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Abstract: Polymer composites containing conductive fillers that utilize the piezoresistive effect can
be employed in flexible pressure sensors. Depending on the filler used, different characteristics of a
pressure sensor such as repeatability, sensitivity, and hysteresis can be determined. To confirm the
variation of the pressure sensing tendency in accordance with the dimensions of the filler, carbon
black (CB) and carbon nanotubes (CNTs) were used as representative 0-dimension and 1-dimension
conductive fillers, respectively. The piezoresistive effect was exploited to analyze the process of
resistance change according to pressure using CB/PDMS (polydimethylsiloxane) and CNT/PDMS
composites. The electrical characteristics observed for each filler were confirmed to be in accordance
with its content. The pressure sensitivity of each composite was optimized, and the pressure-sensing
mechanism that explains the difference in sensitivity is presented. Through repeated compression
experiments, the hysteresis and repeatability of the pressure-sensing properties were examined.

Keywords: carbon black; carbon nanotube; piezoresistive effect; pressure sensor; polymer composite

1. Introduction

Over the past decade, promising applications of pressure sensors such as motion
detection [1,2], health monitoring [3,4] and tactile-sensitive skin [5,6] have received sig-
nificant attention. This has driven demand for wearable and flexible pressure sensors.
Consequently, various studies on pressure sensors made of conductive polymer composites
(CPCs) have been conducted as alternatives to conventional metallic sensors possessing
low sensitivity and flexibility [7,8]. Recently, active research has been focused on the
manufacture of CPCs using carbon nanomaterials as conductive fillers [9,10].

A CPC study reported that, according to the principle of sensing, pressure sensors are
divided into different categories such as the sensors based on piezoelectric effect [11,12],
capacitive effect [13,14], and piezoresistive effect [15,16]. CPC pressure sensors based on
the piezoresistive effect are generally used because of their easy manufacturing and high
sensitivity [17,18]. The piezoresistive effect is defined as the change in electrical resistance
when subjected to mechanical strain [19]. The electrical properties of CPC pressure sen-
sors with piezoresistive effects are significantly affected by the shape, concentration, and
dispersion of the filler [20–24].

However, the mechanism of pressure-sensing behavior in a pressure field remains
unclear. Therefore, a comparative study on carbon fillers is useful for understanding the
pressure sensing mechanism, and this research will enhance their applicability in pressure
sensors. Furthermore, detailed studies on the effect of filler dimensions are still inadequate,
providing important directions for future research on compressive sensors.

In this study, carbon nanotubes (CNTs) and carbon black (CB), which are representative
conductive carbon nanofillers, were used to compare the pressure-sensing properties
of different geometric structures. The three-roll milling method was used to prepare
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CNT/PDMS (polydimethylsiloxane) and CB/PDMS CPCs, in which the fillers were evenly
dispersed. The morphology, dispersion, and percolation behavior were analyzed first. To
examine the differences in the reproducibility and sensitivity of the two types of CPCs, the
change in resistance with pressing was recorded. Finally, the tendency and mechanism
of pressure sensing was investigated through a hysteresis comparison according to the
internal structure and repeated experiments after 50 pressing cycles.

2. Materials and Methods
2.1. Materials

CB and CNTs were used as the conductive fillers. CB with a 0-dimensional diameter of
34 nm and a true density of 1.7 g/m3 was purchased from Mitsubishi Chemical Corporation
(Tokyo, Japan). CNTs were purchased from KB-Element (Gyeonggi-do, Korea) and their
average outer diameter, bundle length, and a true density were 5 nm, 10–20 µm, and
1.4 g/m3, respectively. Polydimethylsiloxane (PDMS; Sylgard 184, Dow Corning, Midland,
Ml, USA) was used as the base polymer matrix.

2.2. Fabrication of CB/PDMS and CNT/PDMS Composite

The fabrication of the CB/PDMS and CNT/PDMS composites with different filler
concentrations was carried out using a paste mixer (Daehwa, Seoul, Korea) and a three-roll
milling machine (Intech, Gyeonggi-do, Korea) [25]. First, the PDMS was prepared with
a mass ratio of the curing agent to the base of 1:10. Next, CNTs and CB were premixed
with PDMS using a paste mixer for 30 s at 500 rpm and then for 1 min at 1500 rpm. The
CNTs and CB were then evenly dispersed in the composites using a three-roll milling
machine for 5 min. The mixture was then pressed and cured using a hot press (Qmesys
Inc., Gyeonggi-do, Korea) at 180 ◦C for 1 h and 13 MPa to obtain a 500 µm thick flat film.

