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Abstract: Carbon nanotubes (CNTs) and graphene are extensively studied materials in the field
of sensing technology and other electronic devices due to their better functional and structural
properties. Additionally, more attention is given to utilize these materials as a filler to reinforce the
properties of other materials. However, the role of weight percentage of CNTs in the piezoresistive
properties of these materials has not been reported yet. In this work, CNT-graphene composite-based
piezoresistive pressure samples in the form of pellets with different weight percentages of CNTs
were fabricated and characterized. All the samples exhibit a decrease in the direct current (DC)
resistance with the increase in external uniaxial applied pressure from 0 to 74.8 kNm~2. However,
under the same external uniaxial applied pressure, the DC resistance exhibit more decrease as the
weight percentage of the CNTs increase in the composites.

Keywords: carbon nanotubes; graphene; pressure sample; resistance; composite; pressure

1. Introduction

Graphene is one atom thick two-dimensional honeycomb layers sp?>-hybredized carbon atoms;
while multi-walled carbon nanotubes (MWCNTs) are formed by the rolling the graphene sheets into
concentric cylindrical shapes with interlayer separation of 0.34 nm [1,2]. More than one hundred years
back, it has been invented that carbon nanomaterials are sensitive to the variation in environmental
pressure, and Alexander Graham Bell patented the first telephone in 19th century by using this
effect [3]. In recent decades, these materials have drawn much attention due to their high gauge
factor, exceptional mechanical properties, high thermal, large specific surface area, high electrical
conductivities, low density, and remarkable piezoresistive properties [4]. The tensile strength and
Young’s modulus of graphene and CNTs are 160 GPa and 1.0 TPa, respectively [5-7]. By reason of these
unique properties, more attention is given to explore these materials as fillers [8-10] to improve the
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properties of other materials. Additionally, significant applications of CNTs and graphene can be found
in newer areas, such as gas sensors, strain sensors, pressure sensors, energy storage, humidity sensors,
temperature sensors, optical sensors, light emitting diodes, photovoltaic cells, chemical sensors,
displacement sensors, solar cells, transistors, and other electronic equipment [3,11-13]. Pressure sensor
is one of the key element in sensing technology that have been extensively studied in emerging industrial
and electronics applications such as health monitoring devices, aviation, automotive, e-skin and touch
screen devices [3,14,15].

Piezoresistive pressure sensors outperformed because of their fast response time, easier signal
collection, simple operating principles, high flexibility, less complicated electronics requirements,
low sensitivity to overloading, mechanical robustness, simple structure, and high sensitivity [8,16,17].
A literature survey shows that most of the scientists and researchers so far focused on utilizing CNT and
graphene as fillers and to investigate its optical and electrical properties in the form of various types of
sensors and other electronic devices. However, limited work has been extended to the piezoresistive
properties of these materials. Thus far, to the best of our knowledge, the piezoresistive properties
with various CNTs contents in CNTs-graphene composite samples under compression have not been
reported earlier.

In this work, a novel and cost effective approach for the production of piezoresistive pressure
samples is explored and tried to clarify the role of increase in the wt% of CNTs in CNT-graphene
composite pellets. It is believed that this approach will further enhance the practical applications of
CNTs, graphene, and its composites in the field of nanomaterial-based pressure sensors, actuators,
and other electronic devices.

2. Materials, Sample Fabrication and Experimental Setup

2.1. Materials

Multi-walled carbon nanotubes (MWCNTs) and graphene nanopowders used in this study were
commercially purchased from Sun Nanotech Co., Ltd., Nanchang, China. According to the supplier,
the purity, range of length and outer diameter of multi-walled carbon nanotubes (MWCNTs) are >90%,
1-10 um and 10-35 nm, respectively. The thickness range and area size of the graphene are 5-20 nm
and 10 x 10 um, respectively. The materials were used for the sample’s fabrication as received without
further purification.

