed to dry for 1
min. Step 5: After spraying the PEDOT:PSS formulation, the sensor
was addressed with copper wire; carbon paint was painted on the
contact area (DAG-T-502, Ted Pella, Inc.) and left to dry in a fume
hood. Finally, the device was encapsulated by spin coating 0.15 MPa
PDMS [30 prepolymer:1 curing agent by weight] (4000 rpm, 4000
rpm/s, 60 s) and curing the PDMS for 5 min at 150 °C on a hot plate,
resulting in the finished device (tattoo paper/1 MPa PDMS/Gr/Pd/
PEDOT:PSS/0.15 MPa PDMS).

Cantilever Experiment. For the cantilever strain experiment,
where the materials were strained to 0.001% (seen in Figure 2), a 1
cm × 0.5 cm film of the respective materials was transferred and/or
deposited on the center of a 2.54 cm × 2.54 cm glass coverslip (Sail
Brand, 22 mm × 22 mm, 130−170 μm thickness). The device on the
coverslip was then partially suspended and clamped with a 1.27 cm
overlap, over a step edge of ∼13 μm, made by adhering polyimide
tape (Caplinq, Product No. PIT0.5S UT/25.4) to a 7.62 cm × 5.08
cm glass slide. The tensile strain applied to the sensor device was
calculated by FEA analysis of our experimental setup, previously
published by our group.2

Pull Test of the Gr/Pd/PEDOT:PSS Sensor Device. Pull test
measurements were conducted using a Keithley 2611B source meter
running a custom LABView program and a Mark-10 force gauge (MS-
05). The sensor sample was cut out of the 7.62 cm × 5.08 cm glass
slide. The tattoo paper backing was removed with a wet KimWipe,
and the sample was transferred to the grips of the force gauge and
addressed to the source meter. The sample was pulled at a speed of 1
mm/s while running the source meter and the force gauge
simultaneously.

FEA Modeling. All finite element analysis models were done using
Fusion360 (Autodesk). The film thicknesses were scaled by 10 to
prevent failure of the simulation. A load of 6 N was applied in all cases
(uniaxial strain and strain normal to the device plane).

