DE GRUYTER

Nanotechnology Reviews 2022; 11: 55-64

Research Article

Pardis Ghahramani, Kamran Behdinan*, Rasool Moradi-Dastjerdi, and Hani E. Naguib

Theoretical and experimental investigation of
MWCNT dispersion effect on the elastic modulus
of flexible PDMS/MWCNT nanocomposites

https://doi.org/10.1515/ntrev-2022-0006
received August 17, 2021; accepted October 22, 2021

Abstract: In this article, Young’s modulus of a flexible
piezoresistive nanocomposite made of a certain amount
of multiwalled carbon nanotube (MWCNT) contents dis-
persed in polydimethylsiloxane (PDMS) has been inves-
tigated using theoretical and experimental approaches.
The PDMS/MWCNT nanocomposites with the governing
factor of MWCNT weight fraction (e.g., 0.1, 0.25, and
0.5 wt%) were synthesized by the solution casting fabri-
cation method. The nanocomposite samples were sub-
jected to a standard compression test to measure their
elastic modulus using Instron Universal testing machine
under force control displacement mode. Due to the costs
and limitations of experimental tests, theoretical predic-
tions on the elasticity modulus of such flexible nanocompos-
ites have also been performed using Eshelby—Mori—Tanaka
(EMT) and Halpin-Tsai (HT) approaches. The theoretical
results showed that HT’s approach at lower MWCNT con-
tents and EMT’s approach at higher MWCNT contents have
a better agreement to experimental results in predicting
the elastic modulus of PDMS/MWCNT nanocomposites.
The experimental results indicated that the inclusion of
MWCNT in the PDMS matrix resulted in a noticeable
improvement in Young’s modulus of PDMS/MWCNT nano-
composite at small values of MWCNT contents (up to wg =
0.25%); however, exceeding this nanofiller content did not

* Corresponding author: Kamran Behdinan, Advanced Research
Laboratory for Multifunctional Lightweight Structures (ARL-MLS),
Department of Mechanical & Industrial Engineering, University of
Toronto, Toronto, Canada, e-mail: Behdinan@mie.utoronto.ca
Pardis Ghahramani, Rasool Moradi-Dastjerdi: Advanced Research
Laboratory for Multifunctional Lightweight Structures (ARL-MLS),
Department of Mechanical & Industrial Engineering, University of
Toronto, Toronto, Canada

Hani E. Naguib: Toronto Smart Materials and Structures (TSMART),
Department of Mechanical & Industrial Engineering, University of
Toronto, Toronto, Canada, e-mail: Neguib@mie.utoronto.ca

elevate Young’s modulus due to the emergence of MWCNT
agglomerations in the nanocomposite structure.
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1 Introduction

Development of novel flexible highly sensitive pressure-
detecting sensors with high durability, biocompatibility,
and lightweight has drawn tremendous attention toward
smart systems and wearable healthcare devices [1-4].
Flexible piezoresistive nanocomposite sensors are a type
of pressure-sensitive sensor whose applications in biome-
dical science have been gradually increased over the last
decade [5-9]. Piezoresistive effect is a change in the elec-
trical resistance of a material when mechanical strain is
applied to it. Piezoresistive nanocomposite sensors are
built up from a polymeric matrix and a reinforcement
phase, which their work principle counts on resistivity
change due to the displacement of conductive networks
inside their structure in response to an external force. Con-
trolling the elastic modulus of nanocomposites is the key
factor in the design of flexible piezoresistive nanocompo-
sites, which has a crucial impact on both their electrical
and mechanical responses [10,11]. In this regard, multi-
walled carbon nanotubes (MWCNTSs) have attracted great
interest to be used in nanocomposites owing to their
exceptional electronic and mechanical characteristics,
which include tremendously high elastic modulus, low
density, large surface area, and high aspect ratio [12-15].
The elastic modulus of a nanocomposite is a function of
many parameters including the polymer elasticity, weight
fraction, dispersion, agglomeration fraction, and aspect
ratio of reinforcement particles along with the bonding
between polymer and reinforcement particles [16]. There-
fore, many endeavors have been performed to investigate
the elastic modulus of nanocomposite materials with
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different polymeric matrices enhanced with single- or mul-
tiwalled CNTs.