2.3. Characterization and Test Conditions

The CPCs were fractured in liquid nitrogen to confirm the morphology and dispersion
of CNTs and CB, respectively, in the polymer matrix. The cross-sectional surface of the
fractured CPCs was observed using a Gemini SEM 300 instrument (Zeiss, Land Baden-
Württemberg, Germany). The acceleration voltage of the equipment was maintained
at 5 kV.

Five different CPC samples were prepared and tested for each composition to measure
the electrical properties and penetration threshold of CPCs. The specimen dimensions
were 50 × 5 × 0.5 mm3. UV etching and silver paste were used to reduce the contact
resistance and measure the electrical properties more precisely. First, the specimen was
surface treated for 300 s in a UV ozone chamber machine (JSE Co., Seoul, Korea) to improve
contact with the electrode. Next, silver paste (Protavic, Levallois-Perret, France) was
applied as an electrode at both ends of the specimen. After curing the electrodes at 120 ◦C
for 1 h, the resistance was measured using the two-point method with a Keithley DMM
7510 multimeter (Keithley, Cleveland, OH, USA).

To measure the change in electrical properties with pressure on the CPCs, two Cu
tapes as electrodes attached to the substrate were placed between the samples. However, it
is difficult to clearly observe the piezoresistive effect due to the contact resistance between
the CPC and the electrode [26,27]. This problem was resolved in this study by placing a
500 g weight and encapsulating the experimental setup with tape so that the electrode and
CPC were in tight contact. To measure the pressure-sensing behavior, the resistance was
recorded with a Keithley DMM while simultaneously applying pressure using a custom
press machine with a strain gauge (NAMIL, Incheon, Korea). The load cell compressed the
CPC in the pressure range of 0–180 kPa, and the speed was set to 1 mm/min. Hysteresis
characteristics were identified through 30 cycles of load-unload experiments in a pressure
range of 0–40 kPa and a 30-s delay for each process. Subsequently, the loading-unloading
experiment was performed in a pressure range of 0–40 kPa without delay for 3000 s. Figure 1
schematically presents pressure sensing experimental setup.
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Figure 1. Scheme of the pressure sensing experimental setup.

3. Results and Discussion
3.1. Morphology Analysis

Figure 2 shows the SEM images of the fractured surfaces of the low-and high-content
carbon black and carbon nanotube composites (CB/PDMS and CNT/PDMS, respectively)
synthesized in this study. Figure 2a,b show cross-sectional SEM images of the composite
materials prepared with 5 wt.% of CB and CNTs. Figure 2c–f show cross-section of 10 wt.%
CB and CNTs composites at low (c,d) and high resolution (e,f). The SEM images depict
the typical shape of the nanofillers and the differences according to the dispersion and
content of the nanofillers. Therefore, it can be observed from Figure 2 that CB has a typical
0-dimensional spherical shape, and CNT has a typical 1-dimensional shape with a long
aspect ratio, and all fillers are well dispersed in polymer matrix regardless of the contents.
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Figure 2. SEM images of composites at high resolution: (a) CB/PDMS 5 wt.%, (b) CNT/PDMS
5 wt.%, (c) CB/PDMS 10 wt.%, (d) CNT/PDMS 10 wt.%; at low resolution: (e) CB/PDMS 10 wt.%,
(f) CNT/PDMS 10 wt.%.

3.2. Electrical Conductivity and Percolation Threshold

To determine the electrical behavior of CB/PDMS and CNT/PDMS in a pressure field,
the percolation behavior was investigated. The electrical properties of CPCs extrinsically
depend on the shape, type, and content of the filler. Figure 3 shows the effect of filler content
on the electrical conductivity and percolation threshold of CB/PDMS and CNT/PDMS. The
electrical conductivity of the CPCs was determined according to the following equation:

σconductivity =
l

RA
(1)

where σconductivity is the electrical conductivity, l is the distance between the electrodes, R is
the electrical resistance of the sample and A is the cross-sectional area.
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Figure 3. The electrical conductivity of CB/PDMS and CNT/PDMS composites as a function of filler
contents (vol%).

