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Abstract: Flexible pressure sensors with high sensitivity have great potential applications in wearable
electronics. However, it is still a great challenge to prepare sense electrodes with high flexibility, high
sensitivity, and high electrochemical performance. Here, we propose a novel and simple method
for carbonizing cotton fibers as excellent electrically conductive materials. Moreover, carbonized
cotton fiber (CCF) and polydimethylsiloxane (PDMS) were assembled into a flexible sense electrode.
The CCF/PDMS electrode shows a high sensitivity of 10.8 kPa~!, a wide response frequency from
0.2-2.0 Hz, and durability over 900 cycles. The combined CCF/PDMS sensors can monitor human
movement and pulse vibration, showing the enormous potential for use in wearable device technology.
Additionally, the CCF/PDMS can be used as electrodes with a specific capacitance of 332.5 mF cm 2
at a current density of 5 mA cm™2, thanks to their high electrical conductivity and hydrophilicity,
demonstrating the promising prospect of flexible supercapacitors.

Keywords: carbonized cotton fiber; PDMS; sensor; electrodes

1. Introduction

Flexible, sensitive, and low-cost pressure sensors have attracted considerable interest
for their great potential applications in wearable electronics and intelligent systems [1,2].
Flexible pressure sensors, as a significant subfield of wearable electronics [3], present sub-
stantive potential applications in smart human-machine interaction [4], human structural
health detection [5], and sports performance monitoring [6]. Recently, many reported
studies have focused on four types of representative pressure sensors, which are based
on transistor [7-9], piezoelectric [10-12], capacitive [13-15], and piezoresistive [16-18]
mechanisms. Among these various sensing types, piezoresistive pressure sensors have
attracted increasing attention for their excellent signal-collection capability, straightforward
architecture, and manufacturing procedure [19-22]. Remarkably, it has been shown that
patterning the surface of the sensing layer with microstructures is a successful method
for obtaining a high sensitivity and a low detection limit when making piezoresistive
sensors [8,23-26]. Polydimethylsiloxane (PDMS), with its hyperelastic characteristics, may
be advantageous for usage in various contexts, such as lab-on-a-chip and micro- and nano-
electromechanical systems (MEMS/NEMS) [27,28]. For instance, a capacitive pressure
sensor based on microstructured PDMS sheets had sensitivity in the same pressure range
that was around 30 times greater than the unstructured one [8]. Despite the fact that pure
PDMS has a high deformation capacity, fillers or reinforcements are frequently added
to produce composite materials that typically have a higher stiffness modulus, fracture
toughness, fatigue resistance, tensile strength, and abrasion resistance [29,30].

Although conventional pressure-sensing platforms based on metal-wires and semicon-
ductors have attracted extensive investigation, their rigidity, fragility, low resolution, and
low sensing range limit their applications to wearable pressure sensors [31,32]. In addition,
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various flexible and wearable pressure sensors that are based on nanomaterials have been
successfully developed. Due to their superior electrical and mechanical qualities, nanoma-
terials, such as metal nanoparticles, gold nanowire [33,34], and low-dimensional carbons
(e.g., carbon nanotubes (CNTs) [35,36], carbon black [37], and graphene [38,39]), have been
extensively used in the production of pressure sensors. Nonetheless, the fabrication process
of these sensors is generally costly and complicated and may involve unknown biotoxicity
of nanomaterials, which limits their applications in monitoring human motions. Therefore,
a replacement with biocompatible, biodegradable, eco-friendly, and low-cost properties is
urgently needed.

As the most abundant biopolymer on earth, cellulose is ubiquitous in our daily lives
as a biodegradable and biocompatible template for the synthesis of materials with tailored
functionality [40]. The amount of cellulose in cotton fiber, which may reach 95%, is the
greatest of all lignocellulosic resources. Biomass is now being used to make carbon-based
products since it is affordable, simple to get, sustainable, and ecologically beneficial [41].
Porous carbon from biomass, such as bacterial cellulose, raw cotton, and lignin, has shown
a variety of potential applications in solar energy conversion and storage, super-capacitors,
electromagnetic interference shielding, batteries, and water treatment due to their high
porosity, flexibility, hydrophobicity, and electrical conductivity [42]. Cotton fiber has been
widely used in the textile industry due to its fiber length advantage. Compared to wood
cellulose, cotton has a highly crystalline cellulose component [43]. Despite their superior
mechanical and electrical properties, carbon materials from wood cellulose have not yet
been utilized in designing flexible sensors.

Herein, a straightforward and inexpensive method for creating an extremely sensitive
pressure sensor based on cellulose is described, using carbonized cotton fiber (CCF) as the
conductive filler and polydimethylsiloxane (PDMS) as the polymer matrix. The results
demonstrate that the CCF/PDMS composite shows outstanding mechanical properties and
electrochemical characteristics, which may be useful in the development of compressible
supercapacitors and pressure sensors. This work offers an effective and straightforward
method for creating a compressible and conductive CCF/PDMS composite, demonstrating
the enormous potential for industrialization and mass production.

2. Experimental
2.1. Materials

The cotton fiber was kindly provided by Xinjiang Hongruida Fiber Co., Ltd. (Bazhou,
China). Toluene and PDMS (Slygard 184, Dow Corning, Midland, MI, USA) were purchased
from Beijing LanYi Chem Co., Ltd. (Beijing, China) and utilized directly.

