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In this work, carbon cottons (CC) with moderate electrical conductive (11 S m™1) were prepared from cotton
via a simple pyrolysis process. Flexible and electrical conductive CC/polydimethylsiloxane (PDMS)
composites were fabricated by vacuum assisted infusion of PDMS resin into a CC scaffold. Based on the
CC/PDMS composites prepared, a simple yet highly sensitive pressure sensor was developed, which
shows a maximum sensitivity of 6.04 kPa~?!, a wide working pressure up to 700 kPa, a wide response
frequency from 0.01 to 5 Hz, and durability over 1000 cycles. Based on our knowledge, the pressure
sensitivity of the CC/PDMS sensor is only next to the record value in a pressure sensor (8.4 kPa~?). By

integrating the pressure sensor with a sport shoe and waist belt, we demonstrate that the real time sport
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Accepted 25th November 2014 performance and health condition could be monitored. Notably, the device fabrication process is simple

and scalable with low-cost cotton as raw material. The CC/PDMS composites are believed to have
promising potential applications in wearable electronic devices such as, human-machine interfacing
devices, prosthetic skins, sport performance, and health monitoring.
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Introduction

Flexible, sensitive, and low-cost pressure sensors are highly
desirable in applications such as electronic skin, robot sensor,
structural health monitoring, rehabilitation, personal health
monitoring, and sport performance monitoring."* However,
conventional metal-foil and semiconductor slab pressure/strain
sensors are limited to applications on both relatively stiff
substrates and strains under 5% (beyond which the sensor fails
mechanically) and therefore are unsuitable for flexible
devices.*® Currently, various flexible pressure sensors that are
based on capacitors,® triboelectric nanogenerators,” field-effect
transistors,® and piezoresistive materials have been successfully
demonstrated.* Among them, different nanomaterials, such as
gold nanowire and nanoparticles,*** ZnO nanowire and nano-
rod,"* ™ silver nanowire,* carbon nanofiber,'* carbon nanotube
(CNT),**>'® and graphene>'”'® are being exploited. However,
these sensors either need elaborated nanostructural design that
entail complicated and expensive fabrication procedures, or
they are insensitive, unstable, and difficult to reproduce in low-
pressure regimes, thus limiting their applications. Thus, it is
still a great challenge to develop flexible and pressure-sensitive
sensor with low-cost and large-area-compatible technology.
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To date, there is a trend to produce carbon-based materials
from biomass, as they are cheap, easy to acquire, sustainable,
and environmentally friendly." Given their high porosity, flexi-
bility, hydrophobicity, and electrical conductivity, porous carbon
from biomass, such as bacterial cellulose, coconut, raw cotton,
pomelo, water melon, winter melon and pumpkin, have shown a
variety of potential applications in solar energy conversion and
storage, super-capacitor, electromagnetic interference shielding,
battery, and water treatment.?® Despite their superior
mechanical and electrical properties, porous carbon from
biomass have not yet been utilized in designing flexible sensors.

Herein, we demonstrate the fabrication of a simple-struc-
tured, low-cost flexible pressure sensor by vacuum infusion of

Fig. 1 Schematic of the fabrication of the wearable pressure sensor:
(1) raw cotton, (2) carbon cotton, (3) CC/PDMS composite, (4) CC/
PDMS pressure sensor, sensors integrated with sport shoe (5) and waist
belt (6).
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polydimethylsiloxane (PDMS) into the carbon cotton (CC) made
by pyrolysis cotton, illustrated in Fig. 1, which shows a
maximum sensitivity of 6.04 kPa~" with a wide working pres-
sure range up to 700 kPa. Notably, CC, the key sensing element,
can be easily fabricated in large scale by a simple synthetic
method with cheap and ubiquitous cotton as the only raw
material. Furthermore, by integrating the flexible pressure
sensor with a sport shoe and waist belt, real time sport perfor-
mance (such as working and running pace) and health condi-
tion (breathing) monitoring were demonstrated.

Experimental
Preparation of CC and CC/PDMS composites

Flufty cotton used for quilt was purchased from ELS Textiles,
UAE. Carbon cottons were obtained by simply placing sheet-
shaped fluffy cotton in a tube furnace and pyrolyzed at 900 °C
for 1 h in a N, atmosphere. The CC/PDMS composites were
fabricated by a simple vacuum infusion process. First, a PDMS
solution was prepared by homogenously mixing the PDMS base
agent and curing agent (Sylgard 184, Dow Corning) in the mass
ratio of 10:1. Then CC sheets prepared were completely
immersed in the PDMS solution. The mixture obtained was
placed in a vacuum chamber for approximately 10 minutes to
remove air bubbles. Finally, the CC/PDMS mixture was cured at
100 °C for 1 h. After the temperature of the CC/PDMS composite
had cooled to room temperature, excessive PDMS that adhered
on the surface of the composite was removed by a knife.

