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Polyaniline/multi-walled carbon nanotube composites for structural
vibration damping and strain sensing
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Polyaniline (PANI)/11% Multi-carbon nanotubes (MWCNT) nanocomposites sensors were
synthesized through an in situ polymerization method. Frits compression method was adopted to
make PANI/MWCNT. Transmission Electron Microscopy (TEM) and Scanning Electron
Microscopy (SEM) tests results showed that this technique produced a coating of PANI onto the
MWCNT, which indicated that CNT were well dispersed in the polymer matrix. Several tests
were run to evaluate the sensor’s capabilities. The free end vibration test results showed that the
double sided attachment of the sensor had higher damping ratio values than single sided
attachment. Also, damping ratios were higher when the sensor was placed at the clamped end.
Further, the strain sensing properties of PANI/MWCNT sensors were compared with the
conventional foil strain gage. The dynamic sensing test results showed that over the range of
10–1000 Hz, the PANI/MWCNT composite sensor was consistently superior to the traditional foil
strain gage for sensing purposes.

I. INTRODUCTION

Multifunctional materials are necessarily composite
materials, and the strong growth in the use of composites
has been greatly influenced by multifunctional design
requirements. Carbon nanotubes (CNT) have attracted
much attention since their discovery in 1991 due to their
unique mechanical and electronic properties.1 Addition of
carbon nanotube enhances the properties of polymer even
at very low concentrations due to their large aspect ratio
and ultra-high conductivity.2 These CNT based polymer
composites have potential uses in many fields, such as
strain sensors, damping augmentation, super capacitors,
electromagnetic radiation shield coatings, and actuators.3–7

Polyaniline (PANI) was discovered over 150 years
ago; however, only since the early 1980s has PANI

captured the intense attention of the scientific community
mainly due to the rediscovery of its high electrical
conductivity.8 Also, PANI is the cheapest polymer
among its conducting polymer family, which has a rich
chemistry. Narayanankutty2 research group found that the
well-dispersed filler in functional MWCNT-PANI/
thermoplastic urethane (TPU) composites improved
strain sensitivity. They stated that the coating of PANI
on functional MWCNT reduced its entanglement and
enhanced the interfacial interaction between the nano
fillers and TPU, leading to improved strain sensitivity.
Other investigators9–11 also showed that PANI compo-
sites have superior strain sensitive properties.
MWCNT films have been demonstrated to show the

capability of being strain sensors.12,13 Also, theoretical
analysis showed that the addition of CNTs into a polymer
matrix can improve the damping ratio and stiffness of the
matrix,14 while experiments of different MWCNT com-
posite films verified the theoretical prediction.15,16

Herein, the nanocomposites of PANI/MWCNT films
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were fabricated and their vibration damping properties
and their strain sensing properties were studied.

II. EXPERIMENTAL

Preparation of PANI/MWCNT nanocomposites with
different compression force

64.375 6 0.010 mg of MWCNT (Nano-lab www.
nano-lab.com: PD15L5-20) with length of 5–20 lm and
outer diameter of 15 6 5 nm were dispersed by
sonication in 125 mL of 1 M HCl for 30 min. Then,
1.287 6 0.003 g of aniline was added and the mixture
was sonicated for another 30 min. After that, 1.027 6
0.003 g of ammonium persulphate (APS) dissolved in
125 mL of 1 M HCl was added at once and polymeri-
zation was conducted at 0 °C with water-ice bath under
sonication for 4 h. The precipitated products were washed
with deionized water. Only 36% of the aniline was
converted into the PANI/11% wt MWCNT nanocompo-
site. The 11% wt MWCNT composition was determined
from the prepared nanocomposite based upon simulta-
neous DSC-TGA (SDT) test.

The pure raw rectangular MWCNT film was prepared
by the same frit compression procedure. 454.54 6 0.005
mg MWCNT was suspended into 3 mL deionized water,
then the mixture was simply transferred into the cuboid
mold to squeeze out the solvent. In a similar process as
that used in preparing the PANI/11% wt MWCNT nano-
composite films, the pure MWCNT film was obtained.

