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Abstract. The objective of this study is to derive a numerical model of carbon nanotube (CNT)-
based thin films that accurately reflect their electrical and electromechanical performance as
observed through experimental tests. Although nanocomposites based on CNTs dispersed in
polymer matrices have been studied extensively, their nanocomposite properties vary depending on
CNT orientations. This study aimed to explain how differences in nanocomposite behavior could be
explained by numerical models considering different CNT alignment conditions. First, a percolation-
based thin film model was generated by randomly dispersing CNT elements in a predefined two-
dimensional domain. The degree of CNT alignment in the film was controlled by limiting the CNT
elements’ maximum angle they make with respect to the film’s longitudinal axis. Then, numerical
simulations on CNT-based film models were conducted. Second, multi-walled carbon nanotube
(MWCNT)-epoxy films were prepared via drop casting. Alternating current was applied to the
MWCNT-epoxy mixture before curing to prepare films with different degrees of CNT alignment.
The electrical and electromechanical properties of these specimens were characterized, and the
results were compared with simulations. Good agreement between experiments and simulations was
observed.

Keywords: alignment, carbon nanotube, electromechanical, nanocomposite, orientation, percolation,
simulation, strain sensing



1. Introduction

One-dimensional (1D) nanostructured materials, such as nanotubes [1], nanowires [2], and nanorods [3],
are characterized by high length-to-diameter aspect ratios. As a result of their 1D structure, they have
chemical, electrical, mechanical, and optical properties that differ from other materials. For example, gold
(Au) nanorods show two surface plasmon resonance bands due to the oscillation of electrons in longitudinal
and transverse axes, while Au nanospheres have just one absorption band. The longitudinal plasmon
resonance can be tuned from the visible to the near infrared (NIR) region by adjusting the aspect ratio of
the Au nanorods. The plasmon resonance in the NIR region makes them ideal optical probes for in vivo
imaging, because NIR radiation can penetrate up to 10 cm in tissue with minimal attenuation by water [4-
6]. Wang et al. [4] demonstrated in vivo imaging of single Au nanorods flowing through the blood vessels
of a mouse’s ear. Nanowires can be segmented into multiple parts consisting of different materials, which
allow the wires to perform several tasks [7]. Salem et al. [8] assembled bi-segmented Au-nickel nanowires
for non-viral gene delivery by attaching the DNA-cell-targeting protein to different segments. Other 1D
nanomaterials, including carbon nanotubes (CNT) [9] and silicon nanowires [10], transport electrons almost
without scattering, showing near-ballistic electron transport due to their size quantization effects. This
results in their high electrical conductivities.

To take advantage of the unique material properties of 1D conductive nanostructured materials in tangible
length scales, they have been dispersed in polymer matrices to form nanocomposites. In fact, the electrical
properties of polymer matrices can be improved significantly with the inclusion of minute amounts of 1D
conductive nanomaterials such as metal nanofibers, carbon nanofibers, and CNTs. Ramasubramaniam et
al. [11] achieved a low percolation threshold (0.05 wt%) of single-walled carbon nanotubes (SWCNT)-
poly(phenyleneethynylene) composites. Sandler et al. [12] assembled well-dispersed multi-walled carbon
nanotubes (MWCNT) in an epoxy and achieved an extremely low percolation threshold of 0.0025 wt%.

The electrical properties of CNT-based nanocomposites can also be employed to achieve strain sensors
where their electrical properties change when subjected to applied strains. Vemuru et al. [13] assembled a
freestanding MWCNT-based buckypaper film and attached the film onto a brass substrate. The brass
specimen was subjected to uniaxial tensile strains to 1,200 pe, while the voltage of MWCNT films were
simultaneously measured using a four-point probe method. A linear electromechanical or strain sensing
response was observed. Christ et al. [14] assembled MWCNT-polyurethane (PU) nanocomposites using
fused deposition modeling and investigated their strain sensing response while varying MWCNT
concentrations from 2 to 5 wt%. The results showed that the 2 wt% MWCNT-PU nanocomposite had the
highest strain sensitivity, S (of ~176), while S of the 5 wt% MWCNT-PU nanocomposite was ~8.6. Park et
al. [15] fabricated 0.56 vol% MWCNT-polyethylene oxide films, where the MWCNT concentration was
near the percolation threshold. Uniaxial tensile strains to 1% was applied, and its electrical resistance
increased linearly until 0.8% before transitioning to a nonlinear resistance response.

