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Abstract: For filler composite systems used in strain sensor applications, piezoresistive effect,
strain hysteresis, and repeatability are critical factors, which have to be clearly evaluated and
understood. To investigate the effects of the aspect ratio and content of a multi-walled carbon
nanotube (MWCNT) on the strain sensor properties of the composite, MWCNT/Polydimethylsiloxane
(PDMS) composites with varying filler contents and aspect ratios were fabricated. In order to
uniformly disperse MWCNTs on the polymer matrix, we used a three-roll milling method to generate
high shear force for de-bundling MWCNTs. Mechanical and electrical properties of the MWCNT
composites were evaluated for each case. In addition, through the cyclic stretching test, we optimized
the strain-sensing properties of the MWCNT composites by considering their piezoresistive effects
and strain hysteresis.
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1. Introduction

Currently, various studies on pressure sensors and strain sensors are in progress [1-4].
Most commercially available strain sensors are metal-based and have a disadvantage in that their
strain-sensing range is very limited. To improve the strain-sensing range, many studies have been
aimed at developing a strain sensor with a wide strain-sensing range by adding various carbon-based
fillers such as carbon black, carbon fiber, MWCNT, and graphene to the polymer [5-11]. MWCNT,
one of the diverse fillers, is frequently used as a conductive filler because of its large aspect ratio.
Due to the large aspect ratio of MWCNT, sufficient electrical paths are generated inside the composites
even with the use of a small amount of MWCNT [12-14].

The piezoresistive effect is a key contributor to the sensing mechanism of the strain sensor.
Piezoresistive effect describes a change in electrical resistance as a result of mechanical deformation [15].
Previous studies have been conducted to explore the factors influencing piezoresistive effect. From the
results of those studies, piezoresistive effect is influenced by the dimensions and contents of the filler
and the structure of the composite [3,6,16-18]. Some studies observed that electrical resistance did not
return to the initial state even after the removal of the tension causing it from the composites [10,19].
This phenomenon is called hysteresis. In detail, hysteresis is a phenomenon in which a physical
quantity is not determined only by the physical conditions at that time but also by the change process
of the state that the substance has been in before. Former studies have shown that hysteresis is also
affected by the dimension and content of fillers and the morphology of composites [9,20].

As seen above, the morphology of the composite is an important factor in determining both the
piezoresistive effect and hysteresis; therefore, it is important to uniformly disperse conductive fillers
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on the composite. Ultra-sonication is a general method for dispersing MWCNTs on composites [16,21].
The method shows excellent dispersing effectiveness but poses a challenge with the dispersion of fillers
on high viscosity composites. A solvent may be used to disperse fillers on high viscosity composites,
but it causes inconvenience in terms of solvent removal during composite fabrication. Another method
for conductive filler dispersion in high-viscosity composites is the three-roll mill method. This is a
method of filler dispersion on composites that uses the shear force generated by three-rolls [22].

In this study, we fabricated 0.07, 0.5, 1, 3, and 5 wt% MWCNT polymer composites using short
MWCNTs and 0.4, 0.5, 1, 3, and 5 wt% composites using long MWCNTs to determine the effects of
the aspect ratios and content of MWCNTs on the mechanical and electrical properties of composites
during strain sensing. We used the three-roll milling method to attain even dispersion at high viscosity.
Figure 1 schematically presents the mechanism of the three-roll milling method and the morphology of
two types of MWCNT composites. In order to calculate the aspect ratios of the two different conductive
fillers, their lengths were measured by scanning electric microscopy (SEM). In addition, the internal
morphologies of the composites were also observed via SEM. Mechanical and electrical properties of
MWCNT composites were measured by tensile and cyclic experiments, respectively.

(a) (b)

CNT before three-rolling  CNT after three-rolling
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Figure 1. A scheme of (a) a carbon nanotube (CNT) dispersion mechanism during three-roll milling.
(b) Morphology of long CNT composite (left) and short CNT composite (right) with the same filler
content. Red dots indicate the electrical contact points.
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2. Materials and Methods

2.1. Materials

Two types of MWCNTs were used as conductive fillers. The long MWCNT was purchased from
JEIO (Incheon, Korea) and had a mean diameter of 5 nm, bundle length of 50-150 um, and purity of
>97.5 wt%. The short MWCNT was purchased from KB-Element Co., Ltd (Gyeonggi-do, Korea) and
had a mean diameter of 5 nm, a length of 10-20 um, and purity of >98 wt%. PDMS (Dow Corning,
Sylgard 184, Midland, MI, USA) was adopted as the base polymer.