2.2. Preparation of CCF/PDMS Pressure Sensor

Figure la illustrates the fabrication process of CCF/PDMS pressure sensors. Deionized
water was used to rinse the cotton fiber to get rid of any solid impurities. The cotton textiles
were preserved for later use in a dry place after being properly dried in a tube furnace with
an environment of inert gas nitrogen (gas flow, 200 sccm purity, 99.999%). The cotton fiber
was heated to 900 °C at a rate of 5 °C min~!, maintained at that temperature for 120 min,
and then cooled to room temperature within 180 min. After that, the large amounts of
carbonized cotton fiber were crushed and sieved, and the powder (CCF) passed through
200 mesh was gathered and employed as a conductive filler. A simple vacuum infusion
procedure was used to create the CCF composite materials. Initially, the PDMS solution
was created by thoroughly combining 2 g of the main agent (Sylgard 184, Dow Corning)
and 0.2 g of the curing agent. The mixture was then diluted with 6 mL of toluene. The
liquid was then violently stirred for 30 min while 1 g of carbonized cotton fiber was added,
creating a homogeneous suspension. The suspension was then put into a PTFE container
and left in a vacuum chamber at room temperature for 2 h to remove the bubbles and
solvent. The sample was then cured for 3 h at 125 °C to create the CCF/PDMS composites.
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Figure 1. (a) Schematic of the fabrication of CCF/PDMS; (b) The chemical structure of cellulose;
(c,d) FESEM images of cotton fiber and CCF; (e) An FESEM image showing the cross-sectional
morphology of the CCF/PDMS; (f) Photograph showing the CCF/PDMS; (g) Raman spectra of
cotton fiber and CCE.

2.3. Characterization

The morphologies and structures of materials were characterized by a field emission
SEM (FE-SEM, FEI Quanta 650). A digital camera was used to take all of the given optical
images (Canon IXUS 70). Using a 532 nm laser at room temperature, a laser Raman
spectrometer (HPRIBA Evolution) examined the Raman spectra. The FTIR spectra of
carbonized cotton fiber were obtained using a PerkinElmer infrared spectrometer (Spectrum
100 with) the method of potassium bromide pellet. An elemental analyzer (CE—440,
PerkinElmer, Waltham, MA, USA) was used to measure the content of elements in CF and
CCE. The resistance of the CCF/PDMS composite was evaluated at room temperature using
a digital multimeter. The electrical conductivity of the CCF and CCF/PDMS composites
was measured at room temperature with a two-probe method using an insulation resistance
meter and a digital multimeter, respectively.

2.4. Electrochemical Measurements

The electrochemical workstation (CHI 660D, Chenhua, Shanghai, China) and micro-
force tester (UTM6503, SUNS CATALOG) were used to examine the pressure-sensing
capabilities of the CCF/PDMS composite, which had a sample of 10 x 10 x 2 mm. The
electrochemical workstation was used to record the electric current under 1.0 V on the
composite. The relative change of resistance (RCR) was computed using the following
formula: AR/Rg = (R, — Rg)/Ro, where Ry and R, represent resistance without and with
applied stress, respectively.

The electrochemical performances of CCF/PDMS composites were measured using
a CHI 660D work station (Shanghai Chenhua Instruments Co., Shanghai, China) in a
three-electrode configuration. The working electrode was made by sandwiching a patch
of CCF/PDMS between two pieces of stainless-steel net without the use of any polymer
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binders or additives. The reference and counter electrodes were a saturated calomel elec-
trode (SCE) and a Pt mesh, respectively. At room temperature, electrochemical experiments
were conducted in a 1 M Na;SO4 aqueous solution. Cyclic voltammetry (CV) and gal-
vanostatic charge/discharge (GCD) experiments were performed in the 0 to 1.0 V potential
range. The electrochemical impedance spectroscopy (EIS) curves were measured at the
open circuit potential with a frequency range of 100 kHz to 10 mHz and an amplitude of
5 mV. Moreover, the relevant specific capacitances were determined using Equations (1)
and (2).

)

where Cscp (F/g) is the specific capacitance estimated from GCD curves, I (A) denotes
instantaneous current, At (s) denotes the discharge tie, m (g) denotes the mass on the SSF,
and Av (V) denotes the potential window in the curve.
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where Ccy (F/g) is the specific capacitance computed from CV curves, [I(V)dV is the
current integrated inside the potential window at a certain scan rate, m (g) is the mass on
the SSE, v (mV/s) is the scan rate, and AV (V) is the potential window in the curve.

3. Results and Discussion

The cotton fiber is mainly composed of cellulose. The chemical structure of cellulose
is illustrated in Figure 1b. Cellulose is composed of 3-D-glucopyranose units linked by
1, 4-glycosidic bonds [44]. The FESEM images of cotton fiber and carbonized cotton fiber
are displayed in Figure 1c,d. As can be seen, the cotton fiber with a corrugated surface is
composed of highly aligned and intimately bound fibers. The regular strip structure and
alignment in the cotton fiber are well-arrayed with a size of 10-20 pm. After carbonization,
Figure 1d exhibits the randomly oriented and loosely bound fibers in the CCF. It can be
seen in Figure le that the conducive fillers (CCF) tightly fill in the non-conductive (PDMS)
portions of the composite. Figure 1g depicts the Raman spectra of carbonized cotton
fiber. It has been widely assumed that the Raman shift around 1360 cm~! corresponds
to the D peak, which represents defects or heteroatom doping, and that the band near
1580 cm ! corresponds to the G peak, which represents the crystalline sp? carbon. These
two bands appear on the CCF. This confirms the formation of graphite-like carbon that can
endow the CCF with good electrical conductivity. The Ip/I; ratio is inversely related to the
graphitization and conductivity of carbon materials [45]. According to the result of Gauss
fitting of the Raman spectrum, the intensity ratio of Ip/I is 1.07, indicating that CCF has
greater electrical conductivity.