2.2. Samples Fabrication

Carbon nanotubes and graphene nanopowder were weighed by using analytical balance (Model:
KERN ALS 220-4, weighing range (max): 220 g, readability (d): 0.1 mg, reproducibility: 0.2 mg,
linearity: +0.2 mg, warm-up time: 8 h, stabilization time (typical): 4 s, operating temperature: +18 °C
to +30 °C, humidity of air: max. 80% (not condensing), weighing plate (stainless steel): 85 mm).
Then both materials were carefully blended in a mortar and pestle to obtain a fine composite of the
nanopowder. CNTs and graphene powder for all the samples were blended for the same time of 10 min.
Then several samples were prepared from the blended materials and the resistances of samples of same
amount, same size, same shape, and same thicknesses were compared with each other. They showed
the same resistances which exhibits that the materials were mixed uniformly. We have fabricated all
the samples in clean environment to reduce the effect of humidity and atmospheric contamination in it.

The blend of CNTs and graphene nanopowder was loaded from the top into the fixed volume
pressing die of 10 mm inner diameter. The top and bottom of the pressing die were closed with well
fitted movable stainless steel punches as shown in the Figure 1.

To make the pellets more durable, the blend of the material in pressing die was pressed by
hydraulic press and then ejected from the die as shown in Figure 2a—c. Thickness and fabrication
pressure of the prepared samples were 2 mm and 27,579.02 kNm~2, respectively.
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Figure 1. Pressing die with lower and upper punches.
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Figure 2. Samples fabrication process: (a) Die filling stage. (b) Pressed nanopowder. (c) Pellet ejection.

When the pellets’ conservation is not a requirement, commercially-available larger diameter dies
could be used for the production of the samples. For the comparison purpose, four samples with
CNTs weight percentages of 20, 40, 60, and 80 wt% were produced, respectively. All four pellets thus
prepared according to the above procedure are shown in Figure 3.

Figure 3. Photograph of one of the fabricated sample.
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For simplicity, the four samples with 20, 40, 60, and 80 wt% of CNTs are named as CNT 20, CNT 40,
CNT 60 and CNT 80.

2.3. Setup and Measurements

For the characterization of the piezoresistive pressure samples, each sample was installed in the
experimental setup as shown in the Figure 4.

WELCH "%

'|-'|

ed with terminals of the
esistive pressure sample.

Figure 4. Experimental setup for the characterization of piezoresistive pressure samples.

The corresponding schematic concept of the experimental setup of Figure 4 is shown in Figure 5.

In Figure 5, the sample is placed on metal support. The upper curved end of the weight holder is
placed on the sample. Then the weight, holding by the lower end of weight holder is increased from
0.1,0.15,0.2,0.3, 0.4, 0.5, and 0.6 kg, which were converted to equivalent pressures of 6.2, 12.4, 18.7,
24.95,37.4,49.9, 62.4, and 74.8 kNm~2, respectively, by using the standard expression of P = W/A,
where P is the pressure, W is the weight, and A is the cross-sectional area of the sample.

Both the surfaces of each prepared sample were coated with conductive silver paste to minimize
the electrical contact resistance between the electrodes of the measurement equipment and surface of
the samples as shown in Figure 6.

The aluminum (Al) foils are utilized (Figure 5) to act as terminals and to protect the sample from
scratches as well. Silver paste are considered as a part of sample and hence not shown in the Figure 5.
It can be seen from Figure 5 that the terminals (Al foils) of the piezoresistive pressure sample were
connected with the test clips of the GW Instek 817 LCR meter. The specifications of the LCR meter are
given in Table 1.
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Piezoresistive
pressure sample

GW Instek 817

LCR Meter )
Weight holder

Weight

Figure 5. Corresponding schematic of the experimental setup of Figure 4 for the characterization of
piezoresistive pressure samples with metallic support, weight holder, weight, sensor, and aluminum
foils as terminals connected to a GW Instek 817 LCR meter.

Figure 6. Carbon nanotube (CNT)- graphene composite sample with conductive silver (Ag) paste.

Table 1. Specifications of the GW Instek 817 LCR meter.