454.54 6 0.005 mg of obtained PANI/11% wt
MWCNT suspension was transferred into a specially
built 50 mL cuboid mold [see Fig. 1(a)], which was
equipped with frits with a pore diameter of 70 lm (frits
purchased from Sigma–Aldrich). To remove the solvent,
two different compression forces of 289 6 3% N and
334 6 3% N were applied to the plungers, which were
measured by FlexiForce adapter [see Fig. 1(c)]. After the

solvent was squeezed out, the frits-PANI/11% wt
MWCNT sandwich with the cuboid mold was dried at
110 °C in an oven for 12 h. The PANI/11% wt MWCNT
composite film was obtained after removing it from the
cuboid mold. It should be noted that different PANI/
percent weight MWCNT composites were evaluated and
the results were presented elsewhere.17,21 Based upon
those results, the PANI/11% wt MWCNT was chosen
because it had the best damping ability while still
maintaining the best linear strain behavior under loading.

III. CHARACTERIZATIONS

A. Morphological characterization of the PANI/11%
MWCNT film

Transmission electron microscopy (TEM) and scanning
electron microscopy (SEM) were used to evaluate the
PANI/11% wt MWCNT film’s morphological properties.
The sonicated polymerized PANI/11% wt MWCNT which
is washed with deionized water and the pure MWCNT
which is treated and washed by strong acid (H2SO4:HNO3

5 3:1) were characterized by Phillips CM-200 (FEI
Company, Tokyo, Japan), 200 kV TEM. Both dried
PANI/11% wt MWCNT composite film and the pure
MWCNT film were characterized by JEOL 6330F field
emission SEM (JEOL Ltd., Amsterdam, The Netherlands).

B. PANI/MWCNT nanocomposites damping
test setup

1. Single side attachment

To determine if the “squeezing” load had an effect on
the sensor properties when squeezing out the solvent,
several levels of loading were used. We report on the two
cases of 289 and 334 N applied force, respectively. The
force is applied via a FlexiForce adapter. The PANI/
MWCNT with dimension of 3 cm � 0.9 cm � 1.9 mm

FIG. 1. (a) The frit compression system for making PANI/11% wt MWCNT nanocomposite films. System consists of A: cuboid; B: plungers; C:
polypropylene frits and D: composites suspension chamber; (b) photo image of PANI/MWCNT nanocomposites; (c) the schematic image of 289
and 334 N force applied to plungers measured by FlexiForce adapter. The adapter’s load measurements have a 63% error.
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were cut and attached upon 20.5 cm � 0.9 cm �
1.25 mm Aluminum base beam on one side [see Fig. 2]
using a very thin layer of glue. The specimen was dried at
room temperature for 24 h. The unclamped side was
made to vibrate and the damping ratio was determined for
various lengths of the beam. The sample size did not
change. Free vibration comparisons were made by using
either the sample side, #, or the uncovered side, *,
alternately, as the fixed support for the cantilever beam.
The red dashed lines shown in Fig. 2 defined the
locations where the beam was clamped. The side of the
Aluminum (Al) base beam that was without the sample
was cut and the beam was clamped. The unclamped side
was then made to vibrate and a parameter called the
damping ratio was determined. This process was repeated
after cutting the beam 1 cm at a time, until the cut end
was next to the sample. The damping ratios were then
compared.

2. “Sandwich” attachment

The sample used in this experiment is with 333.617 N
applied “squeezing” force on the PANI/MWCNT. All the
dimensions of sample and aluminum base beams, and
the methodologies of testing applied to the single side are
the same. The only change is that the Aluminum beam was
“sandwiched” on both sides with the sample (see Fig. 2).

C. Damping test methodology

The cantilever beams of both single side attached and
double sides attached (Fig. 2) were given the same small
initial free end displacement and then released for free
vibration. Free end displacements were then measured by
a laser vibrometer and a two channels digital oscilloscope
was used to display and store the signal. Five trials were
made for each setup and the mean value of the damping
ratio was calculated. This ratio can be related to the
logarithmic decrement of consecutive maxima of end
displacements and can be correlated to how much

vibration energy is removed per cycle by the sample.
The higher the damping ratio, the better the sample acts
as a damper.

