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Abstract: The reasonable design pattern of flexible pressure sensors with excellent performance
and prominent features including high sensitivity and a relatively wide workable linear range
has attracted significant attention owing to their potential application in the advanced wearable
electronics and artificial intelligence fields. Herein, nano carbon black from kerosene soot, an
atmospheric pollutant generated during the insufficient burning of hydrocarbon fuels, was utilized
as the conductive material with a bottom interdigitated textile electrode screen printed using silver
paste to construct a piezoresistive pressure sensor with prominent performance. Owing to the distinct
loose porous structure, the lumpy surface roughness of the fabric electrodes, and the softness of
polydimethylsiloxane, the piezoresistive pressure sensor exhibited superior detection performance,
including high sensitivity (31.63 kPa−1 within the range of 0–2 kPa), a relatively large feasible range
(0–15 kPa), a low detection limit (2.26 pa), and a rapid response time (15 ms). Thus, these sensors act as
outstanding candidates for detecting the human physiological signal and large-scale limb movement,
showing their broad range of application prospects in the advanced wearable electronics field.
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1. Introduction

Electronics with flexible, extensible, and wearable traits have recently attracted significant
research interests for a broad range of applications, including electronic skins [1,2], health-monitoring
devices [3–6], flexible displays, and energy-harvesting devices [7]. Wearable pressure sensors [8,9],
as a significant sub-area of wearable electronics, should have stable mechanical compliance. They
should be able to comply with natural motions to monitor personal activities and human health
effectively. For practical applications, pressure sensors should have ultra-high sensitivity, be quite
flexible, and be relatively stable. So far, four types of pressure sensors including piezoresistive [10–16],
capacitive [17–19], piezoelectric [20–22], and triboelectric [23] have been reported. In particular,
piezoresistive pressure sensors are extensively used, ascribed to their simple and facile fabrication
process, superior sensitivity, and excellent response mechanism. By converting subtle mechanical
deformation into the variation in resistance of the briskly conducting materials, piezoresistive sensors
can easily detect various mechanical deformation loadings. Nonetheless, a majority of the reported
sensors may not simultaneously achieve pressure sensing ability with excellent sensitivity and a wide
workable range, which restrict their practical applications. Therefore, it is extraordinarily desired to
investigate multifunctional sensing platforms with both ultra-high sensitivity and a wide workable
pressure range through a cost-effective and simple fabrication process.

Nanomaterials 2020, 10, 664; doi:10.3390/nano10040664 www.mdpi.com/journal/nanomaterials

http://www.mdpi.com/journal/nanomaterials
http://www.mdpi.com
https://orcid.org/0000-0002-7484-8114
https://orcid.org/0000-0003-2343-0233
http://www.mdpi.com/2079-4991/10/4/664?type=check_update&version=1
http://dx.doi.org/10.3390/nano10040664
http://www.mdpi.com/journal/nanomaterials


Nanomaterials 2020, 10, 664 2 of 12

In general, flexible piezoresistive-type sensors consist of the following two dominating
components: flexible substrates and compatible conductive and active layers. In practical applications,
polydimethylsiloxane (PDMS) [24,25] films are extensively used as the flexible substrates to assemble
with compatible material. The choice of the conductive layer plays a dominant role. So far,
a large variety of materials including carbon nanotubes [26], graphene [27–29], metal material
nanoparticles/nanowires (for example, AgNPs and AgNWs) [30,31], and environmentally-friendly
organic conductive polymer [32,33] have been utilized in piezoresistive-type sensors. Carbon-based
materials from unprocessed materials have received far-ranging interest due to their prominent electrical
conductivity, cost effectiveness, and large-scale production capability. Furthermore, carbonized silk,
cotton [34], corncobs, and mushrooms have been constructed as sensing components for wearable
strain sensors. The carbonation process usually takes place at a high temperature in an atmosphere of
mixed argon and hydrogen in a tubular furnace.

As a traditional sensing material, carbon black possesses the advantages of low cost, easy
production, natural abundance, and favorable conductivity and has been widely used as a building
phase for the construction of conductive polymer composites [35–38]. With an appropriate proportion
of carbon black, these composites possess flexibility and piezoresistivity, making them suitable sensing
materials for flexible strain sensors. The mechanism of electrical conduction in these composites is the
formation of a continuous network of conductive carbon black throughout the insulating polymer
matrix. The level of electrical conductivity in these heterogeneous materials depends primarily on
the concentration and geometry of the carbon black filler. However, for these conventional carbon
black fillers, a rather high loading is required to achieve satisfactory electrical properties, resulting in
material redundancy and detrimental mechanical and sensing properties [39–42].

In this study, a novel nano carbon black (NCB) ultra-thin coating on PDMS was employed as
the sensing materials for wearable pressure sensors. The NCB coating was deposited by collecting
kerosene soot on the surface of a glass base and then transferred to a flexible PDMS substrate. Kerosene
soot is an atmospheric pollutant generated during the insufficient burning of hydrocarbon fuels. The
NCB particles in the ultra-thin coating were connected with each other to form a continuous network,
effectively avoiding deterioration of the mechanical properties of the PDMS to which higher filler
concentrations may lead [36,39]. The conductivity of this obtained ultra-thin NCB coating was higher
than those of polymer composites filled with carbon black [39–42]. Flexible pressure sensors were
constructed with an upper bridge of NCB-coated PDMS and a bottom interdigitated textile electrode
screen printed with silver (Ag) paste. Owing to the high conductivity of the NCB coating, the large
surface roughness of the fabric electrodes, and the softness of PDMS substrate, the piezoresistive
pressure sensor prepared herein exhibited excellent performance, including ultra-high sensitivity
(31.63 kPa−1 within the range of 0–2 kPa), a large feasible pressure range (0–15 kPa), a low detection limit
(2.26 pa), and a rapid response (15 ms), which are among the best outcomes for wearable electronics.
On account of these outstanding detection properties, these electronic sensors were able to detect wrist
pulse and carotid pulse signals. The concept paves a novel way for the cost-effective, lightweight, and
simple fabrication of wearable electronics.