Test Basic Test Speed  Test Signal Levels = Measurement Range Quality 75 Dissipation
Frequency Accuracy Factor Factor
12 Hz-10 kHz 0.05% 68 ms 5mV-1.275 Vrms 0.00001 299,999 kO3 0.0001-9999  0.0001-9999

The initial resistance of each pressure sample at 0 kg was noted and then the value of the pressure
was varied by the change in the weights held by the weight holder. Weights on the weight holder
were increased as 0.05 (own weight of weight holder), 0.1, 0.15, 0.2, 0.3, 0.4, 0.5, and 0.6 kg while
the corresponding pressure on the sensor was 6.2, 12.4, 18.7, 24.95, 37.4, 49.9, 62.4, and 74.8 kKNm2,
respectively. The change in direct current (DC) resistance of the piezoresistive pressure sample with
an increase in pressure was noted at normal temperature in ambient air from the display readings
of a high-precision GW Instek 817 LCR meter. Special attention was directed to prevent any error in
resistivity measurements. Five minutes were allowed prior to each resistivity measurement to avoid
any transient effect in response of the sample.

3. Results and Discussion

3.1. Scanning Electron Microscopy

The surface morphology of the piezoresistive pressure samples was examined by scanning electron
microscope (SEM, model: JSM5910, energy: 30 KV, magnification (Max): 300,000%, resolution power
(Max): 2.3 nm, manufacturer: JEOL, Tokyo, Japan). SEM images of piezoresistive pressure samples



Micromachines 2020, 11, 1000 60of 11

with different weight percentages 20, 40, 60, and 80 of CNTs (CNT 20, CNT40, CNT 60, and CNT 80)
are shown in Figure 7a—d. Microscopic images of the all the samples have same magnification with a
scale bar of 5 um.

Figure 7. SEM images of CNT-graphene composite based piezoresistive pressure samples; (a) 20 wt%
of CNTs, (b) 40 wt% of CNTs, (c) 60 wt% of CNTs, (d) 80 wt% of CNTs with cracks (green arrow) and
voids/pores (white arrow).

It can be observed from Figure 7a—d that CNTs and graphene are not uniformly distributed
throughout the samples. Graphene sheets exhibit layered structures and mostly arranged in parallel
planes orientation while most of the CNTs are in curved shapes and forest-like or entangled locally
(yellow arrow). Some cracks (green arrow), voids and pores (white arrow) can be seen on the surfaces
of the samples. No evidence in SEM images (Figure 7a—d) can be found to support that there were
fractured carbon nanotubes and graphene layers on the surface of the pressed pellets. This shows
the high flexibility and well suitability of these materials for the pressure sensors and other sensing
devices. The surfaces of the samples (Figure 7a—-d) are not fairly smooth. Some cracks (green arrow in
Figure 7a,b), voids and pores (white arrow in Figure 7a—d) can be seen on the surfaces of the sensors.
SEM images (Figure 7a—d) reveal that the size of pores and voids decrease as the CNTs contents increase
in the composites. The size of the pores and voids in the sensors are smaller in the following order:
CNT 80 (Figure 7a) < CNT 60 (Figure 7b) < CNT 40 (Figure 7c) < CNT 20 (Figure 7d). The reduction in
porosity and voids efficiently increase the overall conductivity and, hence, decrease the resistance of
the sample. Obviously, more CNT ropes can be seen in the SEM images (Figure 7a—d) as the weight
percentage of CNTs increased from 20 to 80 in the composites.

3.2. Pressure vs. Resistance

Resistivity variation with loading and unloading of CNT-graphene composite based piezoresistive
pressure samples for the weight percentages 20, 40, 60, and 80 of CNT is shown in Figure 8.
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Figure 8. Resistance-pressure characteristics for CNT-graphene composite based piezoresistive pressure
samples at loading and unloading with weight percentages 20, 40, 60, and 80 of CNTs.