On Body Experiments. On body measurements were conducted
using a Keithley 2611B running LABView. The sample was cut out of
the 7.62 cm × 5.08 cm glass slide. The sensor was placed on the
ribcage, slightly under the chest, while the subject was lying down.
The tattoo paper backing was removed with a wet KimWipe, which
dissolved the water-soluble film on the tattoo paper. The wires of the
sensor device were addressed to the Keithley 2400 source meter, and
the data were obtained while the healthy subject breathed in the
supine position.
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C.; Sterner, M.; Wagner, S.; Vaziri, S.; Forsberg, F.; Esseni, D.; et al.
Piezoresistive Properties of Suspended Graphene Membranes under
Uniaxial and Biaxial Strain in Nanoelectromechanical Pressure
Sensors. ACS Nano 2016, 10 (11), 9879−9886.
(18) Smith, A. D.; Niklaus, F.; Paussa, A.; Vaziri, S.; Fischer, A. C.;
Sterner, M.; Forsberg, F.; Delin, A.; Esseni, D.; Palestri, P.; et al.
Electromechanical Piezoresistive Sensing in Suspended Graphene
Membranes. Nano Lett. 2013, 13 (7), 3237−3242.
(19) Yang, T.; Li, X.; Jiang, X.; Lin, S.; Lao, J.; Shi, J.; Zhen, Z.; Li,
Z.; Zhu, H. Structural Engineering of Gold Thin Films with Channel
Cracks for Ultrasensitive Strain Sensing. Mater. Horiz. 2016, 3 (3),
248−255.
(20) Kang, D.; Pikhitsa, P. V.; Choi, Y. W.; Lee, C.; Shin, S. S.; Piao,
L.; Park, B.; Suh, K. Y.; Kim, T. IL; Choi, M. Ultrasensitive
Mechanical Crack-Based Sensor Inspired by the Spider Sensory
System. Nature 2014, 516 (7530), 222−226.
(21) Park, B.; Kim, J.; Kang, D.; Jeong, C.; Kim, K. S.; Kim, J. U.;
Yoo, P. J.; Kim, T. Dramatically Enhanced Mechanosensitivity and
Signal-to-Noise Ratio of Nanoscale Crack-Based Sensors: Effect of
Crack Depth. Adv. Mater. 2016, 28 (37), 8130−8137.
(22) Cao, L.; Kim, T. S.; Mantell, S. C.; Polla, D. L. Simulation and
Fabrication of Piezoresistive Membrane Type MEMS Strain Sensors.
Sens. Actuators, A 2000, 80 (3), 273−279.
(23) Mohammed, A. A. S.; Moussa, W. A.; Lou, E. Development and
Experimental Evaluation of a Novel Piezoresistive MEMS Strain
Sensor. IEEE Sens. J. 2011, 11 (10), 2220−2232.
(24) Hautamaki, C.; Zurn, S.; Mantell, S. C.; Polla, D. L.
Experimental Evaluation of MEMS Strain Sensors Embedded in
Composites. J. Microelectromech. Syst. 1999, 8 (3), 272−279.
(25) Seyedin, M. Z.; Razal, J. M.; Innis, P. C.; Wallace, G. G. Strain-
Responsive Polyurethane/PEDOT:PSS Elastomeric Composite Fi-
bers with High Electrical Conductivity. Adv. Funct. Mater. 2014, 24
(20), 2957−2966.
(26) Cheng, Y.; Wang, R.; Chan, K. H.; Lu, X.; Sun, J.; Ho, G. W. A
Biomimetic Conductive Tendril for Ultrastretchable and Integratable
Electronics, Muscles, and Sensors. ACS Nano 2018, 12 (4), 3898−
3907.
(27) Lipomi, D. J.; Vosgueritchian, M.; Tee, B. C. K.; Hellstrom, S.
L.; Lee, J. A.; Fox, C. H.; Bao, Z. Skin-like Pressure and Strain Sensors
Based on Transparent Elastic Films of Carbon Nanotubes. Nat.
Nanotechnol. 2011, 6 (12), 788−792.
(28) Jing, X.; Mi, H.; Lin, Y.; Enriquez, E.; Peng, X.; Turng, L.
Highly Stretchable and Biocompatible Strain Sensors Based on
Mussel-Inspired Super-Adhesive Self-Healing Hydrogels for Human
Motion Monitoring. ACS Appl. Mater. Interfaces 2018, 10, 20897−
20909.
(29) Yamada, T.; Hayamizu, Y.; Yamamoto, Y.; Yomogida, Y.; Izadi-
Najafabadi, A.; Futaba, D. N.; Hata, K. A Stretchable Carbon
Nanotube Strain Sensor for Human-Motion Detection. Nat. Nano-
technol. 2011, 6 (5), 296−301.
(30) Roh, E.; Hwang, B. U.; Kim, D.; Kim, B. Y.; Lee, N. E.
Stretchable, Transparent, Ultrasensitive, and Patchable Strain Sensor
for Human-Machine Interfaces Comprising a Nanohybrid of Carbon