In addition, experimental studies conducted on CNT-based nanocomposites have showed that their
electrical and electromechanical performance could be affected by CNT alignment. Khan et al. [16]
assembled aligned MWCNT-epoxy nanocomposites by applying direct current (DC) of 200—1,200 V. The
applied DC voltage allowed CNT bundles to align in the direction of the electric field, and the results
showed that aligning MWCNTs resulted in a lower percolation threshold and higher conductivity than
composites with randomly distributed MWCNTSs. Parmar et al. [17] fabricated 5 wt% MWOCNT-
polycarbonate (PC) composites using injection and compression molding techniques. The electrical
resistance of the randomly dispersed MWCNT-PC specimen was lower (740 Q) than that of the aligned
MWCNT-PC specimen (13.9 k(). However, strain sensing tests revealed that the aligned specimen was
more sensitive to strains with a higher strain sensitivity of 3.65, than the randomly dispersed specimen (S
= 2.62). Oliva-Aviles et al. [18] applied an alternating current (AC) electric field to align MWCNTs in a
polysulfone (PSF) matrix. Optical microscope images showed aligned MWCNTs within the PSF matrix



when the AC electric field (Eac = 7.3 kV/m and = 60 Hz) was applied to 0.5 wt% MWCNT-PSF
nanocomposites. The specimen with aligned MWCNTs was more sensitive to mechanical strains (S = 2.78)
as compared to the control specimen where S = 1.57.

To advance the understanding of the relationship between CNT alignment and the bulk film’s electrical and
electromechanical behavior, numerical simulations on nanocomposite models were explored. Du et al. [19]
modeled CNT-based nanocomposites by dispersing 1D CNT elements in a 2D space and calculated bulk
electrical conductivity as a function of different alignment conditions. The highest conductivity was
observed for a slightly aligned CNT nanocomposite model rather than a randomly dispersed CNT network.
For example, a 1 wt% CNT-based nanocomposite model produced the highest electrical conductivity when
the angles between the CNT element and the y-axis were limited to 60°. This critical angle was varied
depending on the CNT concentration. Bao et al. [20] computed the electrical conductivity of a 3D
percolation-based CNT network model by considering the intrinsic CNT resistance and the contact
resistance caused by electron ballistic tunneling at the contact junction. Similar to Du et al. [19], the
maximum conductivity was observed with partially aligned CNTs. Gong et al. [21] found anisotropic
electrical properties in aligned CNT-polymer nanocomposites by calculating the conductivities parallel and
perpendicular to the CNT alignment direction. Despite the extensive electrical behavior simulations,
numerical studies on electromechanical behavior remains rather limited. For example, Hu et al. [22]
simulated the electromechanical behavior of a CNT network considering different alignment conditions. It
was demonstrated that the resistance change ratio increased as CNTs were more aligned to the loading
direction.

Therefore, the main objective of this work was to leverage numerical simulations to investigate how CNT
alignment affects their bulk electrical and electromechanical performance. This study starts with the
implementation of two-dimensional (2D) percolation-based CNT nanocomposite models. CNTs were
modeled as straight elements to consider their orientation effects exclusively. Upon model generation by
randomly depositing CNTs within a predefined 2D domain space, the electrical resistance of the model was
calculated. Then, the model’s strain sensitivity was determined using electrical resistance data
corresponding to when the film was subjected to different strain states. To experimentally validate the
numerical model, MWCNT-epoxy nanocomposites were fabricated by mold casting. The specimens were
subjected to uniaxial tensile cyclic strains to evaluate their strain sensing properties. The study concludes
by discussing the comparison between the experimental and numerical results.