It can be seen from Figure 8 that all the four samples shows a decrease in the DC resistance as
the pressure increase from 0 to 74.8 kNm~2. When the pressure was decreased from 74.8 kNm~2 back
to zero, the curves did not overlap due to hysteresis effect in the composite materials. The existing
pores and void spaces in the material act as a source of electrical resistance. The increase in pressure
may crush the pores in the materials and facilitate the contacts between the neighboring particles that
results increase in the conductivity and hence decrease the resistance of the samples. The characteristics
behavior is almost identical for the composites fabricated with different wt% of CNTs. However,
for the same pressure range, the resistivity of each sample decreases as the weight percentages of
the CNTs increase in the composite. It can be observed from Figure 8 that the samples fabricated
with small CNT contents have higher resistance than the samples fabricated with greater CNTs
contents. The DC resistance of the composites with respect to wt% of CNTs is greater in the following
order: Sample fabricated with 20 wt% of CNTs (CNT20) > sample fabricated with 40 wt% of CNTs
(CNT40) > Sample fabricated with 60 wt% of CNTs (CNT60) > Sample fabricated with 80 wt% of CNTs
(CNTB80). The opposite trend can be observed with respect to wt% of graphene: Sample fabricated
with 80 wt% of graphene (CNT20) > Sample fabricated with 60 wt% of graphene (CNT40) > Sample
fabricated with 40 wt% of graphene (CNT60) > Sample fabricated with 20 wt% of graphene (CNT80).
It can be attributed by two factors; (1) the electrical conductivity of CNTs is higher than the electrical
conductivity of graphene nanopowder (2) the density of CNTs is lower than the density of graphene
nanopowder [18-20]. As the amount of CNTs content in CNT-graphene composites increase from
20 to 80 wt%, the conductivity of the corresponding composite increase, which leads to a reduction
in the resistance of the samples. The effect of the second factor (density) on the resistance-pressure
relationship (Figure 8) of the composites is more significant, because the higher the density, the closer
the particles and the smaller the void space between the particles in the materials. The higher density
of graphene ensures that the total void space between graphene nanoparticles is smaller than the
total void space between CNTs nanoparticles. The formation of conductive networks in the materials
depends on the number of contacts between neighboring particles. The number of effective contacts
increases under pressure due to the forced approach of the nanoparticles belongs to the neighboring
aggregate [18,21,22]. Under the same external applied pressure, an increase in the resistivity with
increase in graphene content in the CNT-graphene composites is observed in Figure 8. This is due
to the better contacts and particles rearrangement in graphene as compared to CNTs nanopowder.
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The better contacts and particles rearrangement in graphene causes less densification and greater
resistance of the composite under the same external applied pressure as shown in Figure 8.

The resistance-pressure relationships shown in Figure 8 for the samples CNT20, CNT40, CNT60,
and CNT80 could be divided in three appreciable parts. In the low-pressure regime (0-12.4 kNm~2),
there is no significant decrease in the resistance with increase in external uniaxial applied pressure.
This behavior may be interpreted as the rearrangement of agglomerates present in the CNTs and
graphene nanopowder. The resistance of the composites is drastically decreased under the pressure
ranging from 12.4 to 60 kNm~2. This may be attributed by the densification effect occurs in the press
tablets under the external uniaxial applied pressure. The densification and squeezing effects causes
additional deformation in the structure of the press pellets by decreasing the interfacial distance
between the neighboring particles and increasing the concentration of the charge carriers in the
materials. The increase in charge carrier’s concentration may fill the localized energy states present
between the HOMO-LUMO levels which may lead to increase the electrical conductivity and, hence,
decrease in the resistance of the samples. When the pressure comes to a higher region (60-74.8 kKNm~2),
the resistance-pressure relationships are flatten out because the percolation threshold is reached and no
more effective production of the conductive networks occurs within the sample elements. The resistance
value of the sensor elements not tends to zero exactly even at a higher pressure. This can be interpreted
as follows: Beyond a certain value of the pressure, called percolation threshold (60 kNm~2), the total
pores and void spaces in CNTs-graphene composites may not be completely eliminated from the
volume of the pellets.