2. Results and Discussion

2.1. Fabrication of the Nano Carbon Black-Based Sensor

Figure 1 presents a schematic illustration of the fabrication process of the NCB-based sensor. A
piece of glass was rinsed with acetone and deionized water. NCB was coated on the surface of the
glass by collecting the soot from a burning kerosene lamp. PDMS was deposited on the surface of the
carbon black as a uniform film by the drop casting method followed by solidification in an oven at
70 ◦C for 4 h. After removal from the glass sheet, a conductive black carbon film based on PDMS was
obtained with a typical resistance of 2.03 kΩ sq−1.
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Figure 1. Schematic illustration of the fabrication process and device structure of the nano carbon black
(NCB)-coated piezoresistive-based sensor and its digital photograph.

The flexible bottom electrodes were fabricated on fabric by screen printing technology (Figure 1).
After scraping, the Ag paste traversed the designed screen mesh and then was printed on the fabric
substrate. After exsiccation at 80 ◦C for 20 min, Ag electrodes with an interdigitated configuration
and an ultra-high conductivity (the sheet resistivity was approximately 0.37 Ω sq−1) were coated
on the fabric substrate. Further, a slice of NCB-coated PDMS was used to cover the upper surface
of the Ag-coated electrodes, and then, a thin layer of VHB tape was used to encapsulate it, while
maintaining mechanical rebound resilience properties. The devices obtained by the above-mentioned
fabrication process were flexible owing to the elastic nature of PDMS and fabric. Moreover, screen
printing (roll-to-roll) is compatible with industrial processes, which is also suitable for a cost-effective,
simple, and large-scale synthesis approach.

2.2. Morphological Characteristics of Nano Carbon Black and Silver Electrodes

Furthermore, the composition of the NCB coating was analyzed. Figure 2a exhibits transmission
electron microscopy (TEM) images of NCB, elucidating that NCB was composed of spherical
nanoparticles with a particle size ranging from 20 to 50 nm. The higher magnification in the
illustration shows that carbon nanospheres were joined by weak intermolecular interactions [43,44].
Moreover, Figure 2b depicts that several crystalline carbon nanospheres together with amorphous
carbon were clearly recognized in the NCB as further confirmed by selected area electron diffraction
(SAED) imaging. The SAED pattern showed that a distorted lattice fringe belonged to the (002) plane
diffraction ring of hexagonal graphite [45,46].

Elemental analysis of the soot from the kerosene lamp observed by X-ray photoelectron
spectroscopy (XPS) more deeply exposed the contents of C and O to be 90.54% and 9.46%, respectively.
The outcomes elucidated that the acquired NCB did not include other elements rooted in organic
contaminates. Figure 2c shows that the C 1s spectrum of the NCB was fitted with three correlated
peaks at 284.4 eV (attributed to sp2 hybridized C=C), 285.5 eV (attributed to sp3 hybridized C–C), and
286.7 eV (attributed to sp3 hybridized C–O), elucidating a comparatively high degree of graphitization.
This result was further confirmed by Raman spectroscopy. Figure 2c depicts the existence of a
D band associated with the amorphous carbon at 1350 cm−1 and a G band at 1587 cm−1 closely
connected with the E2g mode of crystalline carbon due to the vibration of sp2-bonded carbon atoms in
a two-dimensional (2D) hexagonal lattice. The existence of the G band manifested that the NCB was
composed of highly ordered pyrolytic graphite [47].
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Figure 2. (a) TEM image of NCB and its higher magnification (inset). (b) High-resolution TEM image
of the NCB and its SAED pattern (inset). (c) XPS spectrum showing the O 1s and C 1s peaks of the NCB.
The inset in the panel shows the deconvolution of the C 1s XPS peak. (d) Raman spectrum of NCB.

Figure 3a shows the SEM image of the NCB-coated PDMS, exhibiting a very smooth surface with
only a few scattered particles. A digital photograph of the NCB-coated PDMS is also shown in the inset
of Figure 3a. A cross-sectional SEM image (Figure 3b) of PDMS covered with NCB showed that the
thickness of the NCB layer was about 10 µm. At a higher magnification, the fluffy uniform structure of
NCB wrapped around the surface of the PDMS was observed, as shown in Figure 3c.

