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A Carbon Flower Based Flexible Pressure Sensor Made

from Large-Area Coating

Stephen JK O’Neill, Huaxin Gong, Naoji Matsuhisa, Shucheng Chen, Hanul Moon,
Hung-Chin Wu, Xianfeng Chen, Xiaodong Chen, and Zhenan Bao*

Flexible pressure sensors are an essential part of robotic skin for human-
machine interfaces, wearables, and implantable biomedical devices. However,
the desirable characteristics of high sensitivity, conformability, and good
scalability are often mutually exclusive. Here, a highly sensitive and flexible
pressure sensor that can be easily fabricated by coating a carbon flower and
elastomer composite is presented. The composite made from uniform-sized
carbon flower particles exhibits a contact-based mechanism for pressure
sensing, as opposed to typical carbon black pressure sensitive composites
which utilize percolation as the sensing mechanism. The contact mechanism
allows for an active layer down to 13 um, and a bending insensitivity down to
a 5.5 mm bending radius, while maintaining a high sensitivity. Furthermore,
the composite is printed over a large 1 m X 2 cm pressure sensing area,
showing the preparation of this sensor can be scaled to large area.

Flexible pressure sensors allow electronic skins and wearable/
implantable devices to conform with the surfaces of robotic
hands or human organs for sensing the surrounding envi-
ronment or continuous healthcare monitoring.'”! Potential
applications include human—machine interfaces,® heart and
respiration rate monitoring,®! prosthetics,™ wound moni-
toring,?l and artificial robotics.["*!
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To date, typical flexible pressure sen-
sors are based on an induced change in
either resistance or capacitance. This is
mostly attributed to elastomer deforma-
tion when pressure is applied. Recently,
the sensitivity of these sensors has been
significantly improved by using pyramidal
or dome-shaped elastomer microstruc-
tures.37 This allows for a high sensitivity
due to a large deformation of microstruc-
ture tips with only a small force applica-
tion, causing a dramatic change in capaci-
tance. Conductive microstructures have
also been demonstrated with hierarchal
carbon nanotube/graphene microstruc-
tures using polydimethylsiloxane (PDMS)
molds or chemical vapor deposition (CVD)
techniques, which allow for a dramatic
change in contact resistance with pressure.>!° Another way
to improve sensitivity is using a microfoam structure, where
foams are easily deformed when pressure is applied. This
causes either a capacitance change,"% or a resistance change
due to increasing connections within a conductive-foam active
layer.[20-22]

As a potential alternative, printable piezoresistive com-
posite based pressure sensors have been developed as they
can be fabricated using a one-step solution process and avoid
the use of costly micro/nanofabrication techniques.?*?4 Their
simplicity of design allows for a roll-to-roll fabrication process
that has superb scalability and cost effectiveness, thus is highly
favorable for applications involving pressure sensors over a
large area, such as wearable devices or electronic skins. The
common mechanism is based on percolation of conducting
pathways, where the elastomer is deformed, and the number of
conductive pathways increases.

One drawback of printable pressure sensors is that their
flexibility has been limited, which can reduce their skin con-
formability and biocompatibility. This is because percolation
based pressure sensors require considerable thicknesses as well
as high filler concentrations (=37 vol%) to achieve high sensi-
tivity.2324 The variation of sensor performance with thickness
can also be a detriment to large-scale printing and coating,
where uneven thickness can be common. Although thickness
insensitive pressure sensing was demonstrated by electrospin-
ning of 2 um thick composites,” conventional printing pro-
cesses such as blade coating is favorable due to the very high
throughput in the large-area printing. In addition, the sensing
range was limited only to 1 kPa. Recently, we developed a type
of 3D hierarchical porous carbon material with flower-like
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Figure 1. A flexible, printed pressure sensor employing a composite of carbon flower and SEBS. a) The device structure. b) An SEM image of carbon
flower. c) An AFM image of the printed composite. d) An SEM image of the surface of the printed composite. e) The proposed mechanism for pres-

sure sensing.

superstructures (carbon flowers), whose size is uniform around
950 nm average size with low dispersity.?’l We hypothesized
that the carbon flowers could be used to make a printable com-
posite with a rough surface to allow for a pressure sensor with a
contact-based mechanism. By enabling a contact-based mecha-
nism, a thin active layer can be achieved because only the inter-
face between the electrode and composite contributes to the
pressure sensing. Contact-based mechanisms also usually give
fast response times, which is important for skin-mimicking
applications.?°!