The resistance, ‘R’ of the sensor elements can be calculated by Equation (1) [23,24]:

d

=— ¢y

where o is the conductivity, d is the thickness, and A is the cross-sectional area of the sensor element.

The overall conductivity of the pressed tablets contributed to the contact resistances between the
neighboring particles of carbonaceous material. The intrinsic resistances are extensively distributed
throughout the sample’s volume due to the different particle sizes in the materials. Under the external
uniaxial applied pressure, the contact areas between the grains in carbonaceous materials may be
different due to the irregular deformation of grains across the whole sample. It is very difficult
to find the actual geometry of the conductive paths within the materials. The contacts made by
the neighboring particles with each other are due to the touching points instead of well-defined
surfaces. Therefore, the number of conductive networks throughout the volume of the sensor element
is unpredictable. Additionally, the distribution of forces within the compact carbonaceous materials is
extremely inhomogeneous [25]. The problem becomes even more complicated if the friction forces
of material particles against the walls of the sample holder are considered. Many more difficulties,
such as crumbling of grains under the external applied pressure, could be taken into account. However,
a list of the few barriers mentioned above is enough to say that the resistivity- and conductivity-related
issues of the carbonaceous materials cannot be resolved exactly. Some assumptions, approximations,
and simplifications are required to deal with such complicated disordered systems. Percolation theory
is one of the suitable tools to investigate different phenomena in such randomly-distributed systems.
Numerous articles related to the applications of percolation theory in randomly-distributed and
heterogeneous systems can be found in the existing literature [26]. According to percolation theory,
the average conductivity of a single component (CNT-graphene composite in this case) can be calculated
by Equation (2) [23]:

1

=17 @)
where Z is the resistance of the path with lower average resistance and L is the concentration of
the particle in multicrystalline disordered carbonaceous materials. As the external uniaxial pressure
increases, the density of the sample elements increases which increase the nanoparticle concentration

o
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(L). The increase in L causes a reduction in Z. Therefore, the electrical conductivity increases and hence
a decrease in the resistance of the composites is observed in resistance-pressure relationships as shown
in Figure 8.

3.3. Experimental vs. SIMULATION

The response of a sample can be approximated either by linear, exponential, or polynomial
functional approximation [27]. Since the characteristics of all the four composites have identical shapes,
therefore, one of the above mentioned functional approximations can be applied to all the CNT-graphene
composite based piezoresistive pressure samples. In our case, the third-order polynomial functional
approximation (Equation (3)) is used to best fit the experimental data, which is given as:

Y=Co+Cix' +Cox?+Cax? ®)
For the resistance-pressure relationships, Equation (3) can be written as:
R =Cy+ C;P! + CP? + C3P° 4)

where P is the external uniaxial applied pressure, R is the DC resistance of the sample, Cy is the
intercept that represents the DC resistance of the samples at zero external applied pressure, and Cq, Cy,
and Cj are the fitting parameters.

The experimental resistance-pressure relationships (Figure 8) and simulated results (Equation (4))
for the composites with 20, 40, 60, and 80 wt% of CNTs are shown in the Figure 9.

1Y L L L e e e e S S
1 —8— Experimental (CNT20)| 1

244 —&— Fit (CNT20) B

22 ] Experimental (CNT40) B
- 20 ] —W¥— Fit (CNT40) B
c 18 7 Experimental (CNT60)|]
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9 14 - —&— Experimental (CNTS0)|]
g 124 Fit (CNT80) -
< ] ]
2 10 ] .
S 8- 4
6 N
41 \:\ ]

2 ] 9 ]

04 -
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Figure 9. Resistance-pressure characteristics of experimental data (Figure 8) and fitted curves (Equation (4))
for CNT-graphene composite-based piezoresistive pressure samples with weight percentages of 20%, 40%,
60%, and 80% of CNTs.

The values of C2 and C; for each composite are shown in Table 2.