2. Numerical methods

2.1. Model generation

A 2D percolation-based CNT nanocomposite model was implemented to simulate how CNT orientations
influenced bulk film electrical and strain sensing properties. This study builds on the foundation
demonstrated in previous studies in which percolation-based models were derived by randomly dispersing
CNT elements within a predefined 2D space [23, 24]. Unique in this study was consideration of alignment,
and CNTs were assumed to be straight linear segments to better consider how orientation affects the bulk
film electrical and electromechanical properties. The degree of CNT-network alignment was described by
limiting the maximum angle (&max) between the longitudinal axis () and the CNT axis as shown in figure
1. Here, CNTs were modeled as 1D elements, and the diameter of CNTs was not specified [25, 26]. The
orientation of each CNT was then defined by the angle & between the CNT axis and the x axis (equation
1). In doing so, each CNT can be randomly located within the maximum angle of & nax.

0=90+26_ (rand-0.5) (1)

For example, @ max = 90° described the completely random dispersion of CNTs in the film. As 6 max
decreased, CNTs were more aligned with the y-axis or the direction of electrical measurements.



Upon defining CNT orientations, the position of each CNT was defined by its two end-points (x;, y;) and
(x2, ¥2) in a Cartesian coordinate system. One end of the CNT was randomly located within the model space
(10 x 24 um?), while the other end was calculated using its length (Lcyr) and orientation angle (6):

X, =x,+L cosd ()

Y, =y, + L, sind 3)
The procedure was iterated until the predefined number of CNTs () was generated. A Gaussian
distribution of CNT lengths (i.e., with a mean: 1.904 pm and standard deviation: 0.506 um) was applied to
the model. The length and standard deviation used here were determined based on statistical image analysis
of films fabricated [23]. A representative model with Gmax = 20° and N = 900 is shown in figure 1.

2.2. Electrical and electromechanical simulations
With the nanocomposite model generated, its electrical resistance was then calculated. First, the algorithms
searched for locations of CNT-to-CNT junctions and stored the junction coordinates in a matrix. Then, each
CNT element’s resistance (R) was calculated by:

R=R, +R,,..+R, 4)

where R;: is the theoretical intrinsic resistance of a CNT in a perfect contact condition (6.5 kQ2), Rosmic 18
the Ohmic resistance that depends on the junction-to-junction length, and Rj is the junction resistance.
Junction resistance is the contact resistance caused by a tunneling effect between a pair of CNTs at the point
of the junction, and it can vary depending on the electrical properties of CNTs (i.e., metallic or
semiconducting [27]) and the distance between a pair of CNTs [28]. In this study, an effective contact
resistance of 240 kQ [29] was assumed to be the junction resistance, where metallic-metallic CNTs are
separated with a van der Waals distance [30] to be consistent with the use of MWCNTs in the experiments
(where only metallic-metallic junctions exist).

Ohmic

Upon calculating the element resistance, its reciprocal was used to build a conductance matrix of the entire
CNT network. It was assumed that the electrodes were located at the top and bottom of the CNT
nanocomposite model with an applied potential difference of 10 V. Kirchhoff’s current law was then
employed using the applied voltage and the conductance matrix to determine nodal voltages. The nodal
voltages and element resistance were used to compute the total current propagating through the entire CNT-
network. The electrical resistance of the CNT network was determined using the total current and the
voltage applied to the model [23, 24].

24

[pm]

0
Figure 1. A representative CNT-based nanocomposite model shows straight CNTs were generated
within the predefined maximum angle of Gnax (N =900 and Gnax = 20°).