The changes in carbonization-treated cotton fiber before and after treatment were
analyzed by AIR-FTIR (Figure 2a,b). The characteristic peaks of cotton fiber at 3432 cm ™!
and 1033 cm~! were linked to the O-H stretching vibration and the C-O-C bond of cellulose,
respectively [46]. The C-H stretching and bending of -CH, groups were represented by
the peaks at 2900 cm ! and 1430 cm !, respectively [47]. Moreover, the peak at 1630 cm ™!
was attributed to the H-O-H stretching vibration of absorbed water in the carbohydrate.
Compared with cotton fiber with CCEF, the FTIR signals corresponding to the functional
groups essentially vanished following carbonization. This is due to the fact that cotton
fibers are composed of millions of cellulose molecules, and in the process of carbonization at
high temperatures, cellulose undergoes dehydration, decarboxylation, and decarbonylation
reactions, releasing H,O, CO,, CO, and other small molecules and transforming into
carbon with a distorted graphite structure [48]. Figure 2c shows the XPS spectrum of cotton
fiber and CCF. These peaks at around 285 eV and 531 eV are assigned to C 1s and O 1s,
respectively. High-resolution XPS of C1s of cotton fibers and CCF and their deconvolution
are shown in Figure 2d,e. The three characteristic peaks are located at 284.3 eV, 285.2 eV,
and 288.3 eV, respectively, corresponding to C-C, C-O, and C=0 bonds. It can be seen
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that the content of C-O and C=0 in the CCF is significantly reduced, which is mainly due
to the dehydration, decarboxylation, and decarbonylation reactions of cellulose during
pyrolysis [48]. The elemental composition analysis of cotton fiber and CCF is shown in
Table 1. After carbonization, the C content increases from 60.62% to 87.09%, and the O
content decreases from 35.27% to 11.33%, which is consistent with the analysis results of
the infrared spectrum. This indicates that there is a small amount of hydrogen and oxygen
after the carbonization of cotton fiber. However, the CCF has good conductivity, indicating
that the conductivity will not be weakened due to the absence of hydrogen and oxygen
elements. Figure 2f shows the XRD spectra of cotton fiber and CCFE. The XRD spectra of
cotton fiber show three diffraction peaks at 14.5°, 16.7°, and 22.8° corresponding to the
(1-10), (110), and (200) crystalline surfaces of cellulose, representing a typical cellulose I
crystalline structure [49]. After carbonization, the characteristic peaks of cotton fiber almost
disappear, and broad peaks of graphitic carbon appear around 23° and 44°, which proves
that cotton fiber transforms into a graphitic carbon structure after carbonization [50].
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Figure 2. (a) FTIR spectra of cotton fiber and CCF; (b) the amplified spectrum of CCF; (c) XPS spectra
of cotton fiber and CCF; (d,e) high-resolution XPS spectra of C 1 s of cotton fiber and CCF; (f) XRD
spectra of cotton fiber and CCF.

Table 1. Elemental analysis of CF and CCF.

Sample C (%) H (%) O (%) N (%)
CF 60.62 3.53 35.27 0.58
CCF 87.09 1.21 11.33 0.37

Changes (%) 43.67 —65.72 —67.88 —36.21

As shown in Table 2, the conductivity of CCFis 12.21 S m~1, which is lower than that
of graphene [51] and carbon nanotubes [52]. However, the preparation process of CCF
is simple and low-cost, which is conducive to industrial production. The conductivity of
the assembled CCF/PDMS composite film decreased to 0.43 S m~!. The conductivity of
CCF/PDMS composite film mainly comes from conductive CCF. As shown in Figure 3,
with the increase of carbonized cotton pulp fiber, the AR/Ry of CCF/PDMS composite
film gradually increases. At the initial stage, the AR/Rq of the CCF/PDMS composite
increases rapidly. When it increases to 35%, the AR/R( growth of CCF/PDMS composite
resistance has leveled off. As the CCF continues to increase, the content of PDMS decreases
accordingly. As a result, the adhesion of PDMS becomes weak, which gradually reduces
the flexibility of the CCF/PDMS composite film. Hence, 35% CCF is selected as the main
research object of the following experiment.
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Table 2. Electrical conductivities of CCF and CCF/PDMS composites.

Electrical Conductivity CF Graphene CNT CCF PDMS CCF/PDMS
Average (Sm™1) 0 6.6 x 104[51]  5.15Scm™ ! [52] 12.21 1.25 x 10~ 11 0.43
Standard Deviation (S m—1) 0 / / 2.03 1.10 x 1012 0.12
100
g5 583 885 890
80 - 76.3
o~
X 60 -
~ 49.9
&
% 404
23.7
20 4

15 20 25 30 35 40 45
Content (%)

Figure 3. Relative change of resistance of CCF/PDMS composite with different contents of CCF.

The response of the CCF/PDMS sensor to multiple compression-relaxation cycles
was recorded and presented in Figure 4. The current-voltage (I-V) characteristic of the
CCF/PDMS sensor was tested at a pressure of 0-50 kPa using a sweeping voltage from
—3 to 3 V. As shown in Figure 4a, all CCF/PDMS I-V curves exhibit a linear response to
continuous stress, indicating an ohmic behavior and constant resistance. The slope of the
I-V curves increases proportionally with pressure, suggesting that resistance decreases with
pressure. Figure 4b depicts the response of the relative change of resistance (RCR) to stress,
which illustrates the pressure sensitivity of the CCF/PDMS sensor. It can be seen that the
RCR response increases rapidly within the range of pressures less than 4.5 kPa. When the
pressure applied to the composite is greater than 4.5 kPa, the increasing trend of the relative
change value of resistance slows down. According to the sensitivity calculation formula,
the sensitivity of CCF/PDMS composites in the range of 0-4.5 kPa pressure is 10.8 kPa~!.
This is higher than the previously reported which is higher than the previously reported
carbon aerogel flexible sensor (0.26 kPa~1) [48], the carbonated fiber/PDMS flexible sensor
(8.4 kPa—1) [53], and the carbon nanotube sensor (4.3 kPa~1) [19]. This is due to the unique
surface profile of CCF particles, and when subjected to stress loads, the profile between
conductive particles in the conductive network on the deformation of the elastic substrate
favors the connection between conductive particles. In addition, the elastic substrate may
simply move on the surface of the CCF without breaking or changing the distance between
them, so that there is a chance for the connections between the two linked conductive
fibers to be retained. Meanwhile, the preparation cost of CCF/PDMS composites is much
lower than that of carbon nanomaterials, which has expanded the application of renewable
cellulose resources. In Figure 4c, there is a strong correlation between the strength of the
responding signal and the pressure input, which is a useful characteristic for pressure
load detection. In Figure 4d, the response of the CCF/PDMS composite during multiple
cycles of compression and relaxation is contrasted. The response behavior of the sensor
is consistent between 0.2-2 Hz, indicating a quick and reliable response. In addition, it
can be seen that the amplitude of RCR at high frequency is much larger than that at low
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frequency, which is due to the fact that at high frequency, a greater amount of stress is
placed on the sensor with fixed strain than at low frequency. Figure 4 depicts the response
of the CCF/PDMS sensor to multiple compression-relaxation cycles. As seen in Figure 4e,
there is little drift and hysteresis between the loading compression wave and the RCR
response of the sensor. Repeatable behavior is significantly important for the application of
sensors. Under a pressure of 10 kPa, the robustness of the CCF/PDMS pressure sensor was
tested (Figure 4f). After nearly 900 cycles, the intensity of the response of the CCF/PDMS
composite remained strong despite repeated compression, suggesting good resilience of
the CCF/PDMS composite to pressure input.
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Figure 4. (a) Current-voltage curves of CCF/PDMS composite under different pressures; (b) Pressure
response curves for CCF/PDMS; (c) Response of CCF/PDMS to different loading cycles; (d) Response
of CCF/PDMS at different frequencies (100 kPa, 15 times); (e) Response of the CCF/PDMS sensor
under repeated compression-relaxation cycles; (f) Reliability test of the CCF/PDMS sensor under
repeated compression-relaxation cycles in the range of 0-100 kPa.