Deviations of the experimental data (Figure 8) from the fitted results (Equation (4)) are 0.08%, 0.15%,
0.5%, and 2.4% for the samples CNT20, CNT40, CNT60, and CNT80, respectively. Experimental data
and fitted results exhibit excellent agreement with each other.
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Table 2. Values of intercept Cp and the fitting parameters Cq, Cp, and Cj,

Composite (kNC—(Z)mZ) (kN(—:;mz) (kN(‘ZZZmZ) (kN§§m2)
CNT20 25 0.043 20009  9.07x 105
CNT40 233 —0.006 0012 1.08x 104
CNT60 21.6 -0.041 -0.011 1.05 x 107*
CNT80 202 ~0.129 0008  934x10°5

The amount of deviation of all the experimental characteristics from the fitted curves is calculated
by using Equation (5) [28]:

L Theoretical value — Experimental value
% Deviation =

Theoretical value %100 (5)

4. Conclusions

Multi-walled carbon nanotubes (MWCNTs)-graphene composite based piezoresistive pressure
samples in the form of pellets were fabricated by mortar and pestle/hydraulic press technique.
For comparison purpose, four samples with CNTs with weight percentages of 20%, 40%, 60%, and 80%
were produced, respectively. Under the same external uniaxial applied pressure, the resistivity of the
first four samples decreased as the weight percentage of the CNTs increased in the composite.

Percolation theory was invoked to provide a qualitative description of a potential conduction
mechanism in the fabricated composite samples. The resistance-pressure characteristics were fitted and
compared with experimental data. Deviations of the experimental data from the fitted results were
0.08%, 0.15%, 0.5%, and 2.4% for the samples with CNTs weight percentages of 20%, 40%, 60%, and 80%,
respectively. For all the samples, experimental data shows excellent agreement with the fitted curves.

Author Contributions: Conceptualization: A.A., FA. and EM.; methodology: A.A., FA., M.I. and EM.; software:
FEA. and EM,; validation: EA. and EM.; formal analysis: F.A. and FEM.; investigation: F.A. and EM.; data analysis:
A.A.; writing—original draft preparation: A.A. and FA.; writing—review and editing: FM., A.G. and W.C.;
visualization: J.A.A.-D.; supervision: S.Q., EM. and J.A.A.-D.; project administration: EM., J.A.A.-D. and W.C,;
funding acquisition: M.I. and A.G. All authors have read and agreed to the published version of the manuscript.

Funding: This research was supported by the Silesian University of Technology, grant nos. BK-200/RM0/2020 and
BK-261/RM4/2020; and by the program of Polish Ministry of Science and Higher Education “Doktorat wdrozeniowy”
for the article processing charges payment of the journal.

Acknowledgments: The authors acknowledge the Ministry of Education and the Deanship of Scientific Research,
Najran University. Kingdom of Saudi Arabia, under code number NU/ESCI/19/001.

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

References

1. Li, C; Thostenson, E.T.; Chou, T.-W. Sensors and actuators based on carbon nanotubes and their composites:
A review. Compos. Sci. Technol. 2008, 68, 1227-1249. [CrossRef]

2. Jiang,N.; Namilae, S.; Unnikrishnan, V.U. Silicone/Carbon Nanotube Sheet Biofidelic Piezoresistive Sandwich
Composites. J. Eng. Mater. Technol. 2019, 142, 1-29. [CrossRef]

3.  Euler, K.-J. The conductivity of compressed powders. A review. J. Power Sources 1978, 3, 117-136. [CrossRef]

4. Li,J.,;Li, W,; Huang, W.; Zhang, G.; Sun, R.; Wong, C.-P. Fabrication of highly reinforced and compressible
graphene/carbon nanotube hybrid foams via a facile self-assembly process for application as strain sensors
and beyond. J. Mater. Chem. C 2017, 5, 2723-2730. [CrossRef]

5. Nair, R.R.; Blake, P; Grigorenko, A.N.; Novoselov, K.S.; Booth, T.J.; Stauber, T.; Peres, N.M.; Geim, A.K.
Fine structure constant de_nes visual transparency of grapheme. Sciernce 2008, 320, 1308. [CrossRef] [PubMed]