2.2. Fabrication of MWCNT/PDMS Composite

The paste was fabricated using a paste mixer (Daehwa, Seoul, Korea) and three-roll milling
(Intech, Gyeonggi-do, Korea) for even dispersion of MWCNT on PDMS. The specific process was
as follows: PDMS was first prepared with premixing elastomer(A) and curing agent(B) (mass ratio
A:B=10:1), and then MWCNT was added to the PDMS. A paste mixer was then used to blend the paste
at 500 revolutions per minute (rpm) for 30 s. Next, the paste was continuously mixed at 1500 rpm
for 60 s. The MWCNTs were then uniformly dispersed on the composites by three-roll milling for
5 min. To measure the mechanical and electrical properties of the MWCNT/PDMS composites, a thin
film was then made. The paste was further pressed and cured by a hot-press heating plate (Qmesys
Inc., Gyeonggi-do, Korea), operated at 150 °C and 15 MPa for 1 h to obtain a thin and flat film with a
thickness of 1 mm.
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2.3. Characterization

To measure the length of the MWCNT, small quantities of two kinds of MWCNTs were separately
dispersed in chloroform (Daejung, Seoul, Korea) by ultra-sonication at a pulse of 20 kHz for 25 min.
Next, the suspension was spin-coated on a silicon wafer in a three-step process. The first step was
conducted at 500 rpm for 5 s. The second step was conducted at 2000 rpm for 30 s, while the third step
was conducted at 500 rpm for 5 s. The spin-coated wafers were then dried at an ambient temperature
for a day. The dried spin-coated wafers were then observed by SEM (Gemini SEM 300, ZEISS Inc.,
Land Baden-Wiirttemberg, Germany). The equipment was operated at an accelerating voltage of 5 kV.
To understand the morphology of MWCNT/PDMS composites, the composites were fractured in liquid
nitrogen. The cross-section of the fractured composites was coated with Pt and then observed using
SEM at a 5 kV accelerating voltage.

The mechanical properties of the composites were measured using a universal testing machine
(UTM) (DRTECH Inc., Gyeonggi-do, Korea). Mechanical test samples of 1 and 5 wt% MWCNT/PDMS
composites with a thickness of 1 mm were made according to ASTMD 638-5. All mechanical tests
were performed at a cross-head speed of 50 mm/min and with a load-cell of 50 kgf (490 N), and five
specimens were tested.

To measure the electrical properties and percolation thresholds of the composites, various content
composites were made. For each content composite, five samples were made, and the average values
of the electrical properties and percolation thresholds were obtained. The sample size was 50 X 5 X 1
mm?. The samples were ultraviolet (UV) etched for 300 s by a UV ozone room (JSE Co., Seoul, Korea)
to enhance the electrical contact between the samples and the silver paste (Protavic, Levallois-Perret,
France). The silver paste was then covered on both ends of the surface of the samples as electrodes.
After this process, the samples were cured in a stove at 120 °C for 1 h. After that, their resistance was
determined using a two-wire method (Keithley DMM 7510 multi-meter, Keithley, Cleveland, OH, USA).

The hysteresis property tests were conducted using a 3-dimensional stretching machine (NAMIL
optical instruments Co., Incheon, Korea) and a two-wire method. The samples were stretched from
steady state to 30% strain and then released back to steady state at the same speed; the changes in their
resistances were measure simultaneously. The released state was maintained for 1 min. The entire
process was repeated over 30 cycles. The piezoresistive property tests were conducted immediately
after the hysteresis property tests. The samples were stretched from steady state to 30% strain and
then released to steady state continuously over 20 cycles without a rest time. During the stretching
and releasing cycles, the resistances were measured in the same way as the resistance measurements
conducted for the hysteresis tests.