Figure 3d demonstrates that by employing the screen printing technology, a clear insulation gap
with a minimum gap size of only 430 µm between two adjoining Ag electrodes could be easily obtained,
while maintaining the inherent weave characteristics of the original fabric. The inset in Figure 3d
shows a digital photograph of the Ag electrodes printed on cotton. The SEM image (Figure 3e) shows
that each individual fiber was wrapped with a tight Ag layer. Owing to the porous structure of the
fabric, the Ag paste was able to penetrate the surface of the inner fiber. The detection performance of
the pressure sensor depended on its microstructure. The decorated Ag fabric exhibited a multi-line
interwoven microstructure that created more conductive loops when pressure was applied. The
high-magnification SEM image indicated that the Ag paste was tightly wound around the surface of
the fiber (Figure 3f), and the accumulated morphology further led to the increase in the roughness [48].
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Figure 3. Morphological features of the NCB-coated PDMS surface. (a) A plane view of the SEM
image of NCB-coated PDMS and its digital inset photograph. (b,c) Cross-sectional SEM images of the
edge portion of NCB-coated PDMS under different magnifications. (d) SEM image of screen printed
electrodes and the inset showing its digital photograph. (e,f) SEM image of the Ag electrode screen
printed on textile under different magnifications. (g) 3D morphology of the Ag electrode-coated fabric.
(h) The probability distribution of the surface heights.

Moreover, for Ag paste-coated conductors with a non-uniform height distribution, the nonwoven
fabric substrate exhibited 3D confocal imaging results in the range of 150–250 µm (Figure 3g). The
probability distribution of the electrode surface height (Figure 3h) indicated that the surface height was
stochastic and comparatively close to a Gaussian distribution centered at 200 µm. Such a randomly
distributed surface of the electrode was beneficial for the linear increase of the device.

In the absence of pressure, there were only a few contact points between the conductive NCB and
the Ag electrode. When appropriate external pressure was applied, the surface of the NCB-coated
PDMS became deformed, and the common contact area and immediate current transmission path
between these NCB-coated PDMS and the Ag fabric electrode underwent a sudden increase [49].

2.3. Electromechanical Performance of the Nano Carbon Black Pressure Sensor

Owing to the recoverable deformation of the NCB-coated PDMS within a certain range, the tensile
strength of the NCB-coated PDMS was measured to explore its tensile properties. The red curve in
Figure 4a depicts the stress and relative resistance change function. The blue curve is a function of the
stress-induced range of variation from 0 to 50%. When the stress reached 40 kPa, both curves showed
the existence of obvious inflexion points, which proved that the NCB-coated PDMS was destroyed
when the deformation variable reached about 53%. The change was relatively proportional to the
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applied strain force in the range of 0–50%; the linearity was very high; and the GF was as high as 20.97
in the range of 5–35% deformation. GF is defined as GF = R − R0/Rλ, where λ is the strain and R0

denotes the initial electrical resistance without applied strain. Within such a large deformation range,
the obtained value of GF = 20.97 (Figure S1) based on all carbon black was better than the traditional
metal strain gauge (GF = 2, λ < 5%). Although previously reported polyimide strain sensors also
reached fairly high values of GF, they were usually limited to very low stretch (λ < 5%), thus restricting
their application to human motion monitoring.
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Figure 4. Basic electromechanical sensing performance: (a) Relative change in resistance and strain
when the NCB-coated PDMS is pulled up and inset image of its measuring equipment. (b) Relative
change in the current of the pressure sensing when the pressure increases from 0 to 15 kPa and inset
image of its measuring equipment. (c) I–V curves under different pressures. (d) The circulation testing
of the NCB sensor with applied pressure of 15 kPa. (e) Response/release time of the NCB sensor under
the pressure of 20 Pa. (f) The loading and shift of a leaf on the NCB sensor response to current; the
corresponding applied pressure is merely 2.26 Pa.

The SourceMeter (Keithley 2400, Beaverton, OR, USA) was used to investigate the electrical
properties of pressure sensing capacity with NCB as the active layer and a PDMS substrate. Figure 4b
and Figure S2 exhibit a monotonic increase in relative resistance change observed under a pressure
range of 0 to 15 kPa. Noteworthy is that the sensitivity (δ(∆I/I0)/δP, where ∆I denotes the relative
variation of current, I0 represents the initial current without applied pressure, and δP is the change in
applied pressure) based on NCB showed superior performance compared to the recently reported
pressure sensors. Herein, the performance of the NCB sensor was explored under different pressures.
Figure 4b shows three relatively linear parts: 0–2, 2–5, and 5–15 kPa, with S values of 31.63, 5.04,
and 1.52 kPa−1, respectively, indicating both ultra-high sensitivity and a wide workable range. The
high sensitivity and wide workable range of our devices may be due to the excellent mechanical and
structural properties of the NCB-based pressure sensors. The substrates we used, PDMS and cotton
fabric, had a low compressive effective elastic modulus. The current switching behavior of our sensors
could be attributed to the fact that the OFF-state was initially at a break insulating condition; when
applying pressures, a high ON-state current flow could be attained by the conductive NCB-decorated
PDMS that bridged the two interdigitated silver electrodes. The degree of increase in contact area with
applied pressure depended on the elastic modulus of the sensing elements. The large deformation of
NCB-decorated PDMS with low elastic moduli produced a large increase in contact area. A surface
structure of the bottom fabric electrode with a wide size distribution was also proposed to improve the
sensitivity and working range.
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Figure 4c shows that the current–voltage (I–V) curve under various pressures increased linearly
within the appropriate voltage range of −1 to 1 V, indicating that the NCB sensor complied with Ohm’s
law. Furthermore, the stability of flexible sensors under the pressure of 2.5 kPa and frequency of 0.5 Hz
was also investigated. The outcomes indicated that the current amplitude almost remained unchanged
after approximately 1500 cycles of repeated loading/unloading (Figure 4d).