Due to its great chemical stability and adjustable mechanical characteristics, PDMS,
a silicon-based elastomer with a repeating unit of SiO(CHs),, is one of the most often
utilized polymers for flexible devices. By vacuum infusing PDMS into the CCF scaffold,
CCF/PDMS composites were created, taking advantage of the high porosity of CCF. The
CCF/PDMS composite keeps the same dimensions without any apparent voids after curing,
proving that the carbon fiber linkages withstood the infusion process. The CCEF/PDMS
composite displays outstanding bendability, as seen in Figure 5a. The conducting routes
and contact resistance between the close-by conducive fillers have an impact on the change
in resistance for a piezoresistive sensor.
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Figure 5. (a)The picture of deformation of CCF/PDMS composite. (b) Fracture surface of the
CCF/PDMS composite; (c) Diagram of the inner structural change in the CCF/PDMS composite
without and with applied stress; the carbonized cotton fiber is represented by a yellow rectangle, and
the CCF connection point is shown by the black cross.

The tunneling principle should be followed, and the contact resistance and conducive
route between the nearly filled particles should determine how the resistance changes.
According to the theory, the tunneling resistance in the CCF/PDMS composite can be
expressed as [54]:

Vo2 ks 47
Riunnel = a_]— gmexr)<7 \/Zm(P S> 3)

where s is the distance between CLs in the insulating material, / is Planck’s constant, e is
the quantum of electricity, m is the mass of an electron, | is the tunneling current density, a
is the cross-sectional area of the tunnel, V is the potential difference between the conductive
particle, and ¢ is the height of the potential barrier. According to Equation (3), when
pressure was applied on the CCF/PDMS sensor (Figure 5c), the distance between the
CCF decreased (a decrease of s in the formula), leading to the decrease of the Ry,,,¢;. The
insulator PDMS may be readily distorted in the first stage with the pressure applied since
it is an elastic matrix. Meanwhile, the conductive fibers suddenly contact each other, which
causes a rapid drop in resistance and high sensitivity of the CCF/PDMS composite in the
initial stage. This is consistent with the result in Figure 5b. However, with the increase in
pressure, the deformation of the CCF/PDMS composite gradually increases. PDMS will
resist deforming, and the decrease in distance between the CCF will be limited. Therefore,
the pressure sensitivity is restricted in the high stress phase with a high RCR response.

A cotton fiber-based sensor possesses good flexibility, high sensitivity, and a wide
range of strain gauges, so it was used to explore potential applications for human activities.
In this study, a wearable device made of CCF/PDMS composites was used to assess pulse
rate and strength. As revealed in Figure 6a, a flake-like CCF/PDMS sensor prototype was
attached to the temples to track the human motion of blinking the eyes. It can be observed
that the sensor responded well to the motions of the eyes. Repeated pulse rate signals may
be seen while the eyes blink. This shows the exceptional ability to detect even the most
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subtle changes in the human body. We attached a CCF/PDMS sensor to an index finger
and tested its reaction to finger bending (Figure 6b). When the extended finger was bent to
a specific angle, the relative resistance changes of the strain sensor increased by a given
amount and then stabilized. The resistance decreases during the straightening of the finger,
thus forming a stepped signal. Similar measurements were conducted on an elbow joint
with continual bending, and the strain sensor also showed good performance (Figure 6¢).
It can be seen that the sensor switched rapidly at loading and unloading, where the current
value remained nearly the same under the same motion. This demonstrated the ability of
the CCF/PDMS sensor to maintain and monitor large deformations of the human body.
The relative curves are different and distinguishable by comparing the shape and intensity
change of the plot. As shown in Figure 6d, weights of different masses (5 g, 10 g, 20 g, and
50 g) were placed on the surface of the strain sensor to detect the change in pulse rate. The
response to the force on the CCF/PDMS sensor may be used to recognize the weight of
weights. It is seen that the weight of weights can be recognized by the RCR response to
the force used for loading them. The response signal grows in proportion to the weight of
the weights. In addition, muscular action was recorded when speaking. A volunteer was
asked to read different words, such as “Hi, Hello and Cellulose”. For each syllable, the
CCF/PDMS strain sensor displayed a distinct signal pattern. This accurate and sensitive
capability of the CCF/PDMS strain sensor has major applications in smart skin electronics,
personalized health detection, and human-machine interaction.
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Figure 6. The CCF/PDMS sensor was used to monitor human activities: (a) Eye blinking; (b) Finger
bending; (c) bending-release movement of the elbow; (d) Measurement of power for loading different
weights (5 g, 10 g, 20 g, and 50 g); (e,f) Measurement of different sound stimuli.