3. Results and Discussion

3.1. Morphological Analysis

Figure 2 shows the SEM images of the two kinds of MWCNTs. In order to obtain SEM images of a
single MWCNT, we physically separated them from the bundles by ultra-sonication. We took enough
SEM images to determine the average length of each MWCNT. From Figure 2a,b, we calculated the
average length of the longer MWCNT, which was found to be 12 pum with an aspect ratio of 2400.
The MWCNT was named the high aspect ratio MWCNT (HCNT). We measured the mean length of the
shorter MWCNT in Figure 2¢,d and determined it to be 4.5 um with an aspect ratio of 900. This was
named the low aspect ratio MWCNT (LCNT). Furthermore, we found that HCNT is more twisted
than LCNT.

We obtained the SEM images to confirm that the MWCNTs were uniformly dispersed on the
composites by three-roll milling and how the internal morphology of the composite was constructed
according to the aspect ratios and content of MWCNTs. Figure 3 shows SEM images of morphologies of
the 1 and 5 wt% LCNT/PDMS and HCNT/PDMS composites, respectively. In Figure 3a,b, we observe
that both LCNT and HCNT were uniformly dispersed on the composites.
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Figure 2. SEM images of MWCNTs: (a,b) in the case of high aspect ratio MWCNT (HCNT) with an
average length of 12 um and (c,d) in the case of low aspect ratio MWCNT (LCNT) with an average
length of 4.5 um.

&  400nm

Figure 3. SEM images of MWCNT/PDMS composites: (a) 1 wt% LCNT/PDMS, (b) 1 wt% HCNT/PDMS,
(c) 5 wt% LCNT/PDMS, (d) 5 wt% HCNT/PDMS with low resolution, and (e) 5 wt% LCNT/PDMS,
(f) 5 wt% HCNT/PDMS with high resolution.
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We discerned that high contents of both LCNT/PDMS and HCNT/PDMS are also evenly dispersed
in Figure 3c,d. From Figure 3ef, we observe that the fillers were more densely packed into
the HCNT/PDMS composite than into the LCNT/PDMS composite at the same PDMS content.
This difference in the density of filler packing is attributed to the longer length of HCNT relative to
that of LCNT, which makes HCNT observation more likely.

3.2. Mechanical Properties

Tensile tests were conducted to find out the mechanical properties according to the aspect ratio
and content of MWCNTs. Figure 4 shows the mechanical properties for each composite. We obtained
Young’s modulus(Elastic modulus) using Hooke’s law, as given by

o=¢E (1)

where o is the stress, ¢ is the strain, and E is Young’s modulus. In Figure 4a, we observed that
Young's modulus increased as the filler content and aspect ratio increased. This finding means that
composites are more mechanically reinforced at higher aspect ratios and higher MWCNT contents.
The reason for this is that the MWCNTs tend to bridge the polymer cracks. In this respect, HCNT is
more advantageous than LCNT due to its greater length. Furthermore, load transfer from polymer to
MWCNT occurs, mechanically reinforcing the composites. The longer length of HCNT also makes
it more advantageous for load transfer compared to LCNT. The bridge effect and the load transfer
of CNT were confirmed in previous papers [23-25]. Moreover, assuming that the filler is uniformly
dispersed, increased filler content naturally increases the mechanical reinforcement of composites
because of the increased load transfer and polymer bridge effects mentioned above.
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Figure 4. Mechanical properties of MWCNT/PDMS composites: (a) Young’s modulus of LCNT/PDMS
composites (black bar) and HCNT/PDMS composites (red bar), (b) strain-stress curve of the 1 and
5 wt% LCNT/PDMS and HCNT/PDMS composites.

However, Figure 4b shows that tensile elongation at break (epyeqk) decreased with a higher aspect
ratio of MWCNTs and larger content of MWCNTs. In the 1 wt% composites, epreqx decreased from
290.22% (LCNT/PDMS) to 277.48% (HCNT/PDMS) with an increasing aspect ratio of MWCNTs. In the
5 wt% composites, epreqk decreased from 260.65% (LCNT/PDMS) to 251.05% (HCNT/PDMS) with an
increasing aspect ratio of MWCNTs. Furthermore, as the filler content increased, the tensile stress
decreased slightly. These phenomena were caused by a shortage of interfacial interplay between
the MWCNTs and PDMS. Namely, MWCNTs are likely to exist in the bundle state or in aggregated
form at high content, hence resulting in the poor interaction between MWCNT and PDMS. Therefore,
the tensile stress decreased slightly, as shown in Figure 4b. As the filler content increased, the reduction
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of tensile stress and the decrease in the interaction between filler and polymer were also observed in
previous studies [26].