D. PANI/MWCNT nanocomposites strain sensing
test

1. Sample setup for drift, static tensile test for the
PANI/MWCNT

The sensor was bonded to the center of a 1.55 mm
thick 6061-T6 Aluminum rectangular bar using 3M
CA100 liquid instant adhesive. Each specimen was held
in place by a weight and dried in room temperature for
24 h. The bonding area was prepared to ensure a smooth
surface, as is normally defined for a foil strain gage, with
no oxide formations on the surface. A foil strain gage,
Micro-Measurements N2A-00-10CBE-350, 3 cm long �
0.3 cm wide, was bonded to the opposite side of the
substrate. 24 AWG solid wire was used to connect
decade resistor boxes manufactured by Eisco Labs in
a Wheatstone bridge setup for the sensor or the foil strain
gage. Prior to testing, resistance of the sensor and strain
gage was measured and the corresponding decade re-
sistance boxes were set to match. The decade resistor
boxes have a resolution of about 1 ohm. This causes the
initial millivolt potential difference to rarely start at zero.
To compensate for this, where appropriate, data points
were shifted to allow for comparison of different sensors.
Constant voltage was provided during testing by B&K
precision power supply (1745A). The voltage supply was
set to 5 volts for measured resistance above 20 ohms. For
resistance below 20 ohms, the voltage supply was set to
2 volts. Signals from the drift and strain measurement tests
were collected using National Instruments NI cDAQ-
9172 board and LabView software. Linearity and sensi-
tivity of the sensor were evaluated using quasistatic
loadings. These loadings were carried out using a United
SSTM-2K model tensile test machine.

2. Drift test procedures for the PANI/MWCNT
sensor

The mounted sample was connected to the measure-
ment system and placed in a no load and ambient
temperature condition for at least 24 h prior to testing.
The test equipment was then turned on, and at least
60 min of data were collected for each sample. The drift test
was performed several times for the sake of repeatability.

3. Static test procedures for the PANI/MWCNT
sensor

The mounted sample was placed in the tensile testing
machine and connected to the measurement system. The
system was left idle for at least 1 h prior to testing to
remove any accumulated stresses due to mounting. Signal

FIG. 2. Schematic images for sample attachment. The dimension of
samples, Al beams and the locations where samples were attached; the
locations of sample side, #, and free end side, *, where the beam was
clamped; and also the directions and lengths for both cutting and
clamping.
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collection was initiated. The tensile test system was set to
extend at a rate of 0.00254 6 0.00127 cm per minute.
This way the system was considered to be operating
quasistatically. The system was set to increase ramp force
at the set extension rate until 1556.88 N of force was
achieved. The system was then set to instantaneously
reduce load to 0 N. This procedure was repeated multiple
times to determine repeatability of the results and
hysteresis in the system.

IV. RESULTS AND DISCUSSION

The Young’s Modulus for the PANI/MWCNT sensor
is discussed elsewhere17,21 and will not be discussed in
this paper.

A. Morphological characterization of the PANI/
MWCNT film

Figure 3 provides the TEM images of pure MWCNT
[Fig. 3(a)] and PANI/11% MWCNT [Fig. 3(b)], which
shows that the MWCNT and the PANI were integrated to
form PANI/11% MWCNT nanocomposites. The
MWCNT diameters are 15 6 5 nm [Fig. 3(a)] depending
on measurement location in the TEM image while the
diameters of the PANI/11% MWCNT are about 70 nm
[Fig. 3(b)]. It indicates that the MWCNT nanofibers were
coated with a dense PANI layers. Furthermore, compar-
ing both TEM images shown below, the walls of
PANI/11% MWCNT nanofibers were rougher than the
walls of MWCNT nanofibers. It indicates that the
polymerization of PANI was at least part of the nucle-
ation growth and that the MWCNT was initially acting as
the nucleating agent, which led to a new interwoven
fibrous structure [Fig. 4(b)].

Figure 4 is the SEM images of surfaces of pure
MWCNT [Fig. 4(a)], pure PANI [Fig. 4(b)], and PANI/
11% MWCNT nanocomposites [Fig. 4(c)] films. It shows
the different roughness of the three different films
surfaces. The pure MWCNT have the roughest surface,
while the PANI have the smoothest surface among three

films surfaces. The roughness of the nanocomposites
PANI/11% MWCNT falls between the two, which
means the order of the surfaces roughness of these
three films are pure MWCNT . PANI/11% MWCNT
nanocomposites . pure PANI. Combined with the
results of TEM results shown in Fig. 3, it indicates that
during the polymerization of PANI with the presence of
MWCNT, the majority of MWCNT have been entrapped
into the PANI films.

B. Damping ratios of different compression force
of PANI/MWCNT

As we mentioned previously, the frits compression
method was used to make PANI/MWCNT rectangular
samples. Here, the impact of the 289.134 and 333.617 N
“squeezing” force was studied (see Fig. 2) for the
configuration of test setup for the Al base beam with
single side attachment. The free vibration trial results are
shown in Fig. 5.