CCF/PDMS as Electrodes for Supercapacitors

The GCD, CV, and EIS measurements were performed in a three-electrode arrangement
to investigate the electrochemical performance of CCF/PDMS. As revealed in Figure 7a,
the GCD curves of the CCF/PDMS maintain an approximately rectangular form, and
an internal resistance (IR) drop was detected, which is due to the internal resistance
of the CCF/PDMS. The CV curves basically remain unchanged at various scan rates
from 5 to 100 mV s~ !, indicating that the electrode can maintain good charging and
discharging behavior. Figure 7b shows the GCD curves of CCF/PDMS at different current
densities. It can be seen that all curves show triangular and linear shapes, implying
typical capacitance characteristics of CCF/PDMS. Moreover, according to Equation (1),
when the current density is 1, 2, 3, 5, 7, and 10 mA cm 2, the specific capacitance of
CCF/PDMS is 559.9, 468.8, 398.4, 332.5, 283.5, and 223 mF cm 2, respectively (Figure 7c).
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The mass specific capacitance of CCF/PDMSis 89.3 F g ! at a current density of 1 mA cm 2.
In order to study the application of CCF/PDMS composites in flexible electrodes, the
electrochemical performance of CCF/PDMS under different strains was tested. As shown
in Figure 7d, the CV curves under different strains present approximately rectangular
shapes at a scan rate of 25 mV s~!, demonstrating that CCF/PDMS composites can maintain
the capacitance behavior of EDLC under different strains. Figure 7e shows the GCD curves
of CCF/PDMS composites at a current density of 3 mA cm~2. The initial capacitance
retention of the CCF/PDMS composites at different strains (0%, 45%, and 90%) was about
98.3%, 97.6%, and 96.5%. With the increase in strain, the internal resistance of CCF/PDMS
decreases accordingly. To further investigate the electrochemical transfer mechanism of
the CCF/PDMS, the EIS of the CCEF/PDMS was conducted from 0.1 to 100 kHz under
various stresses (Figure 7f). A straight line and a conventional semicircle appear in all of the
Nyquist plots. Fitting the impedance data with the equivalent circuit was used to examine
the measured impedance spectra. The equivalent series resistance (ESR) fell from 15.3 to
11.4, signifying improved charge-transfer capacity at the electrode/electrolyte interfaces
and lower ion diffusion resistance. This is due to increased conductivity and a significantly
shorter ion diffusion route at higher stresses.
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Figure 7. (a,b) CV and GCD curves of the CCF/PDMS composite film; (c) specific capacitance of
CCF/PDMS composite film at various current densities; (d,e) CV and CD curves of CCF/PDMS
under different strains; (f) EIS spectra of CCF/PDMS under different strains.

4. Conclusions

In conclusion, a facile and simple approach is proposed to fabricate the flexible,
conductive, and pressure-sensitive composite material with carbonized cotton fiber and
polydimethylsiloxane (CCF/PDMS). A simple carbonization procedure was devised to
effectively remove oxygen and hydrogen from cotton fiber. The obtained conductivity
of CCFis 12.21 Sm™!, and the conductivity of the CCF/PDMS composite is 0.43 Sm™!,
with a CCF concentration of 35%. The CCF/PDMS composite shows a high sensitivity
of 10.8 kPa~!, a wide response frequency from 0.2-2.0 Hz, and durability over 900 cycles.
The assembled sensor might be used to detect human activities such as facial expression,
muscle movement, and force requirements. Furthermore, the CCF/PDMS can be used as
electrodes with a specific capacitance of 332.5 mF cm 2 at a current density of 5 mA cm~2.
It is worth noting that the device fabrication process is simple and advantageous for large-
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scale production with low-cost cotton fiber as a raw material. The CCF/PDMS composites
are believed to have promising potential applications in sensors and supercapacitors.

Author Contributions: Project administration, Y.Z.; writing—review and editing, M.]. and M.W. All
authors have read and agreed to the published version of the manuscript.

Funding: The Taishan Scholar Advantage Characteristic Discipline Talent Team Project of Shandong
Province of China, Grant No. 2015162, and the Postdoctoral Foundation of Shandong Jianzhu
University, No. X22060Z.

Institutional Review Board Statement: Not applicable.
Data Availability Statement: Data are contained within the article.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

Yao, H.B.; Ge, J.; Wang, C.E; Wang, X.; Hu, W.; Zheng, Z.].; Ni, Y,; Yu, S.H. A flexible and highly pressure-sensitive graphene-
polyurethane sponge based on fractured microstructure design. Adv. Mater. 2013, 25, 6692-6698. [CrossRef] [PubMed]

Trung, T.Q.; Tien, N.T.; Kim, D.; Jang, M.; Yoon, O.].; Lee, N.-E. A Flexible Reduced Graphene Oxide Field-Effect Transistor for
Ultrasensitive Strain Sensing. Adv. Funct. Mater. 2014, 24, 117-124. [CrossRef]

Wang, C.; Li, X.; Gao, E.; Jian, M.; Xia, K.; Wang, Q.; Xu, Z.; Ren, T.; Zhang, Y. Carbonized Silk Fabric for Ultrastretchable, Highly
Sensitive, and Wearable Strain Sensors. Adv. Mater. 2016, 28, 6640-6648. [CrossRef] [PubMed]

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, 1678-1698. [CrossRef]

Gong, S.; Schwalb, W.; Wang, Y.; Chen, Y.; Tang, Y.; Si, J.; Shirinzadeh, B.; Cheng, W. A wearable and highly sensitive pressure
sensor with ultrathin gold nanowires. Nat. Commun. 2014, 5, 3132. [CrossRef] [PubMed]

Amjadi, M,; Pichitpajongkit, A.; Lee, S.; Ryu, S.; Park, I. Highly stretchable and sensitive strain sensor based on silver nanowire-
elastomer nanocomposite. ACS Nano 2014, 8, 5154-5163. [CrossRef]

Someya, T.; Iba, S.; Kato, Y.; Sekitani, T.; Noguchi, Y.; Murase, Y.; Kawaguchi, H.; Sakurai, T. A large-area, flexible, and lightweight
sheet image scanner integrated with organic field-effect transistors and organic photodiodes. In Proceedings of the IEEE
International Electron Devices Meeting, San Francisco, CA, USA, 13-15 December 2004.