Characterizations

The morphology of raw cotton, CC, and CC/PDMS composites
was imaged by a FEI Quanta FEG 250 scanning electron
microscope (SEM). All optical pictures presented were taken by
a digital camera (Canon IXUS 70). Electrical conductivity of the
pure PDMS and CC/PDMS composite were measured at room
temperature with a two-probe method using an insulation
resistance meter (TH 2684A: 10 kQ-100 TQ) and a digital mul-
timeter (ADM-930, 0.1 Q-40 MQ), respectively. The specimens
used for conductivity measurement were silver-pasted to mini-
mize the contact resistance between the specimens and the
electrodes. The compression behavior of pure PDMS and CC/
PDMS composites were investigated using a Microforce Tester
(Instron 5948) at a loading rate of 1 mm min ', and the
dimension of the tested samples was 8§ mm x 8 mm x 4 mm.
For electrical conductivity and compression test, more than 8
samples were tested, from which the average and standard
deviation (SD) were calculated.

To study the pressure-sensing characteristic of the CC/PDMS
composite, a simple pressure sensor was fabricated by fixing
two aluminum foils on two sides of a CC/PDMS rectangular
block (15 mm x 50 mm x 4 mm) as electrodes. The fabricated
CC/PDMS sensor was placed between the compression fixtures
of the Microforce Tester, and each electrode of the sensor was
connected with the electrode of an electrochemical workstation
(Autolab 302N) by copper wires. When the compressive force/
strain was applied to the sensor, the current changing under 1 V
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from the sensor was recorded by the electrochemical worksta-
tion. Based on the current measured, the relative change of
resistance (RCR, AR/R, = (R, — Ro)/Ry, where R, and R,, are the
resistance without and with applied stress, respectively) were
calculated. The pressure sensitivity, S, is defined as the slope of
RCR-compression stress curve (S = O(AR/R,)/dP, where P
denotes the applied stress). Similarly, the gauge factor, GF, is
defined as the slope of RCR-strain curve (GF = 3(AR/R,)/3S,
where S denotes the applied strain).

To demonstrate the application of flexible sensor as a
wearable device, a “smart” shoe was fabricated by integrating
the sensor (15 mm X 50 mm x 4 mm) on the heel of a sport
shoe. The sport performances under walking, jogging, and
running were monitored by the sensor. In addition, a “smart”
waist belt was also fabricated by integrating the sensors (10 mm
x 40 mm x 1.5 mm) with the belt. Three breathing modes,
normal breathing, breath holding, and deep breathing, were
recorded by the sensor when a male adult breathed with the
smart belt fastened to his waist.

Results and discussion

Raw cotton, a typical natural material with 90-95% cellulose, is
a promising raw material to fabricate porous carbon.”® The
sponge like CC was prepared directly from the fluffy cotton by a
simple pyrolysis process. As shown in Fig. 1, the black CC has
maintained the original shape of raw cotton sheet, but the
volume of the CC is only around 20% of that of the raw cotton.
The porosity of CC, measured by the volume absorbance of the
liquid, is close to 99%, rendering it an ultralow density of
around 0.01 g cm ™.

As shown in Fig. 2(A), CC has a porous structure and inter-
connected networks formed by carbon fibers. These fibers are
very long with a diameter of 4-10 um and an aspect ratio of 500~
2000. Interestingly, as revealed by Fig. 2(B), these fibers have
twists along the entire length of the fiber with a pitch length in
the range of 10-20 um. The twisted structure of carbon fiber
originates from the naturally twisted structure of raw cotton
fibers,*® proved by the SEM images (Fig. S1t). Despite its ultra-
light weight and high porosity, as shown in Table S1 and
Fig. S2,T the CC from cotton exhibits an electrical conductivity
of 11 S m~'. The moderate electrical conductivity attributes to

A (B)
Fig. 2 (A) and (B) are SEM images of CC from cotton.
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Fig. 3 Photographs show the flexibility of CC/PDMS composite.

the interconnected carbon fiber network, which provides a fast
electron transport channel.