CNTs with large aspect ratios can easily form electrical networks among them. There-
fore, a sudden increase in electrical conductivity is observed at lower content values for
CNT/PDMS than for CB/PDMS owing to more electrical pathways, even when placed
in a smaller volume [28,29]. Owing to the percolation phenomenon, insulating polymers
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become electrically conductive when the filler content exceeds a certain threshold [30].
According to the percolation theory, the relationship between the conductivity of the
composite and the filler content is defined as follows:

σc ∝ σ0(Vf −Vf c)
t where Vf > Vf c (2)

where σc denotes the electrical conductivity of the composite, σ0 is a constant, Vf denotes
the volume fraction of the filler, Vf c denotes the volume fraction of the fillers at the per-
colation threshold, and t is the critical index. In the present study, Vf c and t calculated
using Equation (2) were 0.35 vol.% and 0.92 for CNT/PDMS and 2.13 vol.% and 3.28 for
CB/PDMS, respectively. The obtained results (Vf c and t) follow the same trends as those
shown in previous studies [20,31,32]. This study observed a lower percolation threshold
for CNT/PDMS as compared to that for CB/PDMS. Consequently, it was confirmed that
CPCs can be manufactured by adding a small amount of CNTs as compared to CB.

3.3. Pressure Sensing Properties
3.3.1. Sensitivity

Pressure measurements were performed with different contents to compare the
piezoresistive behaviors of the CB/PDMS and CNT/PDMS composites. Figure 4 shows the
variation of relative resistance (R/R0) of the CPCs with 5, 7, and 10 wt.% of CB (Figure 4a)
or CNTs (Figure 4b) with respect to the pressure up to 180 kPa, where R0 is the initial
resistance. It is difficult to stably detect the resistance of composites whose contents are
close to the percolation threshold because of their high electrical resistance with current
spikes (noise) [33,34]. Therefore, for this pressure test, relatively high filler contents (above
the percolation threshold) were selected to obtain a stable resistance signal.
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Pressing the CPCs decreases the resistance which can be explained by two reasons. One
is the complete contact with the electrode on pressing, and the other is the piezoresistive
effect. Rajarajan et al. [26] reported that when pressure is first applied under no load, the
resistance changes rapidly, which is mainly due to full contact with the electrode and is
called the nominal pressure. For the subsequent change in the resistance with pressure,
the main factor responsible is the piezoresistive effect. In this paper, to more reliably
identify the piezoresistivity of CPCs, a pressure of 21.8 kPa was applied to the experimental
setup and encapsulated with tape. Then, the load cell was pressed onto the enclosed
experimental setup.
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During the piezoresistive effect, the main reason for the resistance change is that the
distance between adjacent fillers is reduced and a conduction path is created [33]. Thus,
in this study, the pressure caused a decrease in the resistance of all the fabricated CPCs.
In Figure 4a, it can be seen that the higher the filler content, the higher is the sensitivity
to pressure in the CPCs-containing CB. In this experiment, the resistance change rate of
the 5 wt.% CB/PDMS composite is the largest, and the resistance change rate of 10 wt.%
CB/PDMS composite is the smallest. This is because when a low CB content is used, the
unstably connected conductive paths can be destroyed. Increasing the amount of CB in
the matrix increased the electrical network and made it more reliable. Therefore, when
a high CB content is used, more conductive paths are created, even if they are destroyed
by pressure. On the other hand, as shown in Figure 4b, it can be inferred that the lower
the filler content in CPCs-containing CNTs, the higher is the pressure sensitivity. In this
test, the resistance change rate of 10 wt.% CNT/PDMS composite is the largest, and the
resistance change rate of 5 wt.% CNT/PDMS composite is the smallest. This shows the
opposite tendency to that of the composite containing CB. Unlike CB, CNTs, which are one-
dimensional materials, are more likely to produce contact points, allowing stable electrical
paths to be formed, even at low concentrations. However, when the CNTs content is high, it
is difficult to create a new electrical network owing to sufficient contact, resulting in a lower
sensitivity to pressure than when using a low CNTs content. In subsequent experiments,
10 wt.% CB/PDMS and 5 wt.% CNT/PDMS, which have the highest sensitivity to pressure
for each filler, were studied and compared.

3.3.2. Piezoresistive Effect under Cyclic Pressure

In CPCs based on viscoelastic polymers, a hysteresis phenomenon is observed, in
which the electrical conductivity does not return to its initial state even when the external
force is removed [35,36]. In CPC pressure sensors, hysteresis causes instability under
pressure, resulting in different loading and unloading response curves. However, this
phenomenon has been reduced in the initial repeated pressure cycle through relocation
of the fillers inside the CPCs, ensuring stability inside the CPCs [37]. This rearrangement
depends significantly on the morphology of the filler [38]. In the present study, a 30 cycle
load-unload experiment was performed on CB/PDMS and CNT/PDMS composites to
investigate the hysteresis variation according to the filler.