3.3. Electrical Conductivity and Percolation Threshold

The electrical properties of the composite are mainly determined by the aspect ratio and content of
the filler. Figure 5 shows the variation in the electrical conductivity of LCNT/PDMS and HCNT/PDMS
with content. The electrical conductivity (Oelectrical) is calculated by Equation (2).

4
Oelectrical = S_R (2)
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Figure 5. The electrical conductivity of MWCNT/PDMS composites as a function of MWCNT wt% and
electrical percolation threshold of MWCNT/PDMS composites. Inset: log-log plot of the conductivity
of composites according to the relation (P—P.): (a) LCNT/PDMS composites case and (b) HCNT/PDMS
composites case.

In Equation (2), ¢ is the length between the electrodes, S is the cross-section of the sample, and R
is the electrical resistance of the sample. We observed that at the same content, HCNT/PDMS has a
higher electrical conductivity than LCNT/PDMS. This is because HCNT has a greater length, making it
advantageous for the formation of conductive paths inside the composites. Previous papers also
showed that fillers with higher aspect ratios have larger conductivity at the same content [14,16].
Furthermore, sharp increases in electrical conductivity were observed at 0.4 wt% for LCNT/PDMS
and at 0.07 wt% for HCNT/PDMS. This phenomenon was explained by the percolation theory [27,28].
The power law for P > P is shown in Equation (3) below, where o is the electrical conductivity of the
composites, 0 is the reference electrical conductivity, P is filler content, P is percolation threshold,
and t is a critical exponent.
0= 07(P — Po)f ®G)

From Equation (3), considering o, as a constant value, we obtained that Pc = 0.4 wt% and t =
3.58 for LCNT/PDMS, whereas P. = 0.07 wt% and t = 1.49 for HCNT/PDMS. Calculated values of
P. and t for the LCNT/PDMS and HCNT/PDMS composites followed the trends of the same values
observed in previous studies [16,26,29-31]. We observed that HCNT/PDMS had a lower percolation
threshold than LCNT/PDMS. HCNT has the advantage of the formation of conductive paths as it
is longer than LCNT. The advantage comes in that even at lower filler contents, conductive paths
are effectively formed; hence, HCNT/PDMS has a lower percolation threshold than LCNT/PDMS.
Furthermore, electrical conductivity tended to be more saturated as the filler content increased. This is
because enough conductive paths were already formed on the composites above a certain filler content,
so that the addition of more filler results in only weak improvements in the electrical conductivity.
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3.4. Piezoresistive Properties in Cyclic Loading

Figure 6 shows the AR/Ry (relative change in resistance) of the sample under tensile deformation
(where R is the real-time resistance of the samples, Ry is the initial resistance of the samples, and AR is
R-Ryp). In Figure 6, when the 1 wt% and 5 wt% LCNT/PDMS and HCNT/PDMS composite samples
were stretched to 30% strain, the relative change in resistance decreased from 123% to 70%, from 39%
to 13%, from 42% to 34%, and from 29% to 11%, respectively, as the number of cycles increased,
and the relative change in resistance was finally saturated after more than 20 discontinuous cycles.
The hysteresis values of 1 wt% and 5 wt% of LCNT/PDMS and HCNT/PDMS also reduced from 12% to
5%, from 23% to 2%, from 11% to 6%, and from 14% to 8%, respectively, and they were then eventually
saturated as well.
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Figure 6. Normalized change in resistance (AR/Rg) versus strain for MWCNTs/PDMS composite under
discontinuous cyclic tensile deformation: (a) The case of 1 wt% LCNT/PDMS composite, (b) the case
of 1 wt% HCNT/PDMS composite, (c) the case of 5 wt% LCNT/PDMS composite, and (d) the case of
5 wt% HCNT/PDMS composite.