ACS Applied Nano Materials Article

DOI: 10.1021/acsanm.9b00174
ACS Appl. Nano Mater. XXXX, XXX, XXX−XXX

G

http://orcid.org/0000-0002-5808-7765
http://dx.doi.org/10.1021/acsanm.9b00174


Nanotubes and Conductive Elastomers. ACS Nano 2015, 9 (6),
6252−6261.
(31) Hwang, B. U.; Lee, J. H.; Trung, T. Q.; Roh, E.; Kim, D. IL;
Kim, S. W.; Lee, N. E. Transparent Stretchable Self-Powered
Patchable Sensor Platform with Ultrasensitive Recognition of
Human Activities. ACS Nano 2015, 9 (9), 8801−8810.
(32) Amjadi, M.; Kyung, K. U.; Park, I.; Sitti, M. Stretchable, Skin-
Mountable, and Wearable Strain Sensors and Their Potential
Applications: A Review. Adv. Funct. Mater. 2016, 26 (11), 1678−
1698.
(33) Wu, H.; Liu, Q.; Chen, H.; Shi, G.; Li, C. Fibrous Strain Sensor
with Ultra-Sensitivity, Wide Sensing Range, and Large Linearity for
Full-Range Detection of Human Motion. Nanoscale 2018, 10 (37),
17512−17519.
(34) Cheng, Y.; Wang, R.; Sun, J.; Gao, L. A Stretchable and Highly
Sensitive Graphene-Based Fiber for Sensing Tensile Strain, Bending,
and Torsion. Adv. Mater. 2015, 27 (45), 7365−7371.
(35) Park, J. J.; Hyun, W. J.; Mun, S. C.; Park, Y. T.; Park, O. O.
Highly Stretchable and Wearable Graphene Strain Sensors with
Controllable Sensitivity for Human Motion Monitoring. ACS Appl.
Mater. Interfaces 2015, 7 (11), 6317−6324.
(36) Yan, C.; Wang, J.; Kang, W.; Cui, M.; Wang, X.; Foo, C. Y.;
Chee, K. J.; Lee, P. S. Highly Stretchable Piezoresistive Graphene-
Nanocellulose Nanopaper for Strain Sensors. Adv. Mater. 2014, 26
(13), 2022−2027.
(37) Gong, S.; Lai, D. T. H.; Su, B.; Si, K. J.; Ma, Z.; Yap, L. W.;
Guo, P.; Cheng, W. Highly Stretchy Black Gold E-Skin Nanopatches
as Highly Sensitive Wearable Biomedical Sensors. Adv. Electron.
Mater. 2015, 1, 1400063.
(38) Gong, S.; Lai, D. T. H.; Wang, Y.; Yap, L. W.; Si, K. J.; Shi, Q.;
Jason, N. N.; Sridhar, T.; Uddin, H.; Cheng, W. Tattoolike
Polyaniline Microparticle-Doped Gold Nanowire Patches as Highly
Durable Wearable Sensors. ACS Appl. Mater. Interfaces 2015, 7 (35),
19700−19708.
(39) Ramírez, J.; Rodriquez, D.; Qiao, F.; Warchall, J.; Rye, J.; Aklile,
E.; Chiang, A. S.-C.; Marin, B. C.; Mercier, P. P.; Cheng, C. K.; et al.
Metallic Nanoislands on Graphene for Monitoring Swallowing
Activity in Head and Neck Cancer Patients. ACS Nano 2018, 12
(6), 5913−5922.
(40) Dhong, C.; Edmunds, S. J.; Ramírez, J.; Kayser, L. V.; Chen, F.;
Jokerst, J. V.; Lipomi, D. J. Optics-Free, Non-Contact Measurements
of Fluids, Bubbles, and Particles in Microchannels Using Metallic
Nano-Islands on Graphene. Nano Lett. 2018, 18 (8), 5306−5311.
(41) Bae, S.; Kim, H.; Lee, Y.; Xu, X.; Park, J. S.; Zheng, Y.;
Balakrishnan, J.; Lei, T.; Ri Kim, H.; Song, Y., II; et al. Roll-to-Roll
Production of 30-Inch Graphene Films for Transparent Electrodes.
Nat. Nanotechnol. 2010, 5 (8), 574−578.
(42) Marin, B. C.; Root, S. E.; Urbina, A. D.; Aklile, E.; Miller, R.;
Zaretski, A. V.; Lipomi, D. J. Graphene-Metal Composite Sensors
with Near-Zero Temperature Coefficient of Resistance. ACS Omega.
2017, 2 (2), 626−630.
(43) Marin, B. C.; Liu, J.; Aklile, E.; Urbina, A. D.; Chiang, A. S. C.;
Lawrence, N.; Chen, S.; Lipomi, D. J. SERS-Enhanced Piezoplas-
monic Graphene Composite for Biological and Structural Strain
Mapping. Nanoscale 2017, 9 (3), 1292−1298.
(44) Savagatrup, S.; Chan, E.; Renteria-Garcia, S. M.; Printz, A. D.;
Zaretski, A. V.; O’Connor, T. F.; Rodriquez, D.; Valle, E.; Lipomi, D.
J. Plasticization of PEDOT:PSS by Common Additives for
Mechanically Robust Organic Solar Cells and Wearable Sensors.
Adv. Funct. Mater. 2015, 25 (3), 427−436.
(45) Vosgueritchian, M.; Lipomi, D. J.; Bao, Z. Highly Conductive
and Transparent PEDOT:PSS Films with a Fluorosurfactant for
Stretchable and Flexible Transparent Electrodes. Adv. Funct. Mater.
2012, 22 (2), 421−428.
(46) Dimitriev, O. P.; Grinko, D. A.; Noskov, Y. V.; Ogurtsov, N. A.;
Pud, A. A. PEDOT:PSS Films-Effect of Organic Solvent Additives and
Annealing on the Film Conductivity. Synth. Met. 2009, 159 (21−22),
2237−2239.