Figure 5 displays the change in the relative resistance of the CPCs under the loading
and unloading cycle test at 40 kPa. The 10 wt.% CB/PDMS and 5 wt.% CNT/PDMS
composites with the highest sensitivity were tested and the curves for 1, 10, and 30 cycles
are shown in Figure 5a,b, respectively. As shown in Figure 5a, 10 wt.% CB/PDMS composite
shows significantly different loading and unloading response curves in the initial cycle,
which means that hysteresis is large. In contrast, as shown in Figure 5b, 5 wt.% CNT/PDMS
composite has little hysteresis in the initial cycle. As the number of cycles increased, a
difference was observed in the rate of change in the resistance with pressure. As can be
observed from Figure 5a, the resistance of the CB/PDMS composite in first cycle dropped
to 75% and to 88% at 30th cycle, resulting in a net 13% reduction in the resistance change
at 30th cycle with respect to the first cycle. On the other hand, as shown in Figure 5b, the
resistance of the CNT/PDMS composite in first cycle decreased to 69% and to 75% at 30th
cycle, resulting in a net 6% reduction in the resistance change at 30th cycle with respect to
the first cycle.

To identify the reason for the hysteresis and relaxation behavior, it is necessary to
confirm the causes of change in resistance when the CPCs containing nanofillers are pressed.
When a composite with a conductive filler is subjected to pressure, the pressure induces
translation and deformation of the filler, resulting in a piezoresistive effect, and the pressure
sensitivity is related to the mobility of the nanofiller [39,40]. There are two main reasons
that explain the resistance change with pressure.

(1) Change in gap size between fillers: When pressure is applied, as the distance between
adjacent fillers decreases, a new conductive path is formed, or electrical resistance in a
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current conductive path is reduced. Alternatively, by increasing the distance between
the fillers through transverse slippage of the filler, the conductive path is destroyed.

(2) Intrinsic deformation of the filler by pressure: This is applicable in CNTs where
curvature occurs with pressure, or a change in relative alignment takes place, resulting
in the change in electrical resistance.
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CNTs and CB have different geometric properties; therefore, the composites made
from each of them show distinct tendencies on application of pressure. As CNTs are one-
dimensional fillers, bending can occur when a composite made of CNTs is subjected to
pressure [41]. However, because CB is a 0-dimensional filler, the fillers only translate when
a composite made of CB is pressed [42]. Therefore, given the same force, the CNT/PDMS
composites exert less pressure on the fillers to cause translation than the CB/PDMS com-
posite. Therefore, more translation occurs in CB than in CNTs, which causes agglomeration,
and thus, greater hysteresis could be observed. In addition, CB particles tend to aggregate
into relatively weaker bonds than CNTs [28]. Thus, while being more aggregated, some
electrical networks are repeatedly broken down and combine to cause deformation of
the composite.

In order to verify the repeatability of the sensor through a successive pressure cy-
cle according to the difference in fillers, a repetitive loading-unloading experiment was
performed at 40 kPa after 30 cycles of relaxation. Figure 6 shows the relative resistance
change in the loading-unloading cyclic experiment for the two CPCs for 3000 s. For 5 wt.%
CNT/PDMS, stable repeatability was observed with no significant difference between the
start and end of the cycle and stable resistance change for 3000 s, as shown in Figure 6b.
However, in the case of CB/PDMS, unstable resistance changes were identified, and the
resistance changes at the end of the cycle were reduced compared to those at the beginning
of the cycle, as shown in Figure 6a.