In addition, the strain sensing behavior of the CNT nanocomposite models was simulated by subjecting the
model to uniaxial tensile-compressive strains. The intrinsic strain sensitivity of CNTs was also integrated
in the model (where Scyr= 150) [31]. At each strain state, the coordinates of each CNT in the network were
updated assuming that mechanical strain was applied uniformly throughout the entire nanocomposite while
taking into consideration of Poisson’s effect:

x':x—vg{x—%) (5)

y'=y(d+e) (6)
where x” and y’ are the updated coordinates of the CNT, x and y are the initial unstrained coordinates of the
CNT, W is film width, ¢is applied strain, and vis Poisson’s ratio of the polymer matrix.

3. Numerical simulation results

In this study, four different CNT orientation conditions of @max = 20°, 35°, 60°, and 90° were simulated
following the procedures discussed in section 2. First, the percolation threshold of each model, defined as
the number of CNTs needed to reach the percolation probability of ~ 50% [32], was simulated. The
percolation thresholds for models with G max = 20°, 35°, 60°, and 90° were N = 830, 820, 800, and 780,
respectively, indicating that, as CNTs were more aligned to the longitudinal direction, more CNTs were
required to construct electrically conductive pathways. Here, 50 models were simulated for each CNT
density case for calculating percolation threshold to consider model to model variations.

Based on the percolation threshold results, the unstrained electrical resistance of the model was simulated
with the minimum CNT density of N = 850 so that the model’s electrical properties could be evaluated. In
figure 2, the model’s electrical resistance normalized by the maximum model resistance (i.e., corresponding
to the average model resistance where N = 900 and &max = 20°) was plotted as a function of N, where the
error bars correspond to the standard deviation of each dataset. During numerical simulations, seven CNT
densities (N =900, 1,100, 1,200, 1,350, 1,550, 1,800, and 2,000) were considered. The results showed that
the models became more conductive and decreased in resistance as more CNTs were included, which is
consistent with previous studies [23, 33]. This result is expected, because more CNTs distributed in the
domain can create denser electrical conducting pathways, thereby increasing bulk electrical conductance
and decreasing electrical resistance. In addition, their electrical properties were sensitive to the degree of
CNT alignment. For example, at the lowest CNT density considered (N = 900), the model with &max = 20°
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Figure 2. The normalized resistances of CNT-based nanocomposite models with different CNT
orientation conditions (Gmax = 20°, 35°, 60°, and 90°) were simulated.



showed the highest electrical resistance among models with four different alignment conditions. Models
with @max = 60° were always more conductive than the model with randomly dispersed CNTSs (@max = 90°)
regardless of CNT density.

To better investigate how the electrical property of the CNT nanocomposite models changed with respect
to alignment, their normalized resistance was plotted as a function of Gmax (figure 3). When N =900-1,550,
normalized resistance decreased as Omax increased but then increased for Omax = 90°. This transition occurred
at lower @max for higher CNT densities (i.e., N = 1,800 and 2,000), and these results were consistent with
other numerical studies [19, 25]. A possible explanation of this transition is that, as the degree of CNT
alignment increases, there is a fundamental competition between a decrease in the number of junctions
indicating the loss of conducting pathways and a decrease in the length of conducting paths favorable for
current flow.

The strain sensing properties of CNT nanocomposite models were also evaluated. Each model was
subjected to uniaxial tensile-compressive strains to + 1% at 0.25% increments. Figure 4 plots the
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Figure 3. The normalized resistances of CNT-based nanocomposite models were plotted as a function
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Figure 4. Strain sensing responses of CNT-based nanocomposite models (N = 1,100) with different
CNT alignment conditions (Gmax = 90, 60, and 30) were simulated.
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Figure 5. Strain sensitivities of CNT-based nanocomposite models were simulated as a function of
CNT density and different CNT alignment conditions.