We also measured the relative electrical current variations of the NCB sensor under the pressures
of 0 kPa–15 kPa–0 kPa. The local inelastic deformation process that always exists in textile materials
explained the electrical hysteresis of the device (Figure S1b), similar to many other piezoresistive-type
pressure sensors. Moreover, the sensor prepared herein showed a rapid response (15 and 20 ms,
respectively) with an instantaneous pressure of 400 Pa (Figure 4e). Figure 4f shows that the pressure
sensor device was extraordinarily sensitive when placing and removing very light objects such as
leaves, corresponding to a pressure of 2.26 Pa.

2.4. Monitoring of Human Physiology

Based on its outstanding performance, we further demonstrated the real-time application of NCB
sensors and in situ biomedical testing. Figure 5a shows the real-time response of the wrist when the
NCB sensor was attached to the wrist as it rotated rapidly and also the stability of the NCB sensor
exhibited by the wrist at high speed. Moreover, the data from Figure 5b also show that these wearable
sensors could be used to detect breathing, which is a critical part of real-time monitoring of physical
health. Owing to the ultra-high sensitivity, this equipment could differentiate the gas strength from
the mouth. When the gas generated from the mouth reached the surface of the equipment, the sensor
was able to record the slight mechanical deformation caused by the gas pressure easily and convert it
into the desired signal due to the rapid electronical response and ultra-high sensitivity. Different blow
intensities such as “blowing lightly” and “blowing powerfully” could be identified by the NCB sensor,
which revealed the existence of prominent sensitivity and unique memory patterns. Each different
breath was recorded three times, and similar correlative characteristic peaks and troughs on each
curve could be clearly seen, elucidating that the breath detection had fantastic repeatability. Thus, this
system also provided a robust and effective method for human health monitoring.
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Figure 5. Real-time detection of different electrical signals using the NCB-coated PDMS pressure sensor:
(a) The response of relative current changes caused by rapid whirling of the wrist. (b) The current
signal for detecting different strengths of gas generated from the mouth. (c) Photograph of a sensor
mounted on the wrist for pulse detection. (d,e) A wrist pulse waveform and a single pulse waveform
recorded by the NCB sensor. (f) An optical image of the NCB-coated PDMS sensor attached to the
neck for arterial pulse waves’ detection. (g) Neck pulse waveform of the test sensor and (h) a single
pulse waveform.

Figure 5d demonstrates that with the aid of scotch tape, a lightweight and a highly sensitive
sensor could be conformally attached to the subject’s brachial artery. According to the data obtained
(Figure S3), the heart rates of the tested subject under normal conditions and after running for 30 min
were 84 and 128 beats min−1, respectively. Representative human pulse waveform peaks correlated
with “P1” (percussion), “P2” (tidal), and “P3” (diastolic) were obviously distinguished, which was
likely to attributed to the conformal contact of the flexible sensor with the skin surface [50].

Furthermore, to further illustrate the reliability of the data, a record of the respiratory frequency
that continuously tracked sleep is shown in Figure 5f. Continuous tracking of the respiratory rate of
sleep is an effective way to avoid sleep apnea; however, sleep apnea is very likely to be misdiagnosed
among numerous emergency diseases. At present, most of the specialized biomedical technologies use
expensive, cumbersome, and uncomfortable instruments, which limit an extensive range of practical
applications. Our flexible sensors could be mounted on the tester’s neck using transparent tape
to capture the rise and fall of the carotid artery, providing a cost-effective and simple approach for
monitoring real-time breathing. Figure 5g shows that the sensor installed on the subject’s artery
recorded the pulse rate in the normal condition. There were still three peaks, P1, P2, and P3, which
were consistent with the results of the previous test.

3. Conclusions

The design and fabrication of a high-performance wearable pressure sensor based on nano carbon
black (NCB) was demonstrated in this study. The conversion of NCB generated from a kerosene
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lamp to functional electronics was an easily-fabricated, eco-friendly, and cost-efficient method to turn
domestic waste into an extraordinarily useful device. Owing to the distinct loose porous structure and
large-scale surface roughness of the textile electrodes and the softness of PDMS, the as-constructed
pressure sensor revealed fantastic sensitivity (31.63 kPa−1 within the range of 0–2 kPa), rapid response
(15 ms), and a large workable pressure sensor range (0–15 kPa). On account of these prominent sensing
properties, we illustrated its actual application in detecting numerous desired mechanical signals
such as wrist movement, acoustic vibration, and even faint pulses with fantastic repeatability. The
study showed that this sensor possessed broad prospects for health monitoring as a flexible wearable
electronic device.

4. Experimental Section

4.1. Preparation of Carbon Black

The kerosene lamp used in this experiment was purchased from the local market. Kerosene was
blended with refined straight-run kerosene or hydrocracked kerosene fractions. Its main component
included C10–C16 alkane, and it also contained a small number of aromatic hydrocarbons, unsaturated
hydrocarbons, cyclic hydrocarbons, and other impurities. A piece of glass (75 × 25 mm) was cleaned
with acetone and deionized water prior to the experiment. The black soot formed by burning the
kerosene lamp in the air was then used to cover the surface of the glass, i.e., carbon black. However, it
was difficult to induce a uniformly dense carbon black layer at the tail of the flame; thus, the center
of the glass piece was placed directly above the flame tail of 10 mm. The NCB deposition could be
controlled by changing the deposition time.