Based on the results and discussions, a scheme (Figure 7) is proposed to explain
the mechanism of the diverse pressure-sensing behaviors of CB/PDMS and CNT/PDMS.
Figure 7a,a′ depict a low content CB/PDMS composite. It can be confirmed that an unstable
conductive path exists before pressing, and the unstable electrical channel is destroyed
when pressure is applied. Figure 7b,b′ show high content CB/PDMS composite. It is more
likely to consist of conductive paths than low-content CB/PDMS. When pressure is applied,
it can be observed that new conductive paths are formed even if the existing electrical
network is destroyed. Figure 7c,c′ show low content CNT/PDMS composite. It can be
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observed that the one-dimensional materials, CNTs, are more likely to be in contact with
each other than CB, irrespective of the low content. Figure 7d,d′ show the high-content
CNT/PDMS composites. When the CNTs content is high, it can be seen that there are only
a few new contact points formed when pressure is applied because sufficient electrical
contacts already exist.
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As a result of all experiments, 5 wt.% CNT/PDMS displayed the lowest hysteresis
and the highest pressing sensitivity. Hence, it was found to be most suitable for application
as a pressure sensor. Experiments with successive loading and unloading of different
forces were performed to analyze the pressure sensitivity of 5 wt.% CNT/PDMS. Figure 8
shows that the CNT/PDMS composite was subjected to five compression–release cycles at
different pressures (5, 10, 25, and 43 kPa). Distinct curves can be observed for each pressure
value which demonstrates potential application of the composite as a pressure sensor.
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Figure 8. Normalized change in resistance (R/R0) of 5 wt.% CNT/PDMS for 5 cycles under varying
pressure (5, 10, 20, 43 kPa).

4. Conclusions

CB/PDMS and CNT/PDMS composites with different filler contents were prepared
to compare their pressure-sensing properties according to different geometric structures.
The percolation behavior of CPCs for each filler was measured. It was observed that the
CNT/PDMS composite had a smaller percolation threshold than the CB/PDMS composite
because CNTs have a larger aspect ratio than CB. A pressure test according to the content
of each filler demonstrated that the higher the filler content, the higher is the sensitivity to
pressure in the CPCs containing CB. In contrast, in CPCs containing CNTs, it was confirmed
that the lower the filler content, the higher is the sensitivity to pressure. It has been
suggested that the main reason for the different trends in the formation of electrical paths
is the difference in the shapes of the fillers. According to the composition with the optimal
pressure sensitivity for each filler, 5 wt.% CNT/PDMS and 10 wt.% CB/PDMS composites
were selected for successive cycle experiments. CNT/PDMS was found to exhibit more
stable hysteresis properties than CB/PDMS and it was confirmed that CPCs are stabilized
through the pressure loading-unloading cycles. Further, CB/PDMS was observed to be
more susceptible to pressure than CNT/PDMS during the stabilization process. Finally,
the sensing performance of 5 wt.% CNT/PDMS was continuously measured at different
pressures, which demonstrated great potential for application as a pressure sensor. In
conclusion, CNTs are more advantageous than CB for fabricating pressure sensors with
high piezoresistive effects, and repeatability and low hysteresis.



Materials 2022, 15, 1213 10 of 11

Author Contributions: Conceptualization, S.-H.P.; methodology, J.Y. and D.-Y.K.; formal analysis,
S.-H.P.; resources, J.Y., O.-N.H. and H.K.; writing—original draft preparation, J.Y.; writing—review
and editing, S.-H.P.; supervision, S.-H.P.; project administration, S.-H.P.; funding acquisition, S.-H.P.
All authors have read and agreed to the published version of the manuscript.

Funding: This work was supported by a National Research Foundation of Korea (NRF) grant funded
by the Korean government (MSIT). (No. 2020R1A2C1013489).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

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

References
1. Kim, K.; Jung, M.; Jeon, S.; Bae, J. Robust and scalable three-dimensional spacer textile pressure sensor for human motion

detection. Smart Mater. Struct. 2019, 28, 065019. [CrossRef]
2. Zhang, L.; He, J.; Liao, Y.; Zeng, X.; Qiu, N.; Liang, Y.; Xiao, P.; Chen, T. A self-protective, reproducible textile sensor with high

performance towards human–machine interactions. J. Mater. Chem. A 2019, 7, 26631–26640. [CrossRef]
3. Kim, K.-H.; Hong, S.K.; Jang, N.-S.; Ha, S.-H.; Lee, H.W.; Kim, J.-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]
[PubMed]

4. Chen, L.Y.; Tee, B.C.K.; Chortos, A.L.; Schwartz, G.; Tse, V.; Lipomi, D.J.; Wong, H.S.P.; McConnell, M.V.; Bao, Z. Continuous
wireless pressure monitoring and mapping with ultra-small passive sensors for health monitoring and critical care. Nat. Commun.
2014, 5, 5028. [CrossRef] [PubMed]