Here, we demonstrate a highly sensitive, flexible pressure
sensor prepared by coating a composite of carbon flowers and
an elastic polymer, poly(styrene-ethylene-butylene-styrene)
(SEBS). The printed composite has a rough surface to enable
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pressure sensors with a contact-based mechanism. The sensi-
tivity of this type of pressure sensor is insensitive to the thick-
ness of the composite, and similar performance is observed
from a thickness of 67 um down to a thickness of 13 um. This
thin active layer provides high flexibility to the pressure sen-
sors, with a bending radius of 5.5 mm. Pressure sensors were
fabricated over a large area of 1 m X 2 cm, and showed high
sensitivity and dynamic range.

Figure 1 shows the pressure sensor studied in this work.
Figure 1b shows a typical scanning electron microscopy (SEM)
image of our carbon flower, whose average size is around
950 + 93 nm. Conductive carbon flowers were prepared as
described in the Experimental Section and our previous report.*’]
As opposed to other reports of carbon flowers, our fabrication does

© 2020 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 2. Electrical characteristics of the pressure sensor. a) Resistance—pressure characteristics to show the high sensitivity of our pressure sensor
using the active layer with 21.5 wt% carbon flower. The contact-based sensing mechanism was verified by direct deposition of electrodes on the com-
posite and by using a planar electrode configuration. b) Sensitivity characteristics of our pressure sensor in the low (0-10 kPa) and high (10-40 kPa)
pressure sensing regions. c) Thickness insensitivity of the pressure sensors using active layer with 20 wt% carbon flower. d) The effect of carbon flower
concentration on the pressure—resistance characteristics. €) High stability of our sensor upon cyclic pressure application. f) High reproducibility of
resistance—pressure characteristics with every hundredth cycle of pressure application.

not require multistep templating and etching processes and
costly reagents, which makes the materials used for our sensors
compatible for low-cost, large-area fabrication.l””-8 The ink was
formed by mixing carbon flowers, SEBS, and chlorobenzene,
which was then printed directly onto a flexible Au/polyeth-
ylene terephthalate (PET) bottom electrode. The resulting com-
posite film showed well-dispersed carbon flower in the SEBS
matrix, which can be seen in a cross-sectional SEM image of
the film in Figure S1 (Supporting Information). The surface
has a rough structure as shown by an atomic force microscope
(AFM) image (Figure 1c), and SEM image (Figure 1d), with a
root mean square (rms) of 132 nm and an arithmetical mean
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deviation (Ra) of 104 nm. The formed rough surface enables a
highly sensitive contact resistance-based pressure sensor. The
fabrication of the pressure sensor was completed by the lami-
nation of a second Au/PET electrode to form the top contact, as
shown in Figure 1a.

The high sensitivity of our pressure sensor is shown in
Figure 2a. The composite layer consists of 21.5 wt% (15.5 vol%)
carbon flower and has a thickness of 67 um. The resistance
dramatically changes from 2.7 x 10® to 180 Q with a pressure
of 10 kPa. The minimum force which can be sensed by this
sensor is as small as 0.025 N (2.55 g in 5 x 5 mm?). The sen-
sitivity (defined as &(AS/Sp)/OP, where AS is the conductance