4.2. All Carbon Black Pressure Sensor Fabrication

The PDMS prepolymer (the base monomer and the curing agent were stirred for 5 min in a
weight ratio of 10:1) was deposited on the surface of previously coated NCB as a uniform film by
drop casting, followed by placing it in an oven at 80 ◦C for 4 h. After peeling from the glass sheet,
the conductive NCB film was covered on the surface of PDMS. For the bottom interdigitated textile
electrode, commercially conductive silver paste (ENSON CD-03, Guangzhou, China) was imprinted on
pre-washed fabric by the screen printing method. After drying at 80 ◦C for 25 min, the patterned silver
electrodes on the fabric substrate with ultra-high conductivity were obtained. Finally, the bottom of
the silver electrode and the top NCB-coated PDMS were encapsulated with VHB film (3M™ VHB™
Tape 4910). The devices were compressed with a stress of 50 kPa before testing.

4.3. Device Characterization

Scanning electron microscopy (SEM) was performed using a QUANTA 250 micrometer
(GeminiSEM 300, Hallbergmoos, Germany). The TEM images were obtained using a field-emission
TEM (FE-TEM, JEOL JEM 2100F, Beijing, China). Raman spectra were performed with a Raman
spectroscope (RENISHAW RM2000, Gloucestershire, UK) with a later excitation wavelength of 532 nm.
X-ray photoelectron spectroscopy (ThermoFisher K-Alpha, Waltham, MA, USA) was used for elemental
analysis of nano carbon black. The 3D morphology of the Ag-coated fabric was characterized by a laser
scanning confocal microscope (OPTELICS C130, Kanagawa, Japan). The sensitivity of the NCB pressure
sensor was measured using a computer-controlled force gauge (HP-10, China Handpi Instruments,
Zhejiang, China) as the pressure source. In order to obtain the resistance of the piezoresistive sensor
to multiple stimuli, the resistance and current were obtained using an electrochemical workstation
(CHI 760E, Shanghai, China) and a digital source meter (Keithley 2400, Beaverton, OR, USA). The
stability of flexible sensors was tested by a fatigue testing machine (Wance EDT 104B, Shenzhen, China)
under a pressure of 2.5 kPa at a frequency of 0.4 Hz, and an external electrochemical workstation was
connected to test the change of resistance of the sensors.
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sensors with or without NCB in the same batch, Figure S3. Arterial pulse waves under normal and after strenuous
exercise conditions.

Author Contributions: Conceptualization, J.H.; Formal analysis, X.Y.; Investigation, J.H.; Methodology, X.L.;
Project administration, Y.L.; Supervision, L.L.; Writing—review & editing, J.Y. and Y.L. All authors have read and
agreed to the published version of the manuscript.

Funding: This research was funded by the National Key Research and Development Project of China, grant
number 2018YFB0407100-02, the National Natural Science Foundation of China, grant number 61505018,
U1663229, 21603020, 61705026, 51903027, and 51903026, the Financial Projects of Sichuan Science and Technology
Department, grant number 2018ZYZF0062, the Chongqing Science & Technology Commission, grant number
cstc2018jszx-cyzd0603, cstc2017zdcy-yszxX0004, cstc2019jcyjjq0092 and cstc2018jszx-cyzdX0137, the Scientific and
Technological Research Program of Chongqing Municipal Education Commission, grant number KJZD-K201901302.
And the APC was funded by cstc2018jszx-cyzd0603.

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

References

1. Takei, K.; Takahashi, T.; Ho, J.C.; Ko, H.; Gillies, A.G.; Leu, P.W.; Fearing, R.S.; Javey, A. Nanowire active-matrix
circuitry for low-voltage macroscale artificial skin. Nat. Mater. 2010, 9, 821–826. [CrossRef] [PubMed]

2. Lipomi, D.J.; Vosgueritchian, M.; Tee, B.C.; Hellstrom, S.L.; Lee, J.A.; Fox, C.H.; Bao, Z. Skin-like pressure
and strain sensors based on transparent elastic films of carbon nanotubes. Nat. Nanotechnol. 2011, 6, 788–792.
[CrossRef] [PubMed]

3. Luo, N.; Zhang, J.; Ding, X.; Zhou, Z.; Zhang, Q.; Zhang, Y.-T.; Chen, S.-C.; Hu, J.-L.; Zhao, N. Textile-enabled
highly reproducible flexible pressure sensors for cardiovascular monitoring. Adv. Mater. Technol. 2018, 3,
1700222. [CrossRef]

4. Luo, N.; Dai, W.; Li, C.; Zhou, Z.; Lu, L.; Poon, C.C.Y.; Chen, S.-C.; Zhang, Y.; Zhao, N. Flexible piezoresistive
sensor patch enabling ultralow power cuffless blood pressure measurement. Adv. Funct. Mater. 2016, 26,
1178–1187. [CrossRef]

5. Zhao, X.H.; Ma, S.N.; Long, H.; Yuan, H.; Tang, C.Y.; Cheng, P.K.; Tsang, Y.H. Multifunctional sensor based
on porous carbon derived from metal-organic frameworks for real time health monitoring. ACS Appl. Mater.
Interfaces 2018, 10, 3986–3993. [CrossRef]