Different numerical/theoretical approaches, such as
molecular dynamic (MD) simulations, Eshelby—Mori—Tanaka
(EMT), Halpin-Tsai (HT), and the rule of mixture, have been
proposed for the estimation of mechanical properties
of nanocomposites. In MD simulations, the interactions
between the atoms of the material are described by atom-
istic potentials based on the energy minimization of the
system [17,18]. MD principles stand with the simulation of
particles’ motions in the presence of applied forces to the
system. The potentials of chemical bonds between the
atoms, which depend on the atomic distances, are respon-
sible for the existing forces. It is worth mentioning that the
length and timescale that can be explored in the MD simu-
lation are limited. Usually, the size of the simulation varies
from 10 A to 100 nm, and the time step is 100 ns to micro-
seconds [17]. The number of atoms that can be probed in
the MD simulation is several thousand to millions. More-
over, the time step in the simulation should be considered
long enough to minimize the computational costs, which
will challenge the accuracy of the simulation in this case.
Another limitation of using MD simulation is finding a
proper forcefield in molecular mechanics to cover all the
existing interactions will be a challenge [17]. Moreover, in
these mixed phases, a larger quantity of particles in the
simulation box should be considered to be representative
enough for the system, which adversely adds to the com-
putational time and cost.

Among the theoretical approaches, EMT, HT, and
some modified forms of the rule of mixture have widely
been used for the investigation of the nanoscale effect on
CNT-reinforced nanocomposites. Although the rule of mix-
ture offers a transversely isotropic nanocomposite mate-
rial, the other two approaches assume that the resulting
nanocomposite is an isotropic material. Shen [19] modified
the micromechanical form of the rule of mixture by incor-
porating three parameters efficiency coefficients to capture
the nanoscale effects of CNTs. He evaluated those coeffi-
cients by equaling the elastic modulus of CNT-reinforced
nanocomposites from MD simulations with the original
rule of mixture. However, this approach needs a set of co-
efficients for each type of material at desired temperatures
or nanofiller volume fractions. Using the same concept,
this micromechanical method was also further modified
to involve the effects of the aspect ratio and waviness of
the nanofiller part [20-23]. Halpin-Tsai model is also
heavily used for nanocomposites. This model predicts
the elasticity behavior of unidirectional composites/nano-
composites as a function of the filler’s aspect ratio where
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the transverse and longitudinal Young’s moduli are pre-
sented based on filler geometry and the loading direction
[16]. For composites/nanocomposites with short fibers,
another version of this approach was also introduced,
which proposes an isotropic material [16,24,25]. To involve
the impacts of nanofillers’ orientation and agglomeration,
EMT’s approach has widely been used. In CNT-reinforced
nanocomposites, CNT agglomeration is caused by intrinsic
van der Waals interactions between nanoparticles. The
other reasons for creating local CNT agglomerations in
CNT-reinforced nanocomposites are the high aspect ratio,
low bending rigidity, and high volume fraction of these
nanotubes embedded in a polymer host [26]. It has been
proven that CNT local aggregations significantly reduced
the CNT functionalization [27,28]. Montazeri et al. [29] mod-
ified HT formulation based on some experimental tensile
test outcomes to capture the agglomeration effect on the
stiffness of an epoxy/MWCNT nanocomposite. They noticed
that above 1.5 wt%, adding nanotubes could not improve the
elasticity modulus of that nanocomposite due to MWCNT
agglomerations. Barai and Weng [30] also used Mori—Tanaka
approach on the small scale of a new two-scale theoretical
model to study the agglomeration effect on the elastic and
plastic behavior of CNT-reinforced polymeric nanocompo-
sites. To introduce a lead-free piezoelectric nanocomposite
material, Krishnaswamy et al. [31] added a lead-free piezo-
electric inclusion inside a polydimethylsiloxane (PDMS)/CNT
nanocomposite. They developed a modified micromechanical
(EMT) approach to study the effect of CNT defect and agglom-
eration on the electro-mechanical properties of such active
nanocomposites.

Besides the theoretical approaches, many experi-
mental studies have been done to study the mechanical
properties of nanocomposites. In a research article, Lu
et al. [32] explored the effect of CNT content on the elastic
modulus of a polymeric nanocomposite. They illustrated
that by increasing the filler content in PDMS/CNT matrix
up to a specific amount, Young’s modulus of the nano-
composite increased. Due to the higher strength of con-
ductive filler than polymer matrix, a higher filler ratio
increased Young’s modulus of the nanocomposite [33].
However, after a certain degree, the lower content of
the polymer matrix inside the nanocomposite made the
nanocomposite fragile and reduced its strength [34].
Madaleno et al. [35] observed that the compressive modulus
and strength of polyurethane (PU)/CNT foam nanocompos-
ite were enhanced in comparison to the pure PU foam.
Tanabi and Erdal [34] studied the CNT dispersion effect on
the mechanical properties of epoxy/CNT nanocomposites.
Moreover, the effects of CNT dispersion [36-38], particles
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agglomeration [39,40], and interfacial bonding between
polymer matrix and filler [41] on the mechanical properties
of CNT-reinforced composites have been investigated
experimentally.