© 2020 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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change upon applied pressure of P, and S, is the initial con-
ductance without applied pressure) is as high as 2 x 10° kPa™
in the low-pressure region (0-10 kPa), and 5.8 x 10* kPa™!
the high-pressure region (1040 kPa), as shown in Figure 2b.
This value is much higher than recent reports on highly sensi-
tive pressure sensors,[®2%3% and can be attributed to a signif-
icantly small S, due to low initial contact (further discussion
has been provided in the Supporting Information and Table S1,
Supporting Information). This high sensitivity could not be
obtained using other common conducting fillers. For example,
pressure sensors were fabricated in a similar manner using dif-
ferent conducting fillers, which included spherical Ni-powder
(NOVAMET Type 4SP, diameter =10 pm) and carbon black
(TIMCAL Super C65, diameter =70 um).?*3! However, these
sensors showed resistance variation of =10 Q upon pressure
application, which is much smaller compared to the =107 Q
variation of the carbon flowers based sensors (Figure S2, Sup-
porting Information). This highlights the importance of the
carbon flowers which have a unique rough structure and mono-
disperse size distribution.

The sensing mechanism was confirmed to be based on
the contact between composite and the top electrode by three
experiments. The first experiment was to directly deposit
50 nm of Au on the composites by thermal evaporation. This
gave a comparison where initially there was full contact with
carbon flower. As shown in Figure 2a, the sensor made by this
approach showed almost no piezoresistive response (0.93 Q
with 40 kPa pressure application), while sensors made by lami-
nation showed a large change of resistance (1.9 x 108 Q with
40 kPa pressure application). Another test to determine the
materials piezoresistivity was by using a planar electrode con-
figuration. The composite was printed over planar interdigi-
tated electrodes with a line spacing of 10 um. Similarly, this
showed little resistance change as a function of pressure, and
revealed that bulk resistance through the composite is almost
consistent regardless of pressure.

The contact-based sensing mechanism was further con-
firmed by varying the thickness of the composite. Three dif-
ferent thicknesses were printed, and the thickness of each was
measured using cross-sectional SEM images (Figure S1, Sup-
porting Information). Figure 2c shows that even at the lowest
thickness of 13 um the overall sensor performance is largely
unaffected, which to our knowledge is the thinnest printed
composite pressure sensor that has been demonstrated to date
(as shown in Table S1, Supporting Information). The minimum
thickness is currently limited by the accuracy of the blade
coater. The use of blade coaters that have improved height
control accuracy would enable a thinner coating. Such a thin
active layer was achieved because only the interface between
the electrode and composite contribute to the pressure sensing.
Furthermore, the ability to make a very thin composite while
maintaining high sensitivity is highly advantageous for wear-
able applications as the reduced thickness improves the
conformability.??) An insensitivity to thickness is also highly
analogous to large-area printing fabrication, where it is difficult
to achieve uniform thickness.

Figure le summarizes the sensing mechanism of our carbon
flower-based pressure sensor. At low pressure, there is poor
contact of the top electrode with the conductive carbon flower
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resulting in few possible electrically conducting paths. As pres-
sure is increased, the SEBS elastomer is deformed, which
results in greater contact with the surface carbon flowers and
drastically increases the number of potential conducting paths.
The sensitivity and resistance characteristics of the sensor
could be tuned by varying the carbon flower concentration in
the composite (Figure 2d). When the concentration is as low
as 18 wt%, the sensor showed small piezoresistivity. The resist-
ance changed from 8.5 x 107 to 3.4 x 10° Q from a pressure
application of 40 kPa. When the concentration is as high as
23 wt%, the resistance changed from 4.7 x 10° Q at 0 kPa to
32 € at 40 kPa. Above all, 21.5 wt% carbon flower gave the best
dynamic range as the performance was described above. All
subsequent tests are based on films prepared with a 21.5 wt%
carbon flower loading. It is important to note that this filler
concentration (21.5 wt%, 15.5 vol%) is considerably lower com-
pared to traditional piezoresistive based composite sensors,
which require high filler concentration (=37% vol%) to achieve
comparable sensitivity.?>?4 The lower filler amount can poten-
tially result in a more flexible sensor with the same thickness.
The excellent sensitivity of our pressure sensor is highly
reproducible and stable over many cycles of pressure appli-
cation. We conducted a stability test comprising of 1000 con-
secutive cycles. Figure 2e,f shows the resistance of the sensor
with and without pressure as well as the pressure-resistance
dynamic curve of every hundredth cycle, respectively. The on/
off ratio and dynamic curve profile remain constant throughout
the test, showing reliable and reproducible pressure detection.
Furthermore, our pressure sensor enabled high consist-
ency under bending down to a 5.5 mm bending radius. This
was tested by conforming the sensor to a given bending radius
by bending it around a cylinder, as depicted in Figure 3a. By
varying the radius of the cylinder, bending radius of 13.5, 8.35,
and 5.5 mm was applied to the pressure sensor. Pressure was
evenly distributed across the pressure sensing area by using
a soft PDMS (prepolymer:crosslinker ratio of 50:1) which was
able to conform to the top surface of the sensor. The resist-
ance response to pressure at various bending radii is shown
in Figure 3b. The high sensitivity of our sensor in the low-
pressure regime caused the initial resistance to become lower
(6.8 x 10° Q), due to the small pressure force needed to conform
the sensor to the curved surface. Nonetheless, bending to different
radius had minimal effect on the resistance-pressure character-
istics of our sensors. The sensitivity at different bending radius