6. Liu, W.; Liu, N.; Yue, Y.; Rao, J.; Luo, C.; Zhang, H.; Yang, C.; Su, J.; Liu, Z.; Gao, Y. A flexible and highly
sensitive pressure sensor based on elastic carbon foam. J. Mater. Chem. C 2018, 6, 1451–1458. [CrossRef]

7. Chen, J.; Huang, Y.; Zhang, N.; Zou, H.; Liu, R.; Tao, C.; Fan, X.; Wang, Z.L. Micro-cable structured textile for
simultaneously harvesting solar and mechanical energy. Nat. Energy 2016, 1, 16138. [CrossRef]

8. Zhou, Z.; Li, Y.; Cheng, J.; Chen, S.; Hu, R.; Yan, X.; Liao, X.; Xu, C.; Yu, J.; Li, L. Supersensitive all-fabric
pressure sensors using printed textile electrode arrays for human motion monitoring and human–machine
interaction. J. Mater. Chem. C 2018, 6, 13120–13127. [CrossRef]

9. Wang, C.; Xia, K.; Wang, H.; Liang, X.; Yin, Z.; Zhang, Y. Advanced carbon for flexible and wearable
electronics. Adv. Mater. 2019, 31, 1801072. [CrossRef]

10. 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]

11. Jung, S.; Kim, J.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] [PubMed]

12. Choong, C.L.; Shim, M.B.; Lee, B.S.; Jeon, S.; Ko, D.S.; Kang, T.H.; Bae, J.; 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] [PubMed]

13. Yue, Y.; Liu, N.; Liu, W.; Li, M.; Ma, Y.; Luo, C.; Wang, S.; Rao, J.; Hu, X.; Su, J.; et al. 3D hybrid porous
Mxene-sponge network and its application in piezoresistive sensor. Nano Energy 2018, 50, 79–87. [CrossRef]

14. Luo, C.; Liu, N.; Zhang, H.; Liu, W.; Yue, Y.; Wang, S.; Rao, J.; Yang, C.; Su, J.; Jiang, X.; et al. A new approach
for ultrahigh-performance piezoresistive sensor based on wrinkled PPy film with electrospun PVA nanowires
as spacer. Nano Energy 2017, 41, 527–534. [CrossRef]

http://www.mdpi.com/2079-4991/10/4/664/s1
http://dx.doi.org/10.1038/nmat2835
http://www.ncbi.nlm.nih.gov/pubmed/20835235
http://dx.doi.org/10.1038/nnano.2011.184
http://www.ncbi.nlm.nih.gov/pubmed/22020121
http://dx.doi.org/10.1002/admt.201700222
http://dx.doi.org/10.1002/adfm.201504560
http://dx.doi.org/10.1021/acsami.7b16859
http://dx.doi.org/10.1039/C7TC05228F
http://dx.doi.org/10.1038/nenergy.2016.138
http://dx.doi.org/10.1039/C8TC02716A
http://dx.doi.org/10.1002/adma.201801072
http://dx.doi.org/10.1021/nn502702a
http://dx.doi.org/10.1002/adma.201401364
http://www.ncbi.nlm.nih.gov/pubmed/24827418
http://dx.doi.org/10.1002/adma.201305182
http://www.ncbi.nlm.nih.gov/pubmed/24536023
http://dx.doi.org/10.1016/j.nanoen.2018.05.020
http://dx.doi.org/10.1016/j.nanoen.2017.10.007


Nanomaterials 2020, 10, 664 11 of 12

15. Zhang, H.; Liu, N.; Shi, Y.; Liu, W.; Yue, Y.; Wang, S.; Ma, Y.; Wen, L.; Li, L.; Long, F.; et al. Piezoresistive
sensor with high elasticity based on 3D hybrid network of Sponge@CNTs@Ag NPs. ACS Appl. Mater.
Interfaces 2016, 8, 22374–22381. [CrossRef] [PubMed]

16. Liu, W.; Liu, N.; Yue, Y.; Rao, J.; Cheng, F.; Su, J.; Liu, Z.; Gao, Y. Piezoresistive pressure sensor based on
synergistical innerconnect polyvinyl alcohol nanowires/wrinkled graphene film. Small 2018, 14, 1704149.
[CrossRef]

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

18. Park, S.; Kim, H.; Vosgueritchian, M.; Cheon, S.; Kim, H.; Koo, J.H.; Kim, T.R.; 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]

19. Li, R.; Nie, B.; Digiglio, P.; Pan, T. Microflotronics: A flexible, transparent, pressure-sensitive microfluidic
film. Adv. Funct. Mater. 2014, 24, 6195–6203. [CrossRef]

20. 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]

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

22. 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]

23. Wang, X.; Zhang, H.; Dong, L.; Han, X.; Du, W.; Zhai, J.; Pan, C.; Wang, Z.L. Self-powered high-resolution and
pressure-sensitive triboelectric sensor matrix for real-time tactile mapping. Adv. Mater. 2016, 28, 2896–2903.
[CrossRef] [PubMed]

24. 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]

25. Kim, S.Y.; Park, S.; Park, H.W.; Park, D.H.; Jeong, Y.; Kim, D.H. Highly sensitive and multimodal all-carbon
skin sensors capable of simultaneously detecting tactile and biological stimuli. Adv. Mater. 2015, 27,
4178–4185. [CrossRef]