Here, we observed the decrease of relative change in resistance following the repeated cycles.
Moreover, the values of relative change in resistance and hysteresis were eventually saturated when
the number of cycles exceeded 20. This is because the morphology of MWCNTs inside the composites
is rearranged with repeated constant stretching and releasing. The relative change in resistance
and hysteresis value changed depending on the morphology of the filler, and the change in the
morphology of the fillers was saturated under repeated constant strain and releasing cycles. Therefore,
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relative change in resistance and the hysteresis value were stabilized depending on the stabilization of
the filler morphology.

Comparing the relative change in resistance of LCNT/PDMS and HCNT/PDMS, we observed that
LCNT/PDMS showed a better piezoresistive effect and stable hysteresis properties after the 1st cycle.
The reason for the better piezoresistive properties of LCNT/PDMS is that LCNT is shorter than HCNT,
so that the connections between LCNTs are easily broken during tension. Furthermore, the wavy
HCNT expanded during tension, thus exhibiting an advantage by maintaining contacts between
the HCNTs. According to previous literature, the expansion of the wavy HCNT negatively affects
its piezoresistive effect [32,33]. Therefore, a better piezoresistive effect is observed in LCNT/PDMS.
In terms of hysteresis properties, LCNT/PDMS shows smaller hysteresis properties than HCNT/PDMS
because LCNT has a lower tendency for buckling than HCNT upon release from tensile deformation.
Theoretical analyses presented in previous papers confirm this phenomenon [20]. In other words,
the electrical paths inside the LCNT/PDMS are less restructured than the electrical paths inside the
HCNT/PDMS when released after stretching.

Figure 7 shows the relative changes in resistance according to the aspect ratio and filler contents
for 20 cycles of continuous stretching and releasing. The part where the relative change in resistance
increases is the stretching state (up to ~30% strain), and the part where the relative change in resistance
decreases is the releasing state. We observed that the relative change in resistance increased as the filler
content decreased. This is because the contacts between the MWCNTs inside the composites are more
likely to break during stretching at low filler content.

When MWCNTs of low filler content composites are rearranged during tensile stretching,
new contacts are less likely to occur than in composites with higher filler contents. Namely, the relative
change in resistance is large in the composites with low filler content because the morphology of the
MWCNTs changes due to the tension, and there is more contact loss than formation of new contacts.
Furthermore, according to the antecedent papers, contact loss results in increasing tunneling resistance
and has a positive effect on the piezoresistive effect [34,35].

As the filler content increased, the relative change in resistance in the LCNT/PDMS composite
decreased from 69% to 29%, a decrease of approximately 58%, whereas the relative change in
resistance in the HCNT/PDMS composite decreased from 13% to 11%, a change of approximately 2%.
The difference in the relative change in resistance between the 1 wt% and the 5 wt% LCNT/PDMS is
greater than that in HCNT/PDMS. As we saw above, HCNT/PDMS has a low percolation threshold
(at 0.07 wt%), so sufficient conductive paths exist even at 1 wt% composite, whereas LCNT/PDMS has
a large percolation threshold (at 0.4 wt%), and it results in the insufficiency of the conductive paths
at the same wt% composite. Therefore, the increased content, from 1 to 5 wt%, would have a great
effect on the conductive paths in the LCNT/PDMS. On the other hand, the conductive paths in the
HCNT/PDMS were not significantly affected by the increment. Moreover, we observed stable and
constant relative change in resistance over 20 cycles of continuous stretching and releasing.
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Figure 7. Normalized change in resistance (AR/Rg) under 20 cycles of continuous tensile deformations
to 30% strain: (a) Case of 1 wt% LCNT/PDMS, (b) case of 5 wt% LCNT/PDMS, (c) case of 1 wt%
HCNT/PDMS, and (d) case of 5 wt% HCNT/PDMS. (For all samples, 30 pre-discontinuous cycles were
executed before the continuous cyclic test).