a Pressure b
. Bending radius
| sopoms 10 ——55mm
rall & ——8.35 mm
- —t—13.5 mm
8 10°
2]
@
Sensor Bendin i
catis s} T 52

0 10 20 30 40 50 60

Pressure (kPa)

Figure 3. Flexibility testing of the sensor. a) A 3D schematic of the
experimental setup. b) Resistance—pressure characteristics with varying
bending radii.
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is shown in Figure S3 (Supporting Information). The insensi-
tivity is attributed to the contact-based mechanism, which does
not suffer from the mechanical deformation that occurs at the
bulk of the composite. In addition, our pressure sensor has a
thin active layer that reduces the vertical force upon bending,
while most printed/nonprinted pressure sensors require a thick
active layer.l?l Pressure sensing while bending is important, as
it is the most common case for actual application in wearables
or robotics.

The demonstrated flexibility of our pressure sensors is high
compared with previous reports of printable pressure sensors.
Most of the previous reports showed the ability of sensors to
flex but the sensing tests were performed in a flat state.2+3334
It is important to discuss that bending insensitivity was shown
using 2 um thick nanofiber composites prepared by electrospin-
ning, which is different from conventional high-throughput
printing processes.?) Moreover, the testing method did not pre-
cisely apply pressure to samples with different bending radius.
It applied a point force by using two metal bars intersected,
which means the same pressure is applied to the same area
even if the bending radius is changed. In addition, the pressure
sensing range was limited to only 1 kPa, while most reported
sensors can sense pressure larger than 10 kPa (Table S1, Sup-
porting Information).

In addition to the desirable characteristics of performance
being insensitive to thickness, our pressure sensors are print-
able and highly compatible with large-scale manufacturing. To
demonstrate this, we printed the composite ink over a 1 m long
and 2 cm wide ITO/PET tape substrate. A picture of the sample
has been given in Figure 4a. The sensor is fabricated by simply

a
b
10"t Section
A
—B
— 8'
c 10 c
§ —D
% 106. —E
2
o
104t
102

0 10 20 30 40
Pressure (kPa)
Figure 4. Large-area printing of sensor. a) A photo of the large area

1 m X 2 cm printing sample. b) Resistance—pressure characteristics of
sensors taken at 15 cm increments along the sample.

Adv. Mater. Interfaces 2020, 7, 2000875

2000875 (5 of 6)

MATERIALS
INTERFACES

www.advmatinterfaces.de
placing a second ITO/PET film directly on top of the composite,
which is simple and scalable to large area. The performance of
the pressure sensor was tested at 15 cm increments along the
printed layer. Each of the five samples gave consistent pressure
sensing dynamic range, as shown in Figure 4b. A linear plot of
the samples has also been given in Figure S4 (Supporting Infor-
mation) to clearly show the variance. The relative standard devi-
ation of the samples’ resistance is only 13% at 10 kPa. Although
the relative standard deviation at 0 kPa is as high as 74%, this
is caused by the very high sensitivity of our sensors at low pres-
sure regime, which can be easily fixed by the improvement of
top electrodes lamination. Compared to previous testing with
Au/PET electrodes, the high sheet resistance of ITO limited the
dynamic range. The use of more conductive metal electrodes
could easily solve this issue. This fabrication process for the
proposed composite based pressure sensor is compatible to
roll-to-roll based manufacturing, thus is readily useful to make
highly sensitive pressure sensors for very low cost, which can
realize distributed pressure sensor networks for the Internet of
Things (IoTs).