Five trials were run for each of clamping locations
listed. Standard deviation is also provided in Fig. 5. The
trend of damping ratios increases as the sample covers
more of the beam. The effect of both 289 6 3% N and
334 6 3% N applied squeezing force on the damping
ratios were not a critical factor as is shown in Fig. 5. For
every single clamping location, the damping ratios for
both 289 6 3% N and 334 6 3% N PANI/MWCNT
samples had overlapped standard deviation, an indication
that the results were not statistically different from each
other. Therefore, the compression force used to create the
PANI/MWCNT nanocomposites has very little impact on
their damping ratios.

C. Damping results for single side attachment

As mentioned previously, the reason for the creation of
the composite is for use as a sensor–actuator that also has
damping capabilities. To check on the damping capability
aspect, several tests were performed. Free vibration trial
results are shown in Fig. 6.

FIG. 3. TEM images of (a) pure MWCNT and (b) PANI/11% MWCNT.
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Five trials were run for each of the clamped locations
listed. The results showed that the damping ratio increased
as the distance from the free end to the sample decreased
for clamping on both the free end side, *, and the sample
side, # (see Fig. 6, red and blue data respectively).
However, when clamped on the sample side, #, damping
ratios will decrease as the distance from the free end to the
sample is further decreased. After that, it increases again
and reaches the highest damping value of 0.0131.

In most cases, the damping ratios, when the beam is
clamped on the free end side *, are lower than when
clamped on the sample side, #. For example, the highest
damping ratios is 0.0131 when clamped on free end side,
*, where the distance from sample to the free end is 0 cm.
It is the only case for which both clamping conditions
(free end side or sample side) are the same. However,
when the distance from sample to the free end is 1 cm and
clamping is on the free end side, *, the damping ratio is
still lower (0.00757) than the damping ratio when
clamped on the sample side, #, and the free end is at its
furthest (0.00788). Finally, when the sample is symmetric
with the ends, the damping ratio values must match.

D. Damping results for “sandwich” attachment

The double sides’ attachment setup which is shown in
Fig. 2 displayed similar type trends as the damping ratios
for single sided attachment [see Fig. 7]. However, the
double sides’ attachment has overall higher damping ratios
compared with single side attachment. It reached the
highest damping ratio of 0.019 with double sides’ attach-
ment when the sample is 7 cm away from the free end.

This means that there was more uncovered beam when
the maximum damping ratio is reached in this setup that
in the single side attachment setup, and, that single side
attachment requires almost complete beam coverage to
achieve the best damping ratio. Also, sample side
clamping, #, damping ratios are higher that free end side,
*, clamping damping ratios.

FIG. 5. Damping ratio comparison between 289 and 334 N compres-
sion force of PANI/MWCNT composites when clamped on the free
end side. Error bars are provided for each test. Force apparatus has
a 63% error.

FIG. 4. SEM image of (a) pure MWCNT, (b) pure PANI and (c) PANI/11% MWCNT composite films.
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The relationship of loss factor, g and beam coverage
L1/L was discussed for single sided and double sided
attachment for both clamping conditions previously
discussed. The results are given in Fig. 8. The loss factor,
g, is twice the damping ratio for small damping ratios up
to 0.3.18 For sample side clamping, g increases with
coverage length L1/L increases. Then g decreases before
increasing again as the coverage length L1/L continues to
increase. The trend for double sided attachment is found
to follow the trends discussed by Rao18 and Levy and
Chen,19 i.e., higher lost factors occur as sample length to
beam length (L1/L) increases before decreasing as L1/L
tends to 1. For beams clamped on the nonsample side, *,
the loss factor, g, increases with coverage length, L1/L,
though its value is several times smaller than its value
when the beam is clamped on the sample side, #. This is
because the sample, in this case, acts as an end mass to
the beam and this modifies the coverage length effects.18

E. Dynamic sensing capability of the PANI/
MWCNT

Sensing capability of the sensor was evaluated by
inputting a known frequency to the beam with sensor via
a test bed to which the beam and sensor were attached.
The input signal applied was from 10 to 5000 Hz. Shown
here in Fig. 9 are some results of the captured signals up
to 1000 Hz.