normalized change in resistance (R.o-m) Of three representative thin film models (@ max = 20°, 60°, and 90°)
of the same CNT density (N = 1,100):
AR
R =— 7
norm R ( )

0
where Ry is the initial unstrained resistance, and AR is the change in resistance of the CNT model at each
applied strain state with respect to its unstrained baseline resistance. It can be seen that R, changed
linearly with respect to applied strains. To quantitatively compare the strain sensing performance of models
with different &max conditions, strain sensitivity of the bulk film model was defined as follows:

R
= (8)

where e is the change in applied strains. Strain sensitivity is equal to and determined from the slope of the
linear least-squares best-fit line to each dataset, and the results are summarized in figure 5. Similar to the
simulation results for the unstrained cases, CNT density was varied (N = 900, 1,100, 1,200, 1,350, 1,550,
1,800, and 2,000). It can be seen that S decreased as CNT density increased, which is consistent with
previous results [23, 24] and other experimental and numerical findings [34, 35]. In particular, strain
sensitivity results were affected by the degree of CNT alignment. As CNTs became more aligned to the
direction of loading (as @max decreased), the CNT nanocomposite model was more sensitive to applied
strains. According to the numerical simulation results, one can expect that CNT-based nanocomposites with
aligned CNTs would be more sensitive to strains. These numerical simulation results will be compared with
experimental thin film characterization tests, which will be explained in the next sections.

4. Experimental methods

4.1. Materials
MWCNTs were purchased from Nanolntegris Technologies Inc. UV-curable epoxy (OG198-54) was
acquired from EPO-TEK®. Dragon Skin® FX-Pro (Dragon Skin) was acquired from Smooth-On.

4.2. Nanocomposite fabrication

MWCNT-epoxy specimens were fabricated using a drop casting fabrication method. First, epoxy resin was
added to MWCNTs to obtain four different MWCNT concentrations (i.e., 0.15, 0.2, 0.3, and 0.4 wt%). The
mixture was then subjected to high-speed shear mixing for 5 min at 3,500 rpm. To enhance their dispersion,
the MWCNT-epoxy mixture was also subjected to high-energy tip sonication (3 mm tip, 50 W, 22 kHz).
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Figure 6. (a) An MWCNT-epoxy film was fabricated; and (b) it was mounted in the load frame for
characterizing its strain sensing behavior.

The procedure of shear mixing and tip sonication was repeated four times to uniformly disperse MWCNTs
without agglomerations.

The MWCNT-epoxy mixture was casted in a 60 X 10 X 1 mm?® Dragon Skin rectangular mold. AC voltage
was applied to the mixture to create aligned MWCNTs using a dielectrophoresis effect [36]. The AC electric
field induces the translational force and torque on suspended polarizable particles (i.e., MWCNTS)
surrounded by a dielectric medium (i.e., epoxy matrix) resulting in aligned MWCNTs [18, 37, 38]. Two
electrodes were prepared by attaching aluminum tape on polyethylene terephthalate films; then, they were
fixed to opposite ends of the mold while keeping their separation distance fixed. AC voltages of 0.5 and
1.5 kV at f= 30 kHz was applied to the electrodes for 10 min, yielding electric fields of E4c = 8.3 and 25
kV/m!, respectively. After AC voltage was applied for 9 min, the mixture was cured using an ultraviolet
(UV) light source (Uvitron Porta-ray 400W) applied for 1 min (while still applying the AC electric field).
Additional heat treatment of the specimens was conducted in a Yamato ADP-300C oven for 12 h at 65°C
to cure areas that were not adequately exposed to UV light. Once the specimens were fully cured, two
electrodes were established at opposite ends of the specimen using copper tape strips for two-point probe
electrical measurements. The length between two electrodes was 24 mm. Silver paste was applied over the
copper tape electrodes and the specimens to minimize contact impedance (figure 6(a)).