PDMS, a silicon-based elastomer with a repeating unit of
SiO(CHj3),, is one of the most widely used polymer for fabri-
cating flexible devices because of its high chemical stability and
tunable mechanical properties. Taking the advantages of the
high porosity of CC, CC/PDMS composites were fabricated by
vacuum infusion of PDMS into the CC scaffold. After curing, the
CC/PDMS composite maintains the same shape and size of the
CC scaffold without visible void, indicating that the carbon fiber
interconnections survived the infusion process. As revealed in
Fig. 3, CC/PDMS composite displays excellent bendability.

Furthermore, the CC/PDMS composites can be easily
compressed, and their original dimensions can be recovered
immediately after releasing the load. Typical stress-strain
curves during compression of pure PDMS and CC/PDMS
composite are presented in Fig. 4. The compressive elastic
modulus and stress at 20% strain of the CC/PDMS composite
calculated are 4.35 MPa and 705 kPa, respectively. Compared
with the elastic modulus and stress of pure PDMS (3.15 MPa
and 558 kPa), a surge of 38% and 26%, respectively, are seen
(Table S27). The significant improvement in stiffness is mainly
attributed to the fact that the compression elastic modulus of
the carbon fiber is considerably higher than that of the PDMS
matrix. From the rule of mixture, the elastic modulus of non-
aligned fiber reinforced composite, Eg, is as follows:*

Ec = momE; — En)Vr + Ep &Y

where V;, E;, and E,, are the volume fraction of the fiber, the
elastic modulus of the fiber and matrix, respectively; 7, is the
orientation efficiency factor, for randomly oriented fiber, no = 1/
5; m4 is the length efficiency factor and it approaches 1 for the
filler with aspect ratio higher than 10. E¢ and E,,, measured are
4.35 and 3.15 MPa, respectively. Because the density of CC
measured is 0.01 g cm ™, suppose the real density of carbon
fiber is 2 g em ™~ (typical value for carbon from biomass),?® the
volume fraction of fiber (Vy) in the composite is 0.5 percent by
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Fig. 4 Typical compression stress—strain curves of pure PDMS and
CC/PDMS composite.

volume (vol%). The elastic modulus of carbon fiber estimated
based on the rule of the mixture is 1.22 GPa.

Pure PDMS is a well-known insulator with electrical
conductivity of 1.18 x 10~ S m™'. However, the electrical
conductivity of the CC/PDMS composite is 0.36 S m ™", which is
10-order-of-magnitudes higher than that of pure PDMS.
Considering the low CC loading (~0.5 vol%), the electrical
conductivity of CC/PDMS composites is considerably higher
than those composites prepared from a conventional conduc-
tive filler, such as carbon black,” and this result is comparable
to that prepared from a CNT and graphene based aerogel.*® The
interconnected network embedded in the polymer matrix by CC
is the key factor for achieving the high electrical conductivity.
Compared with CNT aerogel and graphene aerogel, the CC from
cotton has the advantage of low cost, produced by a simple
synthetic method, and easy scalable production.

With moderate electrical conductivity and high flexibility,
the CC/PDMS composite could be a potential candidate for
fabricating a flexible sensor. A prototype was fabricated by
simply fixing two pieces of aluminium foil at each side of the
CC/PDMS composite rectangular block as electrodes (Fig. 5(A)).
Compared with most recently reported pressure sensors fabri-
cated by either depositing or embedding sensing materials on
the flexible substrates, in which the structure and performance
of the sensors can be easily damaged even by mild touching,*
sensors based on CC/PDMS composite can be easily fabricated
and are considerably more reliable in performance. To investi-
gate the response of the CC/PDMS sensor to pressure, a
measuring system was designed by combining a Microforce
Tester and an electrochemical workstation (Fig. 5(B)).

The current-voltage (I-V) characteristic of the CC/PDMS
sensor under a pressure of 0 to 200 kPa was measured by
applying a sweeping voltage from —3 to +3 V. As shown in Fig. 6,
all the I-V curves of the CC/PDMS sensor are linear, indicating
an ohmic behavior and a constant resistance. It is seen that the
slope of the I-V curves decreases with an increase in the applied
pressure, indicating the corresponding rise in resistance under
pressure. In addition, the change in resistance of the CC/PDMS
sensor is revealed by the change in the brightness of a light-
emitting diode (LED) integrated into the circuitry. As illustrated
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(A)

(B)

Fig. 5 (A) The schematic of CC/PDMS sensor: (1) CC/PDMS
composite, (2) aluminium foil, (3) copper wire. (B) The schematic of
CC/PDMS sensor performance measuring system: (1) Microforce
tester — control the stress—strain applied, (2) electrochemical work-
station — collect electrical signal, (3) sensor between compression
fixtures.
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Fig. 6 Current—voltage curves of CC/PDMS sensor under different
pressure.

in Fig. 7, the yellow LED light ceases when the pressure is
applied and lights up again when the pressure is released. This
change is reversible under cycling loading.