Mannsfeld, S.C.B.; Tee, B.C.K,; Stoltenberg, R.M.; Chen, C.V.H.H.; Barman, S.; Muir, B.V.O.; Sokolov, A.N.; Reese, C.; Bao, Z.
Highly sensitive flexible pressure sensors with microstructured rubber dielectric layers. Nat. Mater. 2010, 9, 859-864. [CrossRef]
Zang, Y.; Zhang, F.; Huang, D.; Gao, X.; Di, C.A.; Zhu, D. Flexible suspended gate organic thin-film transistors for ultra-sensitive
pressure detection. Nat. Commun. 2015, 6, 6269. [CrossRef]

Wu, W.; Wen, X.; Wang, Z.L. Taxel-addressable matrix of vertical-nanowire piezotronic transistors for active and adaptive tactile
imaging. Science 2013, 340, 952-957. [CrossRef]

Tien, N.T.; Jeon, S.; Kim, D.L; Trung, T.Q.; Jang, M.; Hwang, B.U.; Byun, K.E.; Bae, J.; Lee, E.; Tok, ].B.; et al. A flexible bimodal
sensor array for simultaneous sensing of pressure and temperature. Adv. Mater. 2014, 26, 796-804. [CrossRef]

Dagdeviren, C.; Su, Y.; Joe, P; Yona, R.; Liu, Y.; Kim, Y.S.; Huang, Y.; Damadoran, A.R; Xia, J.; Martin, L.W.; et al. Conformable
amplified lead zirconate titanate sensors with enhanced piezoelectric response for cutaneous pressure monitoring. Nat. Commun.
2014, 5, 4496. [CrossRef] [PubMed]

Metzger, C.; Fleisch, E.; Meyer, J.; Dansachmu, M.; Graz, I.; Kaltenbrunner, M.; Keplinger, C.; Schwo, R.; Bauer, S. Flexible-foam-
based capacitive sensor arrays for object detection at low cost. Appl. Phys. Lett. 2008, 92, 013506. [CrossRef]

Park, S.; Kim, H.; Vosgueritchian, M.; Cheon, S.; Kim, H.; Koo, ].H.; Kim, TR,; Lee, S.; Schwartz, G.; Chang, H.; et al. Stretchable
energy-harvesting tactile electronic skin capable of differentiating multiple mechanical stimuli modes. Adv. Mater. 2014, 26,
7324-7332. [CrossRef] [PubMed]

Li, R.; Nie, B.; Digiglio, P.; Pan, T. Microflotronics: A Flexible, Transparent, Pressure-Sensitive Microfluidic Film. Adv. Funct.
Mater. 2014, 24, 6195-6203. [CrossRef]

Tang, Y.; Gong, S.; Chen, Y.; Yap, L.W.; Cheng, W. Manufacturable conducting rubber ambers and stretchable conductors from
copper nanowire aerogel monoliths. ACS Nano 2014, 8, 5707-5714. [CrossRef]

Jung, S.; Kim, ].H.; Kim, J.; Choi, S.; Lee, J.; Park, I.; Hyeon, T.; Kim, D.H. Reverse-micelle-induced porous pressure-sensitive
rubber for wearable human-machine interfaces. Adv. Mater. 2014, 26, 4825-4830. [CrossRef]

Choong, C.L.; Shim, M.B.; Lee, B.S.; Jeon, S.; Ko, D.S.; Kang, T.H.; Bae, ].; Lee, S.H.; Byun, K.E.; Im, J.; et al. Highly stretchable
resistive pressure sensors using a conductive elastomeric composite on a micropyramid array. Adv. Mater. 2014, 26, 3451-3458.
[CrossRef]

Kim, K.H.; Hong, S.K.; Jang, N.S.; Ha, S.H.; Lee, H.W.; Kim, ]. M. Wearable Resistive Pressure Sensor Based on Highly Flexible
Carbon Composite Conductors with Irregular Surface Morphology. ACS Appl. Mater. Interfaces 2017, 9, 17499-17507. [CrossRef]
Lim, H.C.; Schulkin, B.; Pulickal, M.].; Liu, S.; Petrova, R.; Thomas, G.; Wagner, S.; Sidhu, K.; Federici, ].F. Flexible membrane
pressure sensor. Sens. Actuators A Phys. 2005, 119, 332-335. [CrossRef]


https://doi.org/10.1002/adma.201303041
https://www.ncbi.nlm.nih.gov/pubmed/24027108
https://doi.org/10.1002/adfm.201301845
https://doi.org/10.1002/adma.201601572
https://www.ncbi.nlm.nih.gov/pubmed/27168096
https://doi.org/10.1002/adfm.201504755
https://doi.org/10.1038/ncomms4132
https://www.ncbi.nlm.nih.gov/pubmed/24495897
https://doi.org/10.1021/nn501204t
https://doi.org/10.1038/nmat2834
https://doi.org/10.1038/ncomms7269
https://doi.org/10.1126/science.1234855
https://doi.org/10.1002/adma.201302869
https://doi.org/10.1038/ncomms5496
https://www.ncbi.nlm.nih.gov/pubmed/25092496
https://doi.org/10.1063/1.2830815
https://doi.org/10.1002/adma.201402574
https://www.ncbi.nlm.nih.gov/pubmed/25256696
https://doi.org/10.1002/adfm.201401527
https://doi.org/10.1021/nn502702a
https://doi.org/10.1002/adma.201401364
https://doi.org/10.1002/adma.201305182
https://doi.org/10.1021/acsami.7b06119
https://doi.org/10.1016/j.sna.2004.10.012

Polymers 2023, 15, 2095 12 of 13

21.
22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.
43.

44.
45.

46.

47.

48.

49.