5. Fu, Y.-F.; Yi, F.-L.; Liu, J.-R.; Li, Y.-Q.; Wang, Z.-Y.; Yang, G.; Huang, P.; Hu, N.; Fu, S.-Y. Super soft but strong E-Skin based on
carbon fiber/carbon black/silicone composite: Truly mimicking tactile sensing and mechanical behavior of human skin. Compos.
Sci. Technol. 2020, 186, 107910. [CrossRef]

6. 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]

7. Yan, C.; Wang, J.; Kang, W.; Cui, M.; Wang, X.; Foo, C.Y.; Chee, K.J.; Lee, P.S. Highly stretchable piezoresistive graphene-
nanocellulose nanopaper for strain sensors. Adv Mater 2014, 26, 2022–2027. [CrossRef]

8. Peng, Y.; Xiao, S.; Yang, J.; Lin, J.; Yuan, W.; Gu, W.; Wu, X.; Cui, Z. The elastic microstructures of inkjet printed polydimethylsilox-
ane as the patterned dielectric layer for pressure sensors. Appl. Phys. Lett. 2017, 110, 261904. [CrossRef]

9. Kanoun, O.; Bouhamed, A.; Ramalingame, R.; Bautista-Quijano, J.R.; Rajendran, D.; Al-Hamry, A. Review on Conductive
Polymer/CNTs Nanocomposites Based Flexible and Stretchable Strain and Pressure Sensors. Sensors 2021, 21, 341. [CrossRef]

10. Park, S.-H.; Hwang, J.; Park, G.-S.; Ha, J.-H.; Zhang, M.; Kim, D.; Yun, D.-J.; Lee, S.; Lee, S.H. Modeling the electrical resistivity of
polymer composites with segregated structures. Nat. Commun. 2019, 10, 2537. [CrossRef]

11. Xu, S.; Yeh, Y.W.; Poirier, G.; McAlpine, M.C.; Register, R.A.; Yao, N. Flexible piezoelectric PMN-PT nanowire-based nanocompos-
ite and device. Nano Lett 2013, 13, 2393–2398. [CrossRef] [PubMed]

12. Choi, W.; Lee, J.; Yoo, Y.K.; Kang, S.; Kim, J.; Lee, J.H. Enhanced sensitivity of piezoelectric pressure sensor with microstructured
polydimethylsiloxane layer. Appl. Phys. Lett. 2014, 104, 123701. [CrossRef]

13. Bai, N.; Wang, L.; Wang, Q.; Deng, J.; Wang, Y.; Lu, P.; Huang, J.; Li, G.; Zhang, Y.; Yang, J.; et al. Graded intrafillable
architecture-based iontronic pressure sensor with ultra-broad-range high sensitivity. Nat Commun 2020, 11, 209. [CrossRef]
[PubMed]

14. Hu, W.; Niu, X.; Zhao, R.; Pei, Q. Elastomeric transparent capacitive sensors based on an interpenetrating composite of silver
nanowires and polyurethane. Appl. Phys. Lett. 2013, 102, 083303. [CrossRef]

15. Wang, Z.; Ye, X. An investigation on piezoresistive behavior of carbon nanotube/polymer composites: II. Positive piezoresistive
effect. Nanotechnology 2014, 25, 285502. [CrossRef] [PubMed]

16. Zhu, S.-E.; Ghatkesar, M.K.; Zhang, C.; Janssen, G.C.A.M. Graphene based piezoresistive pressure sensor. Appl. Phys. Lett. 2013,
102, 161904. [CrossRef]

17. Li, X.; Zhang, R.; Yu, W.; Wang, K.; Wei, J.; Wu, D.; Cao, A.; Li, Z.; Cheng, Y.; Zheng, Q.; et al. Stretchable and highly sensitive
graphene-on-polymer strain sensors. Sci. Rep. 2012, 2, 870. [CrossRef]

18. Tran, A.V.; Zhang, X.; Zhu, B. The Development of a New Piezoresistive Pressure Sensor for Low Pressures. IEEE Trans. Ind.
Electron. 2018, 65, 6487–6496. [CrossRef]