6. Yu, J; Liu, G,; Sumant, A.V,; Goyal, V,; Balandin, A.A. Graphene-on-Diamond Devices with Increased
Current-Carrying Capacity: Carbon sp2-on-sp3 Technology. Nano Lett. 2012, 12, 1603-1608. [CrossRef]


http://dx.doi.org/10.1016/j.compscitech.2008.01.006
http://dx.doi.org/10.1115/1.4044649
http://dx.doi.org/10.1016/0378-7753(78)80011-1
http://dx.doi.org/10.1039/C7TC00219J
http://dx.doi.org/10.1126/science.1156965
http://www.ncbi.nlm.nih.gov/pubmed/18388259
http://dx.doi.org/10.1021/nl204545q

Micromachines 2020, 11, 1000 11 of 11

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.
27.

28.

Javey, A.; Qi, P; Wang, Q.; Dai, H. Ten-to 50-nm-long quasiballistic carbon nanotube devices obtained without
complex lithogra-phy. Proc. Natl. Acad. Sci. USA 2004, 101, 13408-13410. [CrossRef]

Wang, L.; Yang, Z.; Cui, Y.; Wei, B.; Xu, S.; Sheng, J.; Wang, M.; Zhu, Y.; Fei, W. Graphene-copper composite
with micro-layered grains and ultrahigh strength. Sci. Rep. 2017, 7, 41896. [CrossRef]

Boonbumrung, A.; Sae-Oui, P.; Sirisinha, C. Reinforcement of Multiwalled Carbon Nanotube in Nitrile
Rubber: In Comparison with Carbon Black, Conductive Carbon Black, and Precipitated Silica. J. Nanomater.
2016, 2016, 6391572. [CrossRef]

Zhu,Y.; Cai, H.; Ding, H.; Pan, N.; Wang, X. Fabrication of Low-Cost and Highly Sensitive Graphene-Based Pressure
Sensors by Direct Laser Scribing Polydimethylsiloxane. ACS Appl. Mater. Interfaces 2019, 11, 6195-6200. [CrossRef]
Shin, S.-H.; Ji, S.; Choi, S.; Pyo, K.-H.; An, B.W,; Park, J.; Kim, J.; Kim, J.-Y.; Lee, K.-S.; Kwon, S.-Y,; et al.
Integrated arrays of air-dielectric graphene transistors as transparent active-matrix pressure sensors for wide
pressure ranges. Nat. Commun. 2017, 8, 14950. [CrossRef] [PubMed]

Wen, L.; Li, E; Cheng, H.-M. Carbon Nanotubes and Graphene for Flexible Electrochemical Energy Storage:
From Materials to Devices. Adv. Mater. 2016, 28, 4306-4337. [CrossRef] [PubMed]

Karimov, K.S.; Sulaiman, K.; Ahmad, Z.; Akhmedov, K.M.; Mateen, A. Novel pressure and displacement
sensors based on carbon nanotubes. Chin. Phys. B 2015, 24, 018801. [CrossRef]

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, srep08603. [CrossRef]

Doshi, S.M.; Thostenson, E.T. Thin and Flexible Carbon Nanotube-Based Pressure Sensors with Ultrawide
Sensing Range. ACS Sens. 2018, 3, 1276-1282. [CrossRef]

Hasan, S.A.U,; Jung, Y,; Kim, S.; Jung, C.-L.; Oh, S.; Kim, J.; Lim, H. A Sensitivity Enhanced MWCNT/PDMS
Tactile Sensor Using Micropillars and Low Energy Ar+ Ion Beam Treatment. Sensors 2016, 16, 93. [CrossRef]
Chen,S.; Luo,J.; Wang, X.; Li, Q.; Zhou, L.; Liu, C.; Feng, C. Fabrication and Piezoresistive/Piezoelectric Sensing
Characteristics of Carbon Nanotube/PVA/Nano-ZnO Flexible Composite. Sci. Rep. 2020, 10, 8895. [CrossRef]
Rani, A.A.; Nam, S.-W.; Oh, K.-A_; Park, M. Electrical Conductivity of Chemically Reduced Graphene
Powders under Compression. Carbon Lett. 2010, 11, 90-95. [CrossRef]