PDMS [5], polylactic acid [42], polyvinylidene fluoride,
polycaprolactone [43], and polyaniline [44] are polymers
that are largely used in the fabrication of nanocomposites
for biomedical applications. PDMS has been overwhelm-
ingly used as the polymer matrix in the flexible nano-
composites in comparison to the other types of flexible
polymers [45-47]. PDMS has excellent advantages such
as commercial availability, variable mechanical proper-
ties, transparency, chemical inertness, high flexibility,
stability over a wide range of temperatures, and biocom-
patibility [48,49]. The outstanding attributes of PDMS and
MWCNT made them a good candidate to be used as the
main components for the fabrication of a soft piezoresis-
tive nanocomposite with potential application as a bio-
compatible sensor in this research article [14].

In this article, Young’s modulus of flexible PDMS/
MWCNT nanocomposites as an essential mechanical para-
meter has been investigated using a standard compression
experimental test at various MWCNT weight fractions,
whereas the nanocomposite samples were fabricated by
the solution casting method. In this method, the polymer
matrix is added to a solution of dispersed particles in a
solvent. Then the mixture gets homogenized by mixing at
elevated temperature to evaporate the solvent. In the next
step, a curing agent for crosslinking the polymer matrix is
added to the mixture and poured in a mold. At the end of
the process, mold will be put inside the oven to cure and
solidify the nanocomposite structure.

For further understanding of the mechanical behav-
ior of such nanocomposites and optimizing the use of
nanoreinforcements, two theoretical (i.e., EMT and HT)
approaches were also used to predict the elasticity mod-
ulus while distribution and shape parameters of the rein-
forcement part are considered.

2 Theoretical approaches

Due to the reliable results of EMT and HT approaches, we
used these two approaches for the elastic modulus estima-
tion of PDMS/MWCNT nanocomposite. EMT’s approach is
able to consider random orientations for MWCNTs and
their possible clustering. However, HT approach involves
the geometrical dimension of the reinforcement part to
consider its nanoscale effects.
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2.1 EMT approach

According to the EMT approach, three types of nanofiller
distribution including fully dispersed with aligned CNTs,
fully dispersed with randomly oriented CNTs, and locally
aggregated CNTs with random orientations can be con-
sidered. However, the first case is unlikely to happen
because of the small bending rigidity and high aspect
ratio of CNTs. Therefore, this subsection provides the for-
mulations that cover the second and third types of CNT
distributions in a polymeric matrix. It is worth men-
tioning that the fully dispersed type of nanocomposite
is a specific condition of the nanocomposite with locally
aggregated CNTs such that the whole volume of agglom-
erations and the volume of the nanocomposite are equal.

To investigate the negative impact of agglomerations
on the elastic constants, Shi et al. [26] considered repre-
sentative volume elements (RVEs) including a matrix
with partly dispersed CNTs in agglomerations and partly
well dispersed as shown in Figure 1. To generalize the
RVE, they defined two parameters, which indicated the
agglomeration volume y and CNT concentration in those
agglomerations 1, which their definitions are mathemat-
ically presented in equation (1) [26]:

U=V /V,n=f3Yf, O<pnmp<tandp<n, (1)

where f; and f2¢%" are the whole MWCNT volume fraction
and MWCNT volume fraction embedded inside the agglom-
erations, respectively. In addition, the physical parameters
of V and V,gg are the whole volume (area) of RVE and
the total volume (area) of the agglomerations, respectively.
Due to the physical constraints, y is always less than 7.
Moreover, cases with y =1 or u = n indicate RVE or nano-
composite with fully dispersed MWCNTs. Furthermore, =1
implies that whole MWCNTs are absorbed into each other,
and there are no MWCNTSs outside the agglomerations.
After generalizing this method for all possible agglom-
eration states, the mechanical properties of inside and