We have demonstrated a highly sensitive pressure sensor,
which shows high flexibility and can be printed over a large
area. This is attributed to the contact-based mechanism, which
allows for a thin film active layer and does not suffer from
the mechanical deformation that occurs to the bulk of the
composite. Our flexible, large-area, and highly sensitive pres-
sure sensors should inspire applications in the field of large-
area electronic skins to conformably cover large-area skins of
humans or robots as well as IoT applications.

Experimental Section

Synthesis of Carbon Flower Particles: Conductive carbon flowers were
prepared as outlined by a previous report.[?’l Polyacrylonitrile flowers
were first prepared via a free radical polymerization using acrylonitrile
as the monomer, azobis(isobutyronitrile) (AIBN) as the initiator, and
acetone as the solvent. Acrylonitrile (5 mL), acetone (5 mL), and AIBN
(5 mg) were added to a vial. The vial was heated up to 70 °C and held
for 12 h under nitrogen protection without stirring. The resultant white
powder consisted of polyacrylonitrile flower particles and was dried in
vacuum oven at 50 °C for overnight. To convert polyacrylonitrile flowers
to carbon flowers, they were firstly stabilized in air at 230 °C for 2 h
with a ramping rate of 0.1 °C min~". The stabilized flowers were then
carbonized in nitrogen (70 sccm) at 1000 °C for 2 h with a ramping rate
of 2 °C min™. This method produced carbon flowers with an average
size of 950 nm.

Fabrication of Carbon Flower Pressure Sensor: In order to ensure
uniform dispersion of carbon flowers in the SEBS embedding elastomer,
the carbon flowers were first ground with a mortar and pestle. Carbon
flowers (55 mg) were then dispersed in chlorobenzene solvent (1 mL)
by sonicating overnight, followed by adding SEBS (200 mg, Asahi-Kasei,
H1052) and speed mixing at 3000 rpm for 5 min. To ensure that the
SEBS was fully dissolved, the solution was placed in an oven at 70 °C
overnight. Following a second speed mix at 3000 rpm for 5 min, the
composite mixture could then be printed directly onto a flexible Au/PET
bottom electrode. The Au/PET electrodes were fabricated by evaporating
50-nm-thick Au onto PET with 5-nm-thick Cr adhesion layer. Printing
was done using a fixed height blade which deposited a coating onto the
electrode. The composite was then left to dry overnight. The resulting
composite film showed well-dispersed carbon flower in the SEBS matrix,
which can be seen in a cross-sectional SEM of the film in Figure S1
(Supporting Information). Once dry, a second identical Au/PET electrode

© 2020 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim



ADVANCED
SCIENCE NEWS

ADVANCED

www.advancedsciencenews.com

could be laminated to form the top contact, as shown in Figure Tc. For
large-area printing, the active layer was deposited using a fixed blade
height onto a 1 m long ITO/PET substrate. The characterization of large-
area sensors was also conducted by laminating another ITO/PET film.

Electrical ~ Characterization of Pressure Sensors: Agilent E4980A
Precision LCR meter was used to measure the resistance between the
top and bottom electrodes at 1 kHz frequency and with a 1V AC signal.
Meanwhile, the pressure was measured using a force gauge (Dillion GL
model, 0.5g resolution) and pressure was applied by using a motorized
z-axis stage. A step size of 2 um to a maximum force of 2 N was
applied to all of the sensors. To ensure that pressure was evenly
distributed to the sensor area, a 0.5 x 0.5 cm? of PDMS was placed
between the pressure sensor and the force gauge. SEM images were
collected using FEI Magellan 400 XHR SEM with 5 kV acceleration
voltage. AFM images were collected using Nanoscope Il Digital
Instruments/Veeco Metrology Group.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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