The relative change of resistance (RCR, AR/R,) is calculated
on the basis of current value measured and is plotted as a
function of applied compressive strain and stress (Fig. 8). As
shown in the inset of Fig. 8, a linear relationship between RCR
and stress is seen when the stress is less than 50 kPa, where the
corresponding pressure sensitivity is around 2.2 kPa~'. Further
increase in stress results in an increase in the pressure sensi-
tivity and it reaches 4.3 kPa ' at 100 kPa. RCR increases
continuously, with further increase of applied stress, and the
sensor turns to an insulator at 700 kPa. Based on our knowl-
edge, the pressure sensitivity of the CC/PDMS senor is only next
to the record value in a transistor pressure sensor (8.4 kPa™ '),
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Fig. 7 The change in brightness of LED light by applying stress on the
CC/PDMS sensor.

and it is higher than the typical sensitivity of 5 x 107> to 1.14
kPa ' reported for other sensors.? In addition, a linear relation
between RCR and compression strain can be observed within a
strain of 1.5%, and the gauge factor calculated is about 6.2,
indicating CC/PDMS can also be used as a flexible strain sensor.

The pressure sensitivity of the CC/PDMS sensor can be
adjusted by changing the electrical conductivity and thickness
of the CC/PDMS composites. By compressing an as-prepared CC
under 200 Pa for 24 h, a high density carbon cotton (HCC,
around 0.02 g cm ™) was obtained. The electrical conductivity of
the HCC/PDMS composite prepared was significantly increased
to 1.74 S m~'. As shown in Fig. S3,7 the pressure sensitivity of
HCC/PDMS under low pressure (<30 kPa) and high pressure
(150 kPa to 700 kPa) is only 0.45 kPa™' and 0.027 kPa ',
respectively. Compared with CC/PDMS, the pressure sensitivity
of HCC/PDMS is considerably lower due to the denser CA fiber
network constructed inside the PDMS matrix. In addition, the
working stress for HCC/PDMS can be as high as 700 kPa, which
is considerably higher than that of CC/PDMS (200 kPa). More-
over, the pressure sensitivity of CC/PDMS composite can also be
adjusted by changing the thickness of the sensor. As shown in
Fig. S4,1 the pressure sensitivity of a 8 mm thick CC/PDMS
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Fig. 8 Relative changing of resistance with applied compression
strain—stress, and inset is the enlarged figure of initial part of curves.
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(B)

Fig. 9 (A) Fracture surface of the CC/PDMS composite; the sample
was fractured by tension. (B) Schematic of the inner structure change
in the CC/PDMS composite without and with applied stress: green
lines represent the carbon fiber, and red crosses indicate the
connection point of carbon fibers.

composite is only 0.33 kPa™". By reducing the thickness of the
CA/PDMS composite to 1.5 mm, a very high pressure sensitivity
(6.04 kPa™ 1) is achieved. However, the linear relation between
RCR and compression stress or strain of the sensor is lost when
the thickness is further reduced, due to reduced connectivity
between the carbon fiber inside the PDMS matrix. These results
reveal that the thick CC/PDMS with high electrical conductivity
is suitable for high pressure application with low sensitivity.
Conversely, thin CC/PDMS with low electrical conductivity show
better performance in low pressure applications with high
sensitivity.

For a piezoresistive sensor, the variation of resistance is
affected by the conducting paths and contact resistance
between the nearby conductive fillers. For most of the pressure
sensors based on conductive composites, upon compression,
the connections between the neighboring conductive filler are
enhanced, so that the composite becomes more conductive with
lower resistance. However, the trend is reversed in our case. The
difference in the mechanisms can be explained by the interac-
tion between the PDMS matrix and carbon fibers. It is known
that carbon fiber is considerably stiffer than the PDMS mole-
cule. Under compression, carbon fibers behave like rigid rods,
detach from and later slide in the surrounding PDMS matrix.

This journal is © The Royal Society of Chemistry 2015
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This assumption is verified by the tensile fracture surface of the
CC/PDMS composite. As shown by Fig. 9(A), it is clear that the
fracture surface is dominated by pullout of the carbon fiber
from the PDMS matrix, indicating a weak CC-PDMS interface.
Similar result has been observed in a strain sensor based on
silver nanowire." As illustrated in Fig. 9(B), the resistance of CC/
PDMS composite is closely related to the amount of connection
points formed by the carbon fiber within the PDMS matrix.
Under compression, sliding of carbon fibers inside the PDMS
matrix reduces the inter-fiber connection points, which induces
a surge in the resistance. After releasing the applied load,
ideally, all the carbon fibers should slide back to their initial
position, and the resistance of the CC/PDMS is recovered.