MWCNT

Polymeric
Matrix

Agglomeration

Figure 1: An EMT’s RVE, which shows randomly oriented MWCNTs
and their agglomerations, are dispersed in a polymeric matrix.
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outside agglomerations can be evaluated separately. The
shear G and bulk K moduli of the RVE can be determined
using the corresponding values of the inside (j;) and out-
side (o) Of agglomerations as shown in equation (2) [26]:
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where k,, m,, L, p;, and n, denote Hill’s elastic moduli of
nanofiller, which can be found by matching the following
(Hill’s) elastic matrix with the elastic stiffness matrix for
MWCNT [26,50,51].
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In equations (3)—(5), Uoy; is the Poisson’s ratio of outside
of agglomerations and subscripts m and r are used to
show the properties of the matrix and nanofiller mate-
rials, respectively. Moreovet, a;, f,, 8;, and 1, are defined
as follows:
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As mentioned before, EMT’s approach assumes that the
resulting nanocomposite is an isotropic material. Therefore,
by obtaining K and G from equation (2), Young’s modulus of
PDMS/MWCNT nanocomposite will be defined according to
equation (11):

9KG

E= . 1
3K+ G )

2.2 Halpin-Tsai approach

This approach is also heavily used by the community to
calculate the stiffness of unidirectional MWCNT-rein-
forced nanocomposite as a function of the aspect ratio
of the nanofillers. In this method, based on the loading
direction and filler geometry, Young’s moduli are defined
in the longitudinal and transverse independently [16].
Then, the overall Young’s modulus of the nanocomposite
is predicted using those two terms as follows [16,24]:

3

E=< (12)

5
EL + EET’

in which the longitudinal E; and transverse Et Young’s
moduli are presented below [16,24]:

1+AR-n, - 1+ 28 -
EL = +7“Em, ET = wEm’ (13)
1-n, - f 1-npf
where AR is the aspect ratio of nanofiller and
EfEn) =1 EfEw) =1

W= E/Em)+ AR® 7 (EfEm) + 2

Moreover, the relation between the weight and volume
fractions of MWCNT inside the polymer is as follows:

f _ Wr
r — ’
Wt + L A &Wf
Pm Pm

(15)

where p is the mass density.
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Figure 2: Schematic of the preparation process of PDMS/MWCNT nanocomposites.

3 Experimentation

3.1 Preparation of PDMS/MWCNT
nanocomposite

Commercially available PDMS (Sylgard 184 two-compo-
nent Dow Corning) and MWCNT (Shengzhen Nanotech
Port Co. Ltd, average diameters: 9.5 nm, average length:
1.5 um) were used as the polymer matrix and reinforce-
ment particle, respectively, to fabricate the nanocompos-
ite. In this study, PDMS/MWCNT nanocomposites with
different MWCNT contents (e.g., 0.1, 0.25, and 0.5 wt%)
were fabricated by the solution casting technique. Figure 2
describes a schematic of the PDMS/MWCNT nanocompo-
site preparation process. At the beginning of the process, a
certain amount of MWCNT was dispersed in isopropyl
alcohol (IPA) by ultrasonication for 30 min [52]. Then, a
specific amount of PDMS was inserted into the solution
and was mixed by a magnetic stirrer for 4 h to completely
extract the IPA. A polymer crosslinker (Sylgard, 1:10 weight
ratio for PDMS to curing agent) was added to the mixture to
help the polymer curing process. At the final step, the mix-
ture was poured into the mold cavities (29 mm diameter,
13 mm thickness) and put in an oven at 120°C for 2h to be
cured. Figure 3 shows the fabricated pure PDMS and nano-
composite discs.

Pure PDMS

0.1 wt.%
PDMS/MWCNT

3.2 Characterization

The compression tests were conducted by Instron Universal
testing machine (INSTRON 5944) under force control
(0.2mm/min) displacement mode [53]. The test was in
accordance with the ASTM D1229 - 03 standard test method.
Young’s modulus of nanocomposites was concluded from
the trendline slope of the linear elastic regions of the
stress—strain curves obtained from the compression tests.
Dispersion of MWCNT in the polymer matrix was observed
by transmission electron microscope (TEM, Hitachi H7500),
which was taken in the Center of Neurobiology of Stress at
the University of Toronto Scarborough. For the sample pre-
paration, samples were cut into small triangle pieces using
a razor and then were mounted onto slotted pins from elec-
tron microscopy sciences (EMS) and sectioned (50 nm) at a
temperature of —-120°C using liquid nitrogen to cool the
chamber and maintain the temperature.