Shirinov, A.V.; Schomburg, W.K. Pressure sensor from a PVDF film. Sens. Actuators A Phys. 2008, 142, 48-55. [CrossRef]

Zang, Y.; Zhang, E; Di, C.-A.; Zhu, D. Advances of flexible pressure sensors toward artificial intelligence and health care
applications. Mater. Horiz. 2015, 2, 140-156. [CrossRef]

Bae, G.Y,; Pak, SSW.; Kim, D.; Lee, G.; Kim, D.H.; Chung, Y.; Cho, K. Linearly and Highly Pressure-Sensitive Electronic Skin Based
on a Bioinspired Hierarchical Structural Array. Adv. Mater. 2016, 28, 5300-5306. [CrossRef] [PubMed]

Wang, X.; Gu, Y,; Xiong, Z.; Cui, Z.; Zhang, T. Silk-Molded Flexible, Ultrasensitive, and Highly Stable Electronic Skin for
Monitoring Human Physiological Signals. Adv. Mater. 2014, 26, 1336-1342. [CrossRef] [PubMed]

Wang, Z.; Wang, S.; Zeng, J.; Ren, X.; Chee, A.].Y,; Yiu, B.Y.S.; Chung, W.C; Yang, Y.; Yu, A.C.H.; Roberts, R.C.; et al. High
Sensitivity, Wearable, Piezoresistive Pressure Sensors Based on Irregular Microhump Structures and Its Applications in Body
Motion Sensing. Small 2016, 12, 3827-3836. [CrossRef] [PubMed]

Zhu, B.; Niu, Z.; Wang, H.; Leow, W.R.; Wang, H.; Li, Y.; Zheng, L.; Wei, J.; Huo, E; Chen, X. Microstructured Graphene Arrays for
Highly Sensitive Flexible Tactile Sensors. Small 2014, 10, 3625-3631. [CrossRef] [PubMed]

Ribeiro, J.E.; Lopes, H.; Martins, P.; Braz-César, M. Mechanical analysis of PDMS material using biaxial test. AIMS Mater. Sci.
2019, 6, 97-110. [CrossRef]

Yu, Y.-S.; Zhao, Y.-P. Deformation of PDMS membrane and microcantilever by a water droplet: Comparison between Mooney—
Rivlin and linear elastic constitutive models. J. Colloid. Interface Sci. 2009, 332, 467-476. [CrossRef] [PubMed]

Ariati, R.; Sales, F.; Souza, A.; Lima, R.A.; Ribeiro, J. Polydimethylsiloxane Composites Characterization and Its Applications: A
Review. Polymers 2021, 13, 4258. [CrossRef]

Millereau, P.; Ducrot, E.; Clough, ].M.; Wiseman, M.E.; Brown, H.R; Sijpesma, R.P.; Creton, C. Mechanics of elastomeric molecular
composites. Proc. Natl. Acad. Sci. USA 2018, 115, 9110-9115. [CrossRef]

Barlian, A.A.; Park, W.T.; Mallon, J.R., Jr.; Rastegar, A.].; Pruitt, B.L. Review: Semiconductor Piezoresistance for Microsystems.
Proc. IEEE Inst. Electr. Electron. Eng. 2009, 97, 513-552. [CrossRef]

Ajovalasit, A.; Zuccarello, B. Local Reinforcement Effect of a Strain Gauge Installation on Low Modulus Materials. . Strain Anal.
Eng. Des. 2006, 40, 643-653. [CrossRef]

Kang, D.; Pikhitsa, P.V.,; Choi, YYW.,; Lee, C.; Shin, S.S.; Piao, L.; Park, B.; Suh, K.Y.; Kim, T.I.; Choi, M. Ultrasensitive mechanical
crack-based sensor inspired by the spider sensory system. Nature 2014, 516, 222-226. [CrossRef]

Hwang, B.U.; Lee, ].H.; Trung, T.Q.; Roh, E.; Kim, D.I,; Kim, S.W.; Lee, N.E. Transparent Stretchable Self-Powered Patchable
Sensor Platform with Ultrasensitive Recognition of Human Activities. ACS Nano 2015, 9, 8801-8810. [CrossRef] [PubMed]
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. Nanotechnol. 2011, 6, 296-301. [CrossRef] [PubMed]

Cai, L.; Song, L.; Luan, P; Zhang, Q.; Zhang, N.; Gao, Q.; Zhao, D.; Zhang, X.; Tu, M.; Yang, F; et al. Super-stretchable, transparent
carbon nanotube-based capacitive strain sensors for human motion detection. Sci. Rep. 2013, 3, 3048. [CrossRef]

Lu, N.; Lu, C;; Yang, S.; Rogers, ]. Highly Sensitive Skin-Mountable Strain Gauges Based Entirely on Elastomers. Adv. Funct.
Mater. 2012, 22, 4044-4050. [CrossRef]

Zhu, Y,; Sun, Z.; Yan, Z.; Jin, Z.; Tour, ].M. Rational design of hybrid graphene films for high-performance transparent electrodes.
ACS Nano 2011, 5, 6472-6479. [CrossRef]

Hempel, M.; Nezich, D.; Kong, J.; Hofmann, M. A novel class of strain gauges based on layered percolative films of 2D materials.
Nano Lett. 2012, 12, 5714-5718. [CrossRef]

Eichhorn, S.J.; Dufresne, A.; Aranguren, M.; Marcovich, N.E.; Capadona, ].R.; Rowan, 5.J.; Weder, C.; Thielemans, W.; Roman, M.;
Renneckar, S.; et al. Review: Current international research into cellulose nanofibres and nanocomposites. J. Mater. Sci. 2010, 45,
1-33. [CrossRef]

Li, Y.-Q.; Samad, Y.A.; Polychronopoulou, K.; Alhassan, S.M.; Liao, K. Carbon Aerogel from Winter Melon for Highly Efficient
and Recyclable Oils and Organic Solvents Absorption. ACS Sustain. Chem. Eng. 2014, 2, 1492-1497. [CrossRef]

Li, Y,; Samad, Y.A,; Liao, K. From cotton to wearable pressure sensor. J. Mater. Chem. A 2015, 3, 2181-2187. [CrossRef]