4.3. Strain sensing characterization

The MWCNT-epoxy films were mounted in a Test Resources 150R load frame for strain sensing
characterization (figure 6(b)). The load frame applied 1 N of preload to keep the specimen taut. Prior to
strain sensing tests, the unstrained (baseline) resistance of each film was measured using a Keysight 34401 A
digital multimeter. The gage length between the two grips of the load frame was 40 mm. Then, the load
frame executed a three-cycle uniaxial tensile load pattern to a maximum strain of 1% (strain rate: 1%/min)
while simultaneously measuring its electrical resistance response. Electrical resistant measurements and the
load frame’s crosshead displacement were recorded using the Keysight BenchVue data logging software.

5. Experimental results

The unstrained or nominal electrical resistance measurements of MWCNT-epoxy films are plotted in figure
7. Each data point corresponds to the average unstrained electrical resistance calculated from five
independent measurement sets. As the MWCNT concentration increased from 0.15 to 0.5 wt%, their
unstrained resistance decreased (i.e., MWCNT-epoxy films became more conductive). In addition, AC



voltage conditions affected the bulk-film electrical properties. When MWCNT concentration was 0.15 wt%,
the specimen with 1.5 kV,., showed higher electrical resistance than the other AC voltage conditions (3.36
MQ and 7.52 MQ for 0 and 0.5 kV,.,, respectively). On the other hand, for 0.2 wt%, the electrical resistance
was higher (3.57 MQ) at 0.5 kV,,, as compared to the 0 and 1.5 kV,., cases (1.72 MQ and 2.47 MQ,
respectively). This trend was consistent with findings described by the numerical models in section 3.

In this study, electrical properties in both the alignment and nonalignment directions were investigated to
evaluate the degree of CNT network alignment. Anisotropic electrical conductivity, in which the resistance
parallel to the alignment direction is different than its orthogonal direction, were used to evaluate CNT
alignment. For instance, Wang et al. [37] assembled highly aligned SWCNT-epoxy nanocomposites by
means of unidirectional mechanical stretching, which resulted in highly aligned SWCNTs in the direction
of stretching. The results showed that the conductivity in the alignment direction was higher than that of
the orthogonal direction. Gong et al. [21] simulated CNT-based nanocomposites and presented that the
model had higher conductivity along the CNT alignment direction than perpendicular to it. In addition,
Ramillard et al. [39] investigated electrical anisotropy of aligned MWCNT buckypaper by evaluating the
log-ratio of electrical resistance and revealed that the log-ratio increased as MWCNTSs were more aligned.
Similarly, an electrical resistance ratio (r) was defined and calculated to evaluate the degree of CNT
network alignment for the MWCNT-epoxy films tested in this work (equation 9):
- ©)
R,
where R, is the resistance perpendicular to the applied AC field, and R||is the resistance parallel to the
alignment direction. To measure R, and R |, MWCNT-epoxy films were cut into 10 X 10 mm? specimens,
and the resistance in both directions was measured. The results are summarized in figure 8. For each data
point, the resistance ratios of three samples were obtained and then averaged. When AC voltage was not
applied to the MWCNT-epoxy specimens (0 kV,.,), the resistance ratio was ~ 1, indicating that MWCNTs
were uniformly distributed. When AC voltage was applied to the films, electrical anisotropy was confirmed.
As the applied voltage increased from 0.5 kV,, to 1.5 kV,, the resistance ratio increased regardless of
MWCNT concentrations, thereby validating increased MWCNT alignment, which was also consistent with
other studies [21, 37, 39].

r

By following the procedures described in section 4.3, the strain sensing performance of MWCNT-epoxy
specimens was characterized. Figure 9 plots the normalized change in resistance time histories of 0.2 wt%
MWCNT-epoxy films subjected to different electric field conditions (0, 0.5, and 1.5 kV,,). All three
specimens showed linear strain sensing properties in response to applied tensile cyclic loading. In addition,
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Figure 7. The unstrained electrical resistances (with the standard errors of the mean shown as error
bars) of MWCNT-epoxy films are plotted.



the 1.5 kV,., specimen showed a higher peak normalized change in resistance at the maximum strain (1 %)
as compared to the other specimens.