4. Conclusions

To investigate the strain-sensing properties according to the aspect ratio and content of MWCNTs
within composites, 0.4, 0.5, 1, 3, and 5 wt% LCNT/PDMS and 0.07, 0.5, 1, 3, and 5 wt% HCNT/PDMS
composites were fabricated. From the tensile tests, we confirmed that using low filler content with
LCNT resulted in a lower Young's modulus and a larger strain range than using high filler content with
HCNT due to the bridge effect of the filler and loading transfer. In addition, by measuring the electrical
conductivity, we proved that LCNT/PDMS had a lower electrical conductivity and a larger percolation
threshold than HCNT/PDMS because of the poor ability of LCNT to create electrical paths in the
composites. However, through the discontinuous cycle tests, we confirmed that LCNT/PDMS exhibited
a more sensitive piezoresistive effect and stable hysteresis properties than HCNT/PDMS because
LCNT has a short length while HCNT is characterized by waviness. Furthermore, piezoresistive
effect and hysteresis value were saturated according to the repeated constant strain and releasing.
Therefore, for the stable use of the strain sensor, pre-stretching is required in a larger range of strains
than the strain section we will apply. Finally, through continuous cycle tests, we found that low filler
content resulted in a stronger piezoresistive effect than high filler content since there is greater total
conductive path loss at lower filler content than at higher filler content composite during stretching.
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In conclusion, composites with lower aspect ratio and smaller filler content are great condition in terms
of piezoresistive effect and strain hysteresis.

Author Contributions: Conceptualization, S.-H.P.; methodology, O.-N.H. and J.-H.H.; formal analysis, S.-H.P.;
resources, O.-N.H. and ].-H.H.; writing—original draft preparation, O.-N.H.; 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 the National Research Foundation of Korea (NRF) grant funded by the
Korean government (MSIT). (No. 2020R1A2C1013489)

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

References

1.  Atalay, O. Textile-based, interdigital, capacitive, soft-strain sensor for wearable applications. Materials 2018,
11, 768. [CrossRef] [PubMed]

2. Kim, S.Y;; Park, S.; Park, HW.; 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] [PubMed]

3. Li Q,;Li]J,; Tran, D,; Luo, C.; Gao, Y,; Yu, C.; Xuan, F. Engineering of carbon nanotube/polydimethylsiloxane
nanocomposites with enhanced sensitivity for wearable motion sensors. J. Mater. Chem. 2017, 5, 11092-11099.
[CrossRef]

4. Lou, C;Wang, S,; Liang, T.; Pang, C.; Huang, L.; Run, M,; Liu, X. A graphene-based flexible pressure sensor
with applications to plantar pressure measurement and gait analysis. Materials 2017, 10, 1068. [CrossRef]
[PubMed]

5. Lee, ].-B,; Khang, D.-Y. Electrical and mechanical characterization of stretchable multi-walled carbon
nanotubes/polydimethylsiloxane elastomeric composite conductors. Compos. Sci. Technol. 2012, 72,
1257-1263. [CrossRef]

6. Liu, H.; Gao, J.; Huang, W.; Dai, K.; Zheng, G.; Liu, C.; Shen, C.; Yan, X.; Guo, J.; Guo, Z. Electrically
conductive strain sensing polyurethane nanocomposites with synergistic carbon nanotubes and graphene
bifillers. Nanoscale 2016, 8, 12977-12989. [CrossRef]

7. Zheng, Y,; Li, Y;; Dai, K.; Wang, Y.; Zheng, G.; Liu, C.; Shen, C. A highly stretchable and stable strain sensor
based on hybrid carbon nanofillers/polydimethylsiloxane conductive composites for large human motions
monitoring. Compos. Sci. Technol. 2018, 156, 276-286. [CrossRef]

8.  Tsouti, V,; Mitrakos, V.; Broutas, P.; Chatzandroulis, S. Modeling and development of a flexible carbon
black-based capacitive strain sensor. IEEE Sens. ]. 2016, 16, 3059-3067. [CrossRef]

9.  Montazerian, H.; Dalili, A.; Milani, A.; Hoorfar, M. Piezoresistive sensing in chopped carbon fiber embedded
PDMS yarns. Compos. B Eng 2019, 164, 648—658. [CrossRef]

10. Toprakci, H.A.; Kalanadhabhatla, S.K.; Spontak, R.J.; Ghosh, T.K. Polymer nanocomposites containing carbon
nanofibers as soft printable sensors exhibiting strain-reversible piezoresistivity. Adv. Funct. Mater. 2013, 23,
5536-5542. [CrossRef]

11.  Jing, Z.; Guang-Yu, Z.; Dong-Xia, S. Review of graphene-based strain sensors. Chin. Phys. B 2013, 22, 057701.

12. Park, S.-H.; Hwang, J.; Park, G.-S.; Ha, J.-H.; Zhang, M.; Kim, D.; Yun, D.-].; Lee, S.; Lee, S.H. Modeling
the electrical resistivity of polymer composites with segregated structures. Nat. Commun. 2019, 10, 1-11.
[CrossRef] [PubMed]