The response of CC/PDMS sensor to repeated compression-
relaxation cycles was recorded and shown in Fig. 10. As shown
in Fig. 10(A), there is an excellent agreement between the
loading compression wave and the RCR response of the sensor
without much drifting or hysteresis. Under different maximum
loading (20 kPa to 200 kPa, Fig. S5t), the RCR response of the
CC/PDMS is similar except the amplitude changes from 35% to
350%. Interestingly, RCR is influenced by the compression-
relaxation wave form: it responses with a similar wave form of
the applied compression-relaxation (Fig. 10(B)). In addition,
the response of the CC/PDMS composite under repeated
compression-relaxation cycles at a frequency range of 0.01 to 5
Hz is compared in Fig. 10(C). The frequency of the RCR
response from the sensor agrees well with the frequency of
applied compression, and a consistent behavior in the response
of the sensor is observed from 0.01 to 5 Hz, which demonstrate
the fast and stable response of the sensor. At the same time, it is
evident that the amplitude of RCR under high frequency is
considerably higher than that under low frequency, which
attributes to the fact that stress applied on the sensor with fixed
strain under high frequency is considerably higher than that
under low frequency. The durability of the CC/PDMS pressure
sensor was tested under a pressure of 100 kPa at a frequency of 1
Hz. As shown in Fig. 10(D), the response and RCR amplitude of
the CC/PDMS sensor is maintained after 1000 compression-
relaxation cycles.

To demonstrate the feasibility of the CC/PDMS sensor as a
wearable device, a “smart” sport shoe integrated with the CC/
PDMS sensor was fabricated (Fig. 1). The real time sport
performance, such as walking, jogging, and running, can be
well monitored. As shown in Fig. 11(A), it is clear that the pace
and shoes/ground contact modes varies under different modes
of movement. The pace calculated from walking, jogging, and
running is 36, 63, and 72 steps per minutes, respectively. For
walking and jogging, it is found that the shoes in air time is
quite similar with an average time around 0.7 s, whereas the
main difference is that jogging has a considerably shorter
shoes/ground contact time (0.23 s) than that of walking (0.97 s).
For running, the reduced shoe-in-air time and shoes/ground
contact time both contribute to the improvement of the running
pace. In addition, the stress applied on the shoe can also be
analyzed based on the response of the RCR amplitude.

Real time breathing detection was carried out by integrating
the CC/PDMS sensor with a waist belt (Fig. 1). Three breathing
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Fig. 10 Response of the CC/PDMS sensor under repeated compres-
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PDMS sensor at frequencies from 0.01 Hz to 5 Hz. (D) Reliability test of
the CC/PDMS sensor under repeated compression—relaxation cycles
in the range of 0-100 kPa.
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Fig. 11 Real-time sport performance (A) and breathing (B) monitoring
by CC/PDMS sensor.

patterns, namely, normal breathing, breath holding, and deep
breathing, can be easily distinguished from the RCR response
curve (Fig. 11(B)). It is clear that the RCR amplitude under deep
breathing is considerably larger than that from normal
breathing, whereas it is a constant under breath holding. Apart
from tracing the amplitude of breathing, the breathing rate is
easily counted to be approximately 20 and 10 times per minute
for normal breathing and deep breathing, respectively. These
results demonstrate that the CC/PDMS composite is suitable to
fabricate a wearable device to monitor human health and sport
performance.

Conclusions

In this work, low density carbon cottons with moderate elec-
trical conductive (11 S m™ ') were prepared from cotton via a
simple pyrolysis process. Flexible and electrical conductive CC/
PDMS composites were fabricated by vacuum assisted infusion
of PDMS resin into a CC scaffold. Based on the CC/PDMS
composites prepared, a simple yet highly sensitive pressure
sensor was developed, which shows a maximum sensitivity of
6.04 kPa~', a wide working pressure up to 700 kPa, a wide
response frequency from 0.01 to 5 Hz, and a high durability over
1000 cycles. By integrating the pressure sensor with a sport shoe
and waist belt, we demonstrate that the real time sport perfor-
mance and health condition could be monitored. Notably, the
device fabrication process is simple and scalable with low-cost
cotton as raw materials. The CC/PDMS composites are believed

This journal is © The Royal Society of Chemistry 2015
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to have promising potential applications in wearable electronic
devices such as, human-machine interfacing devices, prosthetic
skins, sport performance, and health monitoring.
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