6. Comparison of numerical and experimental results

Sections 3 and 5 showed that both the numerical models and the MWCNT-epoxy films were characterized
by linear strain sensing or piezoresistive behavior. For better comparison, the normalized change in
resistance of MWCNT-epoxy films and numerical modeling results were plotted together as a function of
applied strain in figure 10. Because compressive strains to experimental specimens would buckle the films,
only tensile strain sensing results were considered in this study and shown in figure 10. The experimental
results were presented as data points, whereas numerical simulation results were plotted as linear lines. It
can be clearly seen that the slope of the lines increased as the applied voltage increased (for the experiments)
and as @max decreased (for simulations). Overall, good agreement was observed between the numerical
simulation results and experimental test data.

The strain sensitivity results of the models and the MWCNT-epoxy strain sensors were plotted together as
a function of CNT density in figure 11. For the experiments, each data point represents the average strain
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Figure 8. The ratio of electrical resistance of MWCNT-epoxy films was calculated to characterize the
effect of the applied electric field.

0 50 100 150 200 250 300 350

Time [s]
Figure 9. The electrical resistance responses of 0.2 wt% MWCNT-epoxy thin films with different
electric field conditions (0 kV;., 0.5 kV,,p,, and 1.5 kV,,) are plotted.
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Figure 11. The strain sensitivity results of experimental tests and numerical simulations (with standard
errors of the mean shown as error bars) are compared.

sensitivity evaluated obtained from testing five MWCNT-epoxy specimens. From the results, higher
MWCNT concentrations had lower sensitivities to applied strains. In addition, specimens subjected to
higher AC voltages yielded higher strain sensitivities. One can see that the experimental strain sensitivity
results are described by the CNT-based percolation models with different alignment conditions of @max =
35°, 60°, and 90°. Overall, these results suggest that CNT orientations in nanocomposites significantly
affect their strain sensing performance, and there is a clear relationship between the degree of CNT
alignment and strain sensitivity. Therefore, CNT nanocomposite models could be potentially used for
guiding the design of nanocomposites with specific strain sensing properties through the manipulation of
AC alignment field strengths and CNT concentrations.

7. Conclusions

In this study, numerical simulations and experimental investigations of CNT-based nanocomposites were
conducted to better understand the relationship between CNT orientations, CNT concentrations, and their
bulk electrical and electromechanical performance. First, CNT nanocomposite percolation models that
considered different alignment conditions were implemented. Numerical simulations were performed to



evaluate their baseline electrical and strain sensing properties. The modeling results showed that increasing
number or density of CNTs improved electrical conductivity. Moreover, CNT alignment affected bulk film
electrical resistance. Second, MWCNT-epoxy films were then fabricated by drop casting. To obtain aligned
films, high AC electric voltage was applied to the MWCNT-epoxy mixture after pouring them into the
mold but just before the curing process. Sample sets with four different MWCNT concentrations and three
different magnitudes of applied AC voltages were prepared. The unstrained electrical resistance of each
specimen was measured, and their electromechanical property was evaluated by subjecting the specimen to
tensile cyclic loading. From the electromechanical tests, the results showed that the electrical resistance
ratio increased as applied AC voltage increased, thereby validating different degrees of MWCNT alignment
in the film. Finally, the simulation results were then compared with experimental findings. Both the
modeling and MWCNT-epoxy film test results confirmed their linear piezoresistivity. The results also
showed that nanocomposite strain sensitivity increased as CNTs were more aligned to the direction of
loading. Furthermore, good agreement between the models and experiments was found. The models were
able to accurately describe the strain sensing response of MWCNT-epoxy films, and comparable strain
were observed.
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