13. Li, J.; Ma, P.C,; Chow, W.S,; To, CK,; 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]

14. Duan, L.; Fu, S,; Deng, H.; Zhang, Q.; Wang, K.; Chen, F; Fu, Q. The resistivity-strain behavior of conductive
polymer composites: Stability and sensitivity. J. Mater. Chem. 2014, 2, 17085-17098. [CrossRef]

15. Canali, C.; Malavasi, D.; Morten, B.; Prudenziati, M.; Taroni, A. Piezoresistive effects in thick-film resistors.
J. Appl. Phys. 1980, 51, 3282-3288. [CrossRef]

16. Avilés, F; Oliva, A.L; Ventura, G.; May-Pat, A.; Oliva-Avilés, A.I Effect of carbon nanotube length on the
piezoresistive response of poly (methyl methacrylate) nanocomposites. Eur. Polym. ]. 2019, 110, 394-402.
[CrossRef]


http://dx.doi.org/10.3390/ma11050768
http://www.ncbi.nlm.nih.gov/pubmed/29748505
http://dx.doi.org/10.1002/adma.201501408
http://www.ncbi.nlm.nih.gov/pubmed/26095173
http://dx.doi.org/10.1039/C7TC03434B
http://dx.doi.org/10.3390/ma10091068
http://www.ncbi.nlm.nih.gov/pubmed/28891991
http://dx.doi.org/10.1016/j.compscitech.2012.04.012
http://dx.doi.org/10.1039/C6NR02216B
http://dx.doi.org/10.1016/j.compscitech.2018.01.019
http://dx.doi.org/10.1109/JSEN.2016.2524508
http://dx.doi.org/10.1016/j.compositesb.2019.01.090
http://dx.doi.org/10.1002/adfm.201300034
http://dx.doi.org/10.1038/s41467-019-10514-4
http://www.ncbi.nlm.nih.gov/pubmed/31182709
http://dx.doi.org/10.1002/adfm.200700065
http://dx.doi.org/10.1039/C4TA03645J
http://dx.doi.org/10.1063/1.328035
http://dx.doi.org/10.1016/j.eurpolymj.2018.12.002

Materials 2020, 13, 2431 11 of 11

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

Avilés, F; Oliva-Avilés, A.L; Cen-Puc, M. Piezoresistivity, strain, and damage self-sensing of polymer
composites filled with carbon nanostructures. Adv. Eng. Mater. 2018, 20, 1701159. [CrossRef]

Lin, L.; Liu, S,; Zhang, Q.; Li, X,; Ji, M.; Deng, H.; Fu, Q. Towards tunable sensitivity of electrical property
to strain for conductive polymer composites based on thermoplastic elastomer. ACS Appl. Mater. 2013, 5,
5815-5824. [CrossRef]

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]

Jin, L.; Chortos, A.; Lian, F; Pop, E.; Linder, C.; Bao, Z.; Cai, W. Microstructural origin of resistance—strain
hysteresis in carbon nanotube thin film conductors. Proc. Natl. Acad. Sci. USA 2018, 115, 1986-1991.
[CrossRef]

Simées, S.; Viana, F.; Reis, M.A.; Vieira, M.F. Aluminum and nickel matrix composites reinforced by CNTs:
Dispersion/mixture by ultrasonication. Metals 2017, 7, 279. [CrossRef]

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] [PubMed]

Eitan, A.; Fisher, F.; Andrews, R.; Brinson, L.C.; Schadler, L. Reinforcement mechanisms in MWCNT-filled
polycarbonate. Compos. Sci. Technol. 2006, 66, 1162-1173. [CrossRef]

Wagner, H.D.; Lourie, O.; Feldman, Y.; Tenne, R. Stress-induced fragmentation of multiwall carbon nanotubes
in a polymer matrix. Appl. Phys. Lett. 1998, 72, 188-190. [CrossRef]

Wan, H.; Delale, F.; Shen, L. Effect of CNT length and CNT-matrix interphase in carbon nanotube (CNT)
reinforced composites. Mech. Res. Commun. 2005, 32, 481-489. [CrossRef]