26. Ma, Z.; Wei, A.; Ma, J.; Shao, L.; Jiang, H.; Dong, D.; Ji, Z.; Wang, Q.; Kang, S. Lightweight, compressible and
electrically conductive polyurethane sponges coated with synergistic multiwalled carbon nanotubes and
graphene for piezoresistive sensors. Nanoscale 2018, 10, 7116–7126. [CrossRef]

27. Tian, H.; Shu, Y.; Wang, X.F.; Mohammad, M.A.; Bie, Z.; Xie, Q.Y.; Li, C.; Mi, W.T.; Yang, Y.; Ren, T.L. A
graphene-based resistive pressure sensor with record-high sensitivity in a wide pressure range. Sci. Rep.
2015, 5, 8603. [CrossRef]

28. Bae, G.Y.; Pak, S.W.; Kim, D.; Lee, G.; Kim do, 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]

29. Sheng, L.; Liang, Y.; Jiang, L.; Wang, Q.; Wei, T.; Qu, L.; Fan, Z. Bubble-decorated honeycomb-like graphene
film as ultrahigh sensitivity pressure sensors. Adv. Funct. Mater. 2015, 25, 6545–6551. [CrossRef]

30. Wei, Y.; Chen, S.; Lin, Y.; Yuan, X.; Liu, L. Silver nanowires coated on cotton for flexible pressure sensors. J.
Mater. Chem. C 2016, 4, 935–943. [CrossRef]

31. Matsuhisa, N.; Inoue, D.; Zalar, P.; Jin, H.; Matsuba, Y.; Itoh, A.; Yokota, T.; Hashizume, D.; Someya, T.
Printable elastic conductors by in situ formation of silver nanoparticles from silver flakes. Nat. Mater. 2017,
16, 834–840. [CrossRef] [PubMed]

32. Takamatsu, S.; Lonjaret, T.; Ismailova, E.; Masuda, A.; Itoh, T.; Malliaras, G.G. Wearable keyboard using
conducting polymer electrodes on textiles. Adv. Mater. 2016, 28, 4485–4488. [CrossRef] [PubMed]

33. Liu, N.; Fang, G.; Wan, J.; Zhou, H.; Long, H.; Zhao, X. Electrospun PEDOT: PSS–PVA nanofiber based
ultrahigh-strain sensors with controllable electrical conductivity. J. Mater. Chem. 2011, 21, 18962–18966.
[CrossRef]

34. Zhang, M.; Wang, C.; Wang, H.; Jian, M.; Hao, X.; Zhang, Y. Carbonized cotton fabric for high-performance
wearable strain sensors. Adv. Funct. Mater. 2017, 27, 1604795. [CrossRef]

http://dx.doi.org/10.1021/acsami.6b04971
http://www.ncbi.nlm.nih.gov/pubmed/27482721
http://dx.doi.org/10.1002/smll.201704149
http://dx.doi.org/10.1063/1.2830815
http://dx.doi.org/10.1002/adma.201402574
http://dx.doi.org/10.1002/adfm.201401527
http://dx.doi.org/10.1126/science.1234855
http://dx.doi.org/10.1002/adma.201302869
http://www.ncbi.nlm.nih.gov/pubmed/24493054
http://dx.doi.org/10.1038/ncomms5496
http://www.ncbi.nlm.nih.gov/pubmed/25092496
http://dx.doi.org/10.1002/adma.201503407
http://www.ncbi.nlm.nih.gov/pubmed/26879844
http://dx.doi.org/10.1002/adma.201304248
http://www.ncbi.nlm.nih.gov/pubmed/24347340
http://dx.doi.org/10.1002/adma.201501408
http://dx.doi.org/10.1039/C8NR00004B
http://dx.doi.org/10.1038/srep08603
http://dx.doi.org/10.1002/adma.201600408
http://dx.doi.org/10.1002/adfm.201502960
http://dx.doi.org/10.1039/C5TC03419A
http://dx.doi.org/10.1038/nmat4904
http://www.ncbi.nlm.nih.gov/pubmed/28504674
http://dx.doi.org/10.1002/adma.201504249
http://www.ncbi.nlm.nih.gov/pubmed/26618790
http://dx.doi.org/10.1039/c1jm14491j
http://dx.doi.org/10.1002/adfm.201604795


Nanomaterials 2020, 10, 664 12 of 12

35. Zhang, Q.; Zhang, B.-Y.; Guo, Z.-X.; Yu, J. Comparison between the efficiencies of two conductive networks
formed in carbon black-filled ternary polymer blends by different hierarchical structures. Polym. Test. 2017,
63, 141–149. [CrossRef]

36. Chen, L.; Chen, G.H.; Lu, L. Piezoresistive behavior study on finger-sensing silicone rubber/graphite
nanosheet nanocomposites. Adv. Funct. Mater. 2007, 17, 898–904. [CrossRef]

37. Nakaramontri, Y.; Pichaiyut, S.; Wisunthorn, S.; Nakason, C. Hybrid carbon nanotubes and conductive
carbon black in natural rubber composites to enhance electrical conductivity by reducing gaps separating
carbon nanotube encapsulates. Eur. Polym. J. 2017, 90, 467–484. [CrossRef]