Marinho, B.; Ghislandi, M.M.; Tkalya, E.E.; Koning, C.E.; De With, G. Electrical conductivity of compacts of graphene,
multi-wall carbon nanotubes, carbon black, and graphite powder. Powder Technol. 2012, 221, 351-358. [CrossRef]
Wang, C.; Hou, X.; Cui, M.; Yu, J.; Fan, X.; Qian, J.; He, J.; Geng, W.; Mu, ].; Chou, X. An ultra-sensitive and
wide measuring range pressure sensor with paper-based CNT film/interdigitated structure. Sci. China Mater.
2020, 63, 403—412. [CrossRef]

Huang, H.; Su, S.; Wu, N.; Wan, H.; Wan, S.; Bi, H.; Sun, L. Graphene-Based Sensors for Human Health
Monitoring. Front. Chem. 2019, 7, 399. [CrossRef] [PubMed]

Sanchez-Gonzdlez, J.; Macias-Garcia, A.; Alexandre-Franco, M.; Gémez-Serrano, V. Electrical conductivity of
carbon blacks under compression. Carbon 2005, 43, 741-747. [CrossRef]

Karimov, K.S.; Chani, M.T.S,; Khalid, FA.; Khan, A.; Khan, R. Carbon nanotube—Cuprous oxide composite
based pressure sensors. Chin. Phys. B 2012, 21, 16102. [CrossRef]

Karimov, K.S.; Khalid, FA.; Chani, M.T.S. Carbon nanotubes based strain sensors. Measurement 2012,
45,918-921. [CrossRef]

Fierro, V.; Maréché, J.; Payot, F; Furdin, G. Electrical conductivity of carbonaceous powders. Carbon 2002,
40, 2801-2815. CrossRef]

Sahini, M. Applications of Percolation Theory; Taylor & Francis: London, UK, 1994; ISBN 0748400761/9780748400768.
Fraden, J. Handbook of Modern Sensors: Physics, Designs, and Applications, 4th ed.; Springer Science & Business
Media: New York, NY, USA, 2010.

Kumar, N. Comprehensive Physics; Luxmi Publications (P) LTD: New Delhi, India, 2005.

Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional
affiliations.

® © 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/10.1073/pnas.0404450101
http://dx.doi.org/10.1038/srep41896
http://dx.doi.org/10.1155/2016/6391572
http://dx.doi.org/10.1021/acsami.8b17085
http://dx.doi.org/10.1038/ncomms14950
http://www.ncbi.nlm.nih.gov/pubmed/28361867
http://dx.doi.org/10.1002/adma.201504225
http://www.ncbi.nlm.nih.gov/pubmed/26748581
http://dx.doi.org/10.1088/1674-1056/24/1/018801
http://dx.doi.org/10.1038/srep08603
http://dx.doi.org/10.1021/acssensors.8b00378
http://dx.doi.org/10.3390/s16010093
http://dx.doi.org/10.1038/s41598-020-65771-x
http://dx.doi.org/10.5714/CL.2010.11.2.090
http://dx.doi.org/10.1016/j.powtec.2012.01.024
http://dx.doi.org/10.1007/s40843-019-1173-3
http://dx.doi.org/10.3389/fchem.2019.00399
http://www.ncbi.nlm.nih.gov/pubmed/31245352
http://dx.doi.org/10.1016/j.carbon.2004.10.045
http://dx.doi.org/10.1088/1674-1056/21/1/016102
http://dx.doi.org/10.1016/j.measurement.2012.02.003
http://dx.doi.org/10.1016/s0008-6223(02)00196-3
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials, Sample Fabrication and Experimental Setup 
	Materials 
	Samples Fabrication 
	Setup and Measurements 

	Results and Discussion 
	Scanning Electron Microscopy 
	Pressure vs. Resistance 
	Experimental vs. SIMULATION 

	Conclusions 
	References