4 Results and discussions

According to the procedure presented in Section 3, sam-
ples with different nanofiller fractions have been pre-
pared. Figure 4 illustrates the TEM micrographs of the
nanocomposite where the MWCNTs dispersion and

0.25 wt.% 0.5 wt.%
PDMS/MWCNT PDMS/MWCNT

Figure 3: Actual fabricated samples: Pure PDMS and PDMS/MWCNT nanocomposites with different MWCNT contents.
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A um;

im

Figure 4: TEM micrographs of PDMS/MWCNT nanocomposite at
(a) 0.1wt% MWCNT content, (b) 0.25 wt% MWCNT content, and
(c) 0.5wt% MWCNT content. The yellow areas show MWCNT
agglomeration.

particles agglomerations can be observed. According to
these micrographs, MWCNT particles were not desirably
dispersed in the polymer matrix and the nanofiller clusters
increased by adding the MWCNT content in the nanocom-
posites. Figure 5 depicts the compressive stress versus
compressive strain results from experimental compression
tests. The experimental results indicated that adding
MWCNT particles to the pure PDMS matrix noticeably
enhanced its Young’s modulus (slop of the graphs). More-
over, increasing the MWCNT content from 0.1 to 0.25 wt%
improved the nanocomposite’s modulus as well. However,
at 0.5 wt% MWCNT, the elastic modulus of the nanocompos-
ite did not significantly change in comparison to 0.25 wt%
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Figure 5: Compressive stress vs compressive strain graphs for
PDMS/MWCNT nanocomposites with different MWCNT contents.

MWCNT content, which might be the result of increased
agglomeration effect at higher filler content. Therefore, it
can be concluded that high MWCNT agglomerations in
the nanocomposite structure can adversely act as stress
concentrators and decay the mechanical properties of the
particle-reinforced composite.

Theoretical results have been calculated by consid-
ering E; = 1 TPa, v, = 0.162, AR = 315.8, E,, = 3.53 MPa,
and vy = 0.4. Figure 6 shows the calculated Young’s
moduli of PDMS/MWCNT nanocomposites obtained from
both EMT and HT’s approaches at different MWCNT weight
fractions while they are compared with our experimental
results. In view of HT results, we can see this approach
suggesting a continual and almost linear relation between
the embedded MWCNT content and Young’s modulus,
which has good agreements with measured results at

£©=0.15
(EMT)
O Experiment
- — - HT
45 £#=0.11 EMT L
(EMT) -
3 -
Q.‘ -
N 4=0.08 -~
——(EMT)
Lu _ - - -
4 Phs 1=0.05 :
EMT
r (] _- Phe ( )
-7 1=0.02
= (EMT)
-
35 | L | |
0 0.1 0.2 0.3 0.4 0.5
w, (%)

Figure 6: Young’s modulus of PDMS/MWCNT nanocomposite
obtained from HT, EMT (with different aggregation states), and
experimental compression test versus MWCNT weight fraction.
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low MWCNT contents. It means this approach properly
estimates Young’s modulus of PDMS/MWCNT nanocom-
posite when the nanocomposite contains low amounts of
the nanofiller. However, HT fails to estimate the elasticity
modulus of such nanocomposite at higher amounts of
MWCNTs due to ignoring the effect of lumping these
high aspect ratio nanofillers. Furthermore, the results of
EMT’s approach reveal that EMT is successful in predicting
the effect of MWCNT agglomerations at the high amounts
of wr. However, this method estimates the formation of
agglomerations at lower nanofiller contents rather than
the experimental tests. According to this theoretical approach,
the embedded MWCNTs are dispersed only in 8% of the
volume of the resulting nanocomposite. This conclusion on
the MWCNT dispersion can be verified by TEM micrographs,
which are shown in Figure 4. As discussed before, it seems
that EMT’s approach reflects the effect of MWCNT agglom-
erations on the elasticity modulus at a smaller amount of
filler contents rather than the experiment results. The
reason behind this observation could be attributed to the
soft inheritance of PDMS, which has a very low elasticity
modulus (E,, = 3.53 MPa). Overall, Figure 6 indicates that
both EMT’s (with u = 0.08) and HT’s approaches estimate
Young’s modulus of PDMS/MWCNT nanocomposite with
less than 8% error while 0 < w; < 0.5%.