Saito, T.; Nishiyama, Y.; Putaux, J.L.; Vignon, M.; Isogai, A. Homogeneous suspensions of individualized microfibrils from
TEMPO-catalyzed oxidation of native cellulose. Biomacromolecules 2006, 7, 1687-1691. [CrossRef] [PubMed]

O’Sullivan, A.C. Cellulose: The structure slowly unravels. Cellulose 1997, 4, 173-207. [CrossRef]

Jawhari, T.; Roid, A.; Casado, ]. Raman spectroscopic characterization of some commercially available carbon black materials.
Carbon 1995, 33, 1561-1565. [CrossRef]

Ha, H.; Shanmuganathan, K.; Ellison, C.J. Mechanically stable thermally crosslinked poly(acrylic acid)/reduced graphene oxide
aerogels. ACS Appl. Mater. Interfaces 2015, 7, 6220-6229. [CrossRef]

Zhou, H.L.; Zhu, H.C,; Yang, X.G.; Zhang, Y.; Zhang, X.M.; Cui, K.C.; Shao, L.; Yao, ].M. Temperature/pH Sensitive Cellulose-
based Hydrogel: Synthesis, Characterization, Loading, and Release of Model Drugs for Potential Oral Drug Delivery. Bioresources
2015, 10, 760-771. [CrossRef]

Wang, M.; Shao, C.; Zhou, S.; Yang, J.; Xu, F. Preparation of carbon aerogels from TEMPO-oxidized cellulose nanofibers for
organic solvents absorption. RSC Adv. 2017, 7, 38220-38230. [CrossRef]

Oh, S.Y.; Yoo, D.I; Shin, Y;; Kim, H.C.; Kim, H.Y.; Chung, Y.S.; Park, W.H.; Youk, J.H. Crystalline structure analysis of cellulose
treated with sodium hydroxide and carbon dioxide by means of X-ray diffraction and FTIR spectroscopy. Carbohydr. Res. 2005,
340, 2376-2391. [CrossRef]


https://doi.org/10.1016/j.sna.2007.04.002
https://doi.org/10.1039/C4MH00147H
https://doi.org/10.1002/adma.201600408
https://www.ncbi.nlm.nih.gov/pubmed/27159832
https://doi.org/10.1002/adma.201304248
https://www.ncbi.nlm.nih.gov/pubmed/24347340
https://doi.org/10.1002/smll.201601419
https://www.ncbi.nlm.nih.gov/pubmed/27280488
https://doi.org/10.1002/smll.201401207
https://www.ncbi.nlm.nih.gov/pubmed/24895228
https://doi.org/10.3934/matersci.2019.1.97
https://doi.org/10.1016/j.jcis.2008.12.054
https://www.ncbi.nlm.nih.gov/pubmed/19159892
https://doi.org/10.3390/polym13234258
https://doi.org/10.1073/pnas.1807750115
https://doi.org/10.1109/JPROC.2009.2013612
https://doi.org/10.1243/030932405X30894
https://doi.org/10.1038/nature14002
https://doi.org/10.1021/acsnano.5b01835
https://www.ncbi.nlm.nih.gov/pubmed/26277994
https://doi.org/10.1038/nnano.2011.36
https://www.ncbi.nlm.nih.gov/pubmed/21441912
https://doi.org/10.1038/srep03048
https://doi.org/10.1002/adfm.201200498
https://doi.org/10.1021/nn201696g
https://doi.org/10.1021/nl302959a
https://doi.org/10.1007/s10853-009-3874-0
https://doi.org/10.1021/sc500161b
https://doi.org/10.1039/C4TA05810K
https://doi.org/10.1021/bm060154s
https://www.ncbi.nlm.nih.gov/pubmed/16768384
https://doi.org/10.1023/A:1018431705579
https://doi.org/10.1016/0008-6223(95)00117-V
https://doi.org/10.1021/acsami.5b00407
https://doi.org/10.15376/biores.10.1.760-771
https://doi.org/10.1039/C7RA05506D
https://doi.org/10.1016/j.carres.2005.08.007

Polymers 2023, 15, 2095 13 of 13

50.

51.

52.

53.

54.

Liang, X.; Nie, K.; Ding, X.; Dang, L.; Sun, J.; Shi, E; Xu, H,; Jiang, R.; He, X.; Liu, Z,; et al. Highly Compressible Carbon Sponge
Supercapacitor Electrode with Enhanced Performance by Growing Nickel-Cobalt Sulfide Nanosheets. ACS Appl. Mater. Interfaces
2018, 10, 10087-10095. [CrossRef]

Ma, T.; Gao, H.L.; Cong, H.P; Yao, H.B.; Wu, L,; Yu, Z.Y.; Chen, S.M.; Yu, S.H. A Bioinspired Interface Design for Improving the
Strength and Electrical Conductivity of Graphene-Based Fibers. Adv. Mater. 2018, 30, e1706435. [CrossRef]

Ma, P.C.; Tang, B.Z.; Kim, J.-K. Effect of CNT decoration with silver nanoparticles on electrical conductivity of CNT-polymer
composites. Carbon 2008, 46, 1497-1505. [CrossRef]

Li, Y;; Chen, J.; Huang, L.; Li, C.; Hong, ].D.; Shi, G. Highly compressible macroporous graphene monoliths via an improved
hydrothermal process. Adv. Mater. 2014, 26, 4789-4793. [CrossRef] [PubMed]

Simmons, J.G. Generalized Formula for the Electric Tunnel Effect between Similar Electrodes Separated by a Thin Insulating Film.
J. Appl. Phys. 1963, 34, 1793-1803. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1021/acsami.7b19043
https://doi.org/10.1002/adma.201706435
https://doi.org/10.1016/j.carbon.2008.06.048
https://doi.org/10.1002/adma.201400657
https://www.ncbi.nlm.nih.gov/pubmed/24819855
https://doi.org/10.1063/1.1702682

	Introduction 
	Experimental 
	Materials 
	Preparation of CCF/PDMS Pressure Sensor 
	Characterization 
	Electrochemical Measurements 

	Results and Discussion 
	Conclusions 
	References