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

20. Hur, O.N.; Ha, J.H.; Park, S.H. StrainSensing Properties of MultiWalled Carbon Nanotube/Polydimethylsiloxane Composites
with Different Aspect Ratio and Filler Contents. Materials 2020, 13, 2431. [CrossRef]

http://doi.org/10.1088/1361-665X/ab1adf
http://doi.org/10.1039/C9TA10744D
http://doi.org/10.1021/acsami.7b06119
http://www.ncbi.nlm.nih.gov/pubmed/28471157
http://doi.org/10.1038/ncomms6028
http://www.ncbi.nlm.nih.gov/pubmed/25284074
http://doi.org/10.1016/j.compscitech.2019.107910
http://doi.org/10.1038/nmat2834
http://doi.org/10.1002/adma.201304742
http://doi.org/10.1063/1.4990528
http://doi.org/10.3390/s21020341
http://doi.org/10.1038/s41467-019-10514-4
http://doi.org/10.1021/nl400169t
http://www.ncbi.nlm.nih.gov/pubmed/23634729
http://doi.org/10.1063/1.4869816
http://doi.org/10.1038/s41467-019-14054-9
http://www.ncbi.nlm.nih.gov/pubmed/31924813
http://doi.org/10.1063/1.4794143
http://doi.org/10.1088/0957-4484/25/28/285502
http://www.ncbi.nlm.nih.gov/pubmed/24972057
http://doi.org/10.1063/1.4802799
http://doi.org/10.1038/srep00870
http://doi.org/10.1109/TIE.2017.2784341
http://doi.org/10.1039/C4MH00147H
http://doi.org/10.3390/ma13112431


Materials 2022, 15, 1213 11 of 11

21. Kim, H.; Hong, S.K.; Ryu, J.K.; Park, S.H. Effect of Filler Alignment on Piezo-Resistive and Mechanical Properties of Carbon
Nanotube Composites. Materials 2020, 13, 2598. [CrossRef] [PubMed]

22. Park, S.-J.; Kim, J.; Chu, M.; Khine, M. Flexible Piezoresistive Pressure Sensor Using Wrinkled Carbon Nanotube Thin Films for
Human Physiological Signals. Adv. Mater. Technol. 2018, 3, 1700158. [CrossRef]

23. Glaskova, T.; Zarrelli, M.; Aniskevich, A.; Giordano, M.; Trinkler, L.; Berzina, B. Quantitative optical analysis of filler dispersion
degree in MWCNT–epoxy nanocomposite. Compos. Sci. Technol. 2012, 72, 477–481. [CrossRef]

24. Glaskova, T.; Zarrelli, M.; Borisova, A.; Timchenko, K.; Aniskevich, A.; Giordano, M. Method of quantitative analysis of filler
dispersion in composite systems with spherical inclusions. Compos. Sci. Technol. 2011, 71, 1543–1549. [CrossRef]

25. Ha, J.-H.; Lee, S.-E.; Park, S.-H. Effect of Dispersion by Three-Roll Milling on Electrical Properties and Filler Length of Carbon
Nanotube Composites. Materials 2019, 12, 3823. [CrossRef]

26. Ramalingame, R.; Hu, Z.; Gerlach, C.; Rajendran, D.; Zubkova, T.; Baumann, R.; Kanoun, O. Flexible piezoresistive sensor matrix
based on a carbon nanotube PDMS composite for dynamic pressure distribution measurement. J. Sens. Sens. Syst. 2019, 8, 1–7.
[CrossRef]

27. Mitrakos, V.; Hands, P.J.W.; Cummins, G.; Macintyre, L.; Denison, F.C.; Flynn, D.; Desmulliez, M.P.Y. Nanocomposite-Based
Microstructured Piezoresistive Pressure Sensors for Low-Pressure Measurement Range. Micromachines 2018, 9, 43. [CrossRef]

28. Zhao, J.; Dai, K.; Liu, C.; Zheng, G.; Wang, B.; Liu, C.; Chen, J.; Shen, C. A comparison between strain sensing behaviors of carbon
black/polypropylene and carbon nanotubes/polypropylene electrically conductive composites. Compos. Part A Appl. Sci. Manuf.
2013, 48, 129–136. [CrossRef]

29. Martone, A.; Formicola, C.; Giordano, M.; Zarrelli, M. Reinforcement efficiency of multi-walled carbon nanotube/epoxy nano
composites. Compos. Sci. Technol. 2010, 70, 1154–1160. [CrossRef]

30. Rahaman, M.; Aldalbahi, A.; Govindasami, P.; Khanam, N.P.; Bhandari, S.; Feng, P.; Altalhi, T. A New Insight in Determining the
Percolation Threshold of Electrical Conductivity for Extrinsically Conducting Polymer Composites through Different Sigmoidal
Models. Polymers 2017, 9, 527. [CrossRef]