Souri, H.; Yu, J.; Jeon, H.; Kim, ].W.; Yang, C.-M.; You, N.-H.; Yang, B.J. A theoretical study on the piezoresistive
response of carbon nanotubes embedded in polymer nanocomposites in an elastic region. Carbon 2017, 120,
427-437. [CrossRef]

Kirkpatrick, S. Percolation and conduction. Rev. Mod. Phys. 1973, 45, 574. [CrossRef]

Deutscher, G. Percolation and superconductivity. In Percolation, Localization, and Superconductivity; Springer:
Berlin/Heidelberg, Germany, 1984; pp. 95-113.

Bauhofer, W.; Kovacs, ].Z. A review and analysis of electrical percolation in carbon nanotube polymer
composites. Compos. Sci. Technol. 2009, 69, 1486-1498. [CrossRef]

Dalmas, E; Cavaillé, J.-Y.; Gauthier, C.; Chazeau, L.; Dendievel, R. Viscoelastic behavior and electrical
properties of flexible nanofiber filled polymer nanocomposites. Influence of processing conditions. Compos.
Sci. Technol. 2007, 67, 829-839. [CrossRef]

Mamunya, Y.; Boudenne, A.; Lebovka, N.; Ibos, L.; Candau, Y.; Lisunova, M. Electrical and thermophysical
behaviour of PVC-MWCNT nanocomposites. Compos. Sci. Technol. 2008, 68, 1981-1988. [CrossRef]
Meeuw, H.; Viets, C.; Liebig, W.V.; Schulte, K.; Fiedler, B. Morphological influence of carbon nanofillers on
the piezoresistive response of carbon nanoparticle/epoxy composites under mechanical load. Eur. Polym. J.
2016, 85, 198-210. [CrossRef]

Panozzo, F.; Zappalorto, M.; Quaresimin, M. Analytical model for the prediction of the piezoresistive
behavior of CNT modified polymers. Compos. B Eng. 2017, 109, 53—-63. [CrossRef]

Ren, X.; Chaurasia, A.K.; Oliva-Avilés, A.L; Ku-Herrera, ].J.; Seidel, G.D.; Avilés, F. Modeling of mesoscale
dispersion effect on the piezoresistivity of carbon nanotube-polymer nanocomposites via 3D computational
multiscale micromechanics methods. Smart Mater. Struct. 2015, 24, 065031. [CrossRef]

Hu, N.; Masuda, Z.; Yan, C.; Yamamoto, G.; Fukunaga, H.; Hashida, T. The electrical properties of polymer
nanocomposites with carbon nanotube fillers. Nanotechnology 2008, 19, 215701. [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/10.1002/adem.201701159
http://dx.doi.org/10.1021/am401402x
http://dx.doi.org/10.1016/j.compositesa.2013.01.004
http://dx.doi.org/10.1073/pnas.1717217115
http://dx.doi.org/10.3390/met7070279
http://dx.doi.org/10.3390/ma12233823
http://www.ncbi.nlm.nih.gov/pubmed/31766359
http://dx.doi.org/10.1016/j.compscitech.2005.10.004
http://dx.doi.org/10.1063/1.120680
http://dx.doi.org/10.1016/j.mechrescom.2004.10.011
http://dx.doi.org/10.1016/j.carbon.2017.05.059
http://dx.doi.org/10.1103/RevModPhys.45.574
http://dx.doi.org/10.1016/j.compscitech.2008.06.018
http://dx.doi.org/10.1016/j.compscitech.2006.01.030
http://dx.doi.org/10.1016/j.compscitech.2007.11.014
http://dx.doi.org/10.1016/j.eurpolymj.2016.10.027
http://dx.doi.org/10.1016/j.compositesb.2016.10.034
http://dx.doi.org/10.1088/0964-1726/24/6/065031
http://dx.doi.org/10.1088/0957-4484/19/21/215701
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Materials 
	Fabrication of MWCNT/PDMS Composite 
	Characterization 

	Results and Discussion 
	Morphological Analysis 
	Mechanical Properties 
	Electrical Conductivity and Percolation Threshold 
	Piezoresistive Properties in Cyclic Loading 

	Conclusions 
	References