38. Burmistrov, I.; Gorshkov, N.; Ilinykh, I.; Muratov, D.; Kolesnikov, E.; Anshin, S.; Mazov, I.; Issi, J.P.;
Kusnezov, D. Improvement of carbon black based polymer composite electrical conductivity with additions
of MWCNT. Compos. Sci. Technol. 2016, 129, 79–85. [CrossRef]

39. Luheng, W.; Tianhuai, D.; Peng, W. Influence of carbon black concentration on piezoresistivity for
carbon-black-filled silicone rubber composite. Carbon 2009, 47, 3151–3157. [CrossRef]

40. Luheng, W.; Tianhuai, D.; Peng, W. Effects of conductive phase content on critical pressure of carbon black
filled silicone rubber composite. Sens. Actuators 2007, 135, 587–592. [CrossRef]

41. Xu, H.; Zeng, Z.; Wu, Z.; Zhou, L.; Su, Z.; Liao, Y.; Liu, M. Broadband dynamic responses of flexible carbon
black/poly (vinylidene fluoride) nanocomposites: A sensitivity study. Compos. Sci. Technol. 2017, 149,
246–253. [CrossRef]

42. Wu, X.; Lu, C.; Han, Y.; Zhou, Z.; Yuan, G.; Zhang, X. Cellulose nanowhisker modulated 3D hierarchical
conductive structure of carbon black/natural rubber nanocomposites for liquid and strain sensing application.
Compos. Sci. Technol. 2016, 124, 44–51. [CrossRef]

43. Seo, K.; Kim, M.; Kim, D.H. Candle-based process for creating a stable superhydrophobic surface. Carbon
2014, 68, 583–596. [CrossRef]

44. Sahoo, B.N.; Kandasubramanian, B. An experimental design for the investigation of water repellent property
of candle soot particles. Mater. Chem. Phys. 2014, 148, 134–142. [CrossRef]

45. Li, R.; Si, Y.; Zhu, Z.; Guo, Y.; Zhang, Y.; Pan, N.; Sun, G.; Pan, T. Supercapacitive iontronic nanofabric sensing.
Adv. Mater. 2017, 29, 1700253. [CrossRef] [PubMed]

46. Parent, P.; Laffon, C.; Marhaba, I.; Ferry, D.; Regier, T.Z.; Ortega, I.K.; Chazallon, B.; Carpentier, Y.; Focsa, C.
Nanoscale characterization of aircraft soot: A high-resolution transmission electron microscopy, Raman
spectroscopy, X-ray photoelectron and near-edge X-ray absorption spectroscopy study. Carbon 2016, 101,
86–100. [CrossRef]

47. Nieto-Márquez, A.; Romero, R.; Romero, A.; Valverde, J.L. Carbon nanospheres: Synthesis, physicochemical
properties and applications. J. Mater. Chem. 2011, 21, 1664–1672. [CrossRef]

48. Zeng, W.; Shu, L.; Li, Q.; Chen, S.; Wang, F.; Tao, X.M. Fiber-based wearable electronics: A review of materials,
fabrication, devices, and applications. Adv. Mater. 2014, 26, 5310–5336. [CrossRef] [PubMed]

49. Pang, Y.; Zhang, K.; Yang, Z.; Jiang, S.; Ju, Z.; Li, Y.; Wang, X.; Wang, D.; Jian, M.; Zhang, Y.; et al. Epidermis
microstructure inspired graphene pressure sensor with random distributed spinosum for high sensitivity
and large linearity. ACS Nano 2018, 12, 2346–2354. [CrossRef]

50. Munir, S.; Jiang, B.; Guilcher, A.; Brett, S.; Redwood, S.; Marber, M.; Chowienczyk, P. Exercise reduces arterial
pressure augmentation through vasodilation of muscular arteries in humans. Am. J. Physiol. Heart Circ.
Physiol 2008, 294, H1645–H1650. [CrossRef]

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1016/j.polymertesting.2017.08.016
http://dx.doi.org/10.1002/adfm.200600519
http://dx.doi.org/10.1016/j.eurpolymj.2017.03.029
http://dx.doi.org/10.1016/j.compscitech.2016.03.032
http://dx.doi.org/10.1016/j.carbon.2009.06.050
http://dx.doi.org/10.1016/j.sna.2006.10.019
http://dx.doi.org/10.1016/j.compscitech.2017.06.010
http://dx.doi.org/10.1016/j.compscitech.2016.01.012
http://dx.doi.org/10.1016/j.carbon.2013.11.038
http://dx.doi.org/10.1016/j.matchemphys.2014.07.022
http://dx.doi.org/10.1002/adma.201700253
http://www.ncbi.nlm.nih.gov/pubmed/28758264
http://dx.doi.org/10.1016/j.carbon.2016.01.040
http://dx.doi.org/10.1039/C0JM01350A
http://dx.doi.org/10.1002/adma.201400633
http://www.ncbi.nlm.nih.gov/pubmed/24943999
http://dx.doi.org/10.1021/acsnano.7b07613
http://dx.doi.org/10.1152/ajpheart.01171.2007
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Results and Discussion 
	Fabrication of the Nano Carbon Black-Based Sensor 
	Morphological Characteristics of Nano Carbon Black and Silver Electrodes 
	Electromechanical Performance of the Nano Carbon Black Pressure Sensor 
	Monitoring of Human Physiology 

	Conclusions 
	Experimental Section 
	Preparation of Carbon Black 
	All Carbon Black Pressure Sensor Fabrication 
	Device Characterization 

	References