31. Shang, S.; Yue, Y.; Wang, X. Piezoresistive strain sensing of carbon black /silicone composites above percolation threshold. Rev.
Sci. Instrum. 2016, 87, 123910. [CrossRef] [PubMed]

32. Li, J.; Ma, P.C.; Chow, W.S.; To, C.K.; Tang, B.Z.; Kim, J.K. Correlations between Percolation Threshold, Dispersion State, and
Aspect Ratio of Carbon Nanotubes. Adv. Funct. Mater. 2007, 17, 3207–3215. [CrossRef]

33. Kim, J.S.; Kim, G.W. Hysteresis Compensation of Piezoresistive Carbon Nanotube/Polydimethylsiloxane Composite-Based Force
Sensors. Sensors 2017, 17, 229. [CrossRef]

34. Lu, J.; Lu, M.; Bermak, A.; Lee, Y. Study of Piezoresistance Effect of Carbon Nanotube-PDMS Composite Materials for Nanosensors.
2007. Available online: https://ieeexplore.ieee.org/document/4601407 (accessed on 20 December 2021).

35. So, H.-M.; Sim, J.W.; Kwon, J.; Yun, J.; Baik, S.; Chang, W.S. Carbon nanotube based pressure sensor for flexible electronics. Mater.
Res. Bull. 2013, 48, 5036–5039. [CrossRef]

36. Souza, F.G.; Michel, R.C.; Soares, B.G. A methodology for studying the dependence of electrical resistivity with pressure in
conducting composites. Polym. Test. 2005, 24, 998–1004. [CrossRef]

37. Sanli, A.; Ramalingame, R.; Kanoun, O. Piezoresistive pressure sensor based on carbon nanotubes/epoxy composite under cyclic
loading. In Proceedings of the 2018 IEEE International Instrumentation and Measurement Technology Conference (I2MTC),
Houston, TX, USA, 14–17 May 2018; pp. 1–5.

38. Chen, J.; Li, H.; Yu, Q.; Hu, Y.; Cui, X.; Zhu, Y.; Jiang, W. Strain sensing behaviors of stretchable conductive polymer composites
loaded with different dimensional conductive fillers. Compos. Sci. Technol. 2018, 168, 388–396. [CrossRef]

39. Cao, J.; Zhang, X. Modulating the percolation network of polymer nanocomposites for flexible sensors. J. Appl. Phys. 2020,
128, 220901. [CrossRef]

40. 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]

41. Hu, C.H.; Liu, C.H.; Chen, L.Z.; Peng, Y.C.; Fan, S.S. Resistance-pressure sensitivity and a mechanism study of multiwall carbon
nanotube networks/poly(dimethylsiloxane) composites. Appl. Phys. Lett. 2008, 93, 033108. [CrossRef]

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

http://doi.org/10.3390/ma13112598
http://www.ncbi.nlm.nih.gov/pubmed/32517341
http://doi.org/10.1002/admt.201700158
http://doi.org/10.1016/j.compscitech.2011.11.029
http://doi.org/10.1016/j.compscitech.2011.06.009
http://doi.org/10.3390/ma12233823
http://doi.org/10.5194/jsss-8-1-2019
http://doi.org/10.3390/mi9020043
http://doi.org/10.1016/j.compositesa.2013.01.004
http://doi.org/10.1016/j.compscitech.2010.03.001
http://doi.org/10.3390/polym9100527
http://doi.org/10.1063/1.4973274
http://www.ncbi.nlm.nih.gov/pubmed/28040985
http://doi.org/10.1002/adfm.200700065
http://doi.org/10.3390/s17020229
https://ieeexplore.ieee.org/document/4601407
http://doi.org/10.1016/j.materresbull.2013.07.022
http://doi.org/10.1016/j.polymertesting.2005.08.001
http://doi.org/10.1016/j.compscitech.2018.10.025
http://doi.org/10.1063/5.0033652
http://doi.org/10.1016/j.carbon.2009.06.050
http://doi.org/10.1063/1.2961028
http://doi.org/10.1016/j.sna.2006.10.019

	Introduction 
	Materials and Methods 
	Materials 
	Fabrication of CB/PDMS and CNT/PDMS Composite 
	Characterization and Test Conditions 

	Results and Discussion 
	Morphology Analysis 
	Electrical Conductivity and Percolation Threshold 
	Pressure Sensing Properties 
	Sensitivity 
	Piezoresistive Effect under Cyclic Pressure 


	Conclusions 
	References