As HT’s approach considers a shape parameter (nano-
filler aspect ratio), Figure 7 examines the impact of this
parameter on the estimated Young’s modulus of PDMS/
MWCNT nanocomposite for the four w used in the experi-
mental tests. This figure reveals that the use of MWCNTSs
with higher aspect ratios results in stiffer nanocomposites.
Moreover, it is observed that there is almost a linear rela-
tionship between the aspect ratio of nanofiller and elasticity
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P
-
w = ‘
f P
L ’ -
0 o — W=0.1% P
f -
/"
- - wf:0.25% P
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f .
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3 . .
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-
- "/ - - B
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,¢/' - _
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4 -'/' - IR |
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35F -
L L L X . , ‘ |

3
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Figure 7: Young’s modulus of PDMS/MWCNT nanocomposite
obtained from HT approach versus MWCNT aspect ratio for different
nanofiller weight fractions.
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Figure 8: Young’s modulus of PDMS/MWCNT nanocomposite
obtained from EMT’s approach versus MWCNT weight fraction for
different MWCNT cluster sizes when n = 1.

modulus of the resulting nanocomposite in which the
trends are steeper for the nanocomposites with a higher
amount of MWCNTSs.

In Figures 8 and 9, the effects of different MWCNT
agglomerations on Young’s modulus of PDMS/MWCNT nano-
composite are depicted using EMT’s approach. Figure 8
reveals that enlarging MWCNT cluster sizes (higher ),
while all MWCNTs are located inside such clusters (n = 1),
improves the elasticity modulus of the nanocomposites.
Moreover, as expected, by increasing y, the negative effect
of MWCNTSs lumping is postponed such that the comparison
between the results of u = 0.1 and y = 0.4 shows this effect
can be seen when wr > 0.004% and w; > 0.02%, respec-
tively. Figure 9 plots a comprehensive illustration of the
impact of agglomeration states on Young’s modulus of the

350 T

300

Figure 9: Young’s modulus of PDMS/MWCNT nanocomposite
obtained from EMT’s approach versus MWCNT cluster sizes for dif-
ferent concentrations of MWCNTSs inside clusters when ws = 0.5%.



62 —— Pardis Ghahramani et al.

resulting nanocomposites by changing u and . A general
observation of this figure shows that PDMS/MWCNT nano-
composites with agglomeration states describing with lower
u and higher n possess higher elasticity modulus due to
MWCNT dispersion improvement inside the PDMS. More-
over, as expected, nanocomposites with the highest elasti-
city modulus can be achieved when p = 1 or u = n, which
describes a nanocomposite with fully dispersed MWCNT in
PDMS matrix.

5 Conclusion

In this article, the effect of MWCNT particles on Young’s
modulus of PDMS/MWCNT nanocomposite was investigated
using experimental tests and two theoretical approaches
including EMT and Halpin—Tsai. The comparison between
the results of experimental and theoretical methods showed
that the accuracy of HT’s approach at lower MWCNT con-
tents is higher than EMT’s approach. However, EMT predicts
the elastic modulus of PDMS/MWCNT nanocomposites at
higher MWCNT contents more precisely due to considering
the effect of MWCNT agglomerations. According to the
experimental results, the presence of MWCNT particles in
the PDMS matrix improved the mechanical strength of the
nanocomposite, which was comprehended by the stress—
strain graphs. Increasing the MWCNT content in the nano-
composites up to 0.25 wt% enhanced their Young’s modulus.
However, exceeding this content did not significantly
improve Young’s modulus, which can be the result of
increased MWCNT clusters in the nanocomposite structure.
To reduce the MWCNT agglomeration for the future work,
some methods are recommended. Since increasing the ultra-
sonication time or amplitude creates powerful vibration
waves, which results in the breakage of the tubes, an alter-
native way to better disperse the particles can be the use of
high-speed disperser [54]. In the high-speed disperser, the
high speed and minimal gap between the rotor and stator
produced extremely strong shear forces, which results in
better particle dispersion with less tube breakage. Moreover,
adding surfactant to the MWCNT and solvent mixture can
improve the particle dispersion as well. The formation of a
layer of a surfactant coat on CNT surface helps to counter-
balance van der Waals attractions between CNTs and results
in the better particle dispersion [55].

The potential use of fabricated nanocomposite is for
force mapping in biomedical applications. The tailored
PDMS/MWCNT nanocomposite with 0.25wt% MWCNT
shows piezoresistive behaviors, which means its electrical
resistance changes while an external force is applied to it,

DE GRUYTER

and therefore this nanocomposite can perform as a pres-
sure sensor.
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