(47) Gong, C.; McDonnell, S.; Qin, X.; Azcatl, A.; Dong, H.; Chabal,
Y. J.; Cho, K.; Wallace, R. M. Realistic Metal-Graphene Contact
Structures. ACS Nano 2014, 8 (1), 642−649.
(48) Ramasse, Q. M.; Zan, R.; Bangert, U.; Boukhvalov, D. W.; Son,
Y. W.; Novoselov, K. S. Direct Experimental Evidence of Metal-
Mediated Etching of Suspended Graphene. ACS Nano 2012, 6 (5),
4063−4071.
(49) Xia, F.; Perebeinos, V.; Lin, Y. M.; Wu, Y.; Avouris, P. The
Origins and Limits of Metal-Graphene Junction Resistance. Nat.
Nanotechnol. 2011, 6 (3), 179−184.
(50) Rodriquez, D.; Kim, J.-H.; Root, S. E.; Fei, Z.; Boufflet, P.;
Heeney, M.; Kim, T.-S.; Lipomi, D. J. Comparison of Methods for
Determining the Mechanical Properties of Semiconducting Polymer
Films for Stretchable Electronics. ACS Appl. Mater. Interfaces 2017, 9
(10), 8855−8862.
(51) Alkhadra, M. A.; Root, S. E.; Hilby, K. M.; Rodriquez, D.;
Sugiyama, F.; Lipomi, D. J. Quantifying the Fracture Behavior of
Brittle and Ductile Thin Films of Semiconducting Polymers. Chem.
Mater. 2017, 29 (23), 10139−10149.
(52) Gao, X.; Zhang, J.-J.; Ge, Z.; Jiang, X.-M.; Xiao, P.-X.; Tian, N.-
L.; Kan, J.; Lee, C.; Chen, S. Obstructive Sleep Apnea Affects the
Clinical Outcomes of Patients Undergoing Percutaneous Coronary
Intervention. Patient Prefer. Adherence. 2016, 871.
(53) Gami, A. S.; Olson, E. J.; Shen, W. K.; Wright, R. S.; Ballman,
K. V.; Hodge, D. O.; Herges, R. M.; Howard, D. E.; Somers, V. K.
Obstructive Sleep Apnea and the Risk of Sudden Cardiac Death: A
Longitudinal Study of 10,701 Adults. J. Am. Coll. Cardiol. 2013, 62
(7), 610−616.
(54) Pedrosa, R. P.; Drager, L. F.; Gonzaga, C. C.; Sousa, M. G.; De
Paula, L. K. G.; Amaro, A. C. S.; Amodeo, C.; Bortolotto, L. A.;
Krieger, E. M.; Bradley, T. D.; et al. Obstructive Sleep Apnea: The
Most Common Secondary Cause of Hypertension Associated with
Resistant Hypertension. Hypertension 2011, 58 (5), 811−817.
(55) Gottlieb, D. J.; Yenokyan, G.; Newman, A. B.; O’Connor, G.
T.; Punjabi, N. M.; Quan, S. F.; Redline, S.; Resnick, H. E.; Tong, E.
K.; Diener-West, M.; et al. Prospective Study of Obstructive Sleep
Apnea and Incident Coronary Heart Disease and Heart Failure: The
Sleep Heart Health Study. Circulation 2010, 122 (4), 352−360.
(56) Ferre,́ A.; Vila, J.; Jurado, M. J.; Arcalis, N.; Camps, J.;
Cambrodi, R.; Romero, O. Sleep-Related Painful Erections Associated
with Obstructive Sleep Apnea Syndrome. Arch. Sex. Behav. 2012, 41
(4), 1059−1063.
(57) Abouda, M.; Jomni, T.; Yangui, F.; Charfi, M. R.; Arnulf, I.
Sleep-Related Painful Erections in a Patient With Obstructive Sleep
Apnea Syndrome. Arch. Sex. Behav. 2016, 45 (1), 241−245.
(58) Franklin, K. A.; Lindberg, E. Obstructive Sleep Apnea Is a
Common Disorder in the Population-A Review on the Epidemiology
of Sleep Apnea. J. Thorac. Dis. 2015, 7 (8), 1311−1322.
(59) Punjabi, N. M. The Epidemiology of Adult Obstructive Sleep
Apnea. Proc. Am. Thorac. Soc. 2008, 5 (2), 136−143.

ACS Applied Nano Materials Article

DOI: 10.1021/acsanm.9b00174
ACS Appl. Nano Mater. XXXX, XXX, XXX−XXX

H

http://dx.doi.org/10.1021/acsanm.9b00174