It is found that the PANI/MWCNT sensor was very
much more sensitive than the foil strain gage up until
400 Hz and the signal produced the highest peak in the
FRF graphs. Beyond that frequency, either the two
produced similar magnitudes or were not the highest
peaks distinguishable. The magnitudes listed represent
the signal height sensed by the PANI/MWCNT sensor
and the strain gage.

Figure 10 represents the superposition of the previous
graphs shown in Fig. 9. This is undertaken to show that
the PANI/MWCNT sensor is much more sensitive over
a larger range of frequencies. For Fig. 10 we note that the
magnitudes of the sensed signals are 100 times higher for
the sensor than for the strain gage, whereas from 1000 to
5000 Hz (not shown here) the magnitudes for the sensor
are on the order of 20 times higher than those sensed by
the strain gage.

F. The drift test of PANI/MWCNT sensor

To determine the stability of the sensor, a drift test was
used. The drift test was executed for the sample and for
the strain gage for a period of 30 min or more (see
Figs. 11 and 12). The voltage data were captured and for
the sensors were shifted so that average recorded signal
value was zero. This allowed for direct comparison of the
sensors on the graph. The change in voltage per hour for
typical results are also tabulated below (see Table I).

FIG. 6. Damping ratios of single side attached PANI/MWCNT clamped on the sample side and on the free end side. Error bars are provided for
each test.

FIG. 7. Damping ratios of both sides attached PANI/MWCNT clamped on the free end side and on the sample side.
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The correlation of the data is small because significant
noise was generated in the results due to the high sampling
rate (see, e.g., Fig. 14). Therefore, other measurements
given in succeeding sections do not include the corre-
lation values.

Figure 11 shows typical drift test results for one strain
gage and three sample sensors. Sensor 3 data is given as
the orange trace in the figure and its trend line is given
also by the orange dotted line in the figure. We note that
the strain gage (blue trace) showed almost no changes

FIG. 8. The relationship of loss factor (g) and beam coverage L1/L between single side and double sided attachment of the PANI/MWCNT sample
for both clamping conditions.

FIG. 9. Frequency response functions of PANI/MWCNT sensor and foil strain gage for 20–1000 Hz. (a) PANI/MWCNT—Magnitude: 418.0301 mV.
(b) Foil strain gage—Magnitude: 0.498347 mV. (c) PANI/MWCNT—Magnitude: 28.27814 mV. (d) Foil strain gage—Magnitude: 0.03146 mV.
(e) PANI/MWCNT—Magnitude: 6.614911 mV. (f) Foil strain gage—Magnitude: 0.058299 mV. (g) PANI/MWCNT—Magnitude: 0.059545 mV.
(h) Foil strain gage—Magnitude: 0.063547 mV.
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over the test period though there is a slight downward
slope to the line. The sample sensors also exhibited very
small slopes as well. Table I provides the voltage changes
for the same sensors and strain gage of Fig. 11.

Figure 12 show typical sampling data for one of the
samples and the strain gage where the sensor sample’s
voltage changes by �0.1298 mV/h while the foil strain
gage changes by �0.0866 mV/h (the black dotted lines in
the figs.). The final results of this testing showed that

some sensor samples were unstable and had significant
drift while others were stable but consistently had a drift
that was of the same order of magnitude of the strain
gage. This is reasonable since our testing apparatus could
not be moved and had no way of isolating our samples
from outside vibrations. Foil strain gages are known to be
stable in this type of environment.

G. Linearity and repeatability of PANI/MWCNT
sensor

Linearity and repeatability are two very important
characteristics for strain sensors. It is desirable that the
relationship between the applied strain and the output
voltage be linear. The source voltage for the sensor and
strain gage in Fig. 13 are equivalent.

FIG. 10. Superposition of the frequency response functions of the PANI/MWCNT sensor and foil strain gage for low and high frequency.
Graphs represent a superposition of the previous graphs to indicate the superior sensitivity of the PANI/MWCNT in the 10–1000 Hz range.
(a) FRF—PANI/MWCNT sensor (10–1000 Hz). (b) FRF—Foil strain gage (10–1000 Hz).

FIG. 11. PANI/MWCNT sensor and strain gage drift test. Drift trend lines for typical PANI/MWCNT sensor and strain gage. Vertical scale is in mV;
horizontal scale is in minutes.

FIG. 12. Drift test for PANI/MWCNT (sensor 3) and drift test for strain gage.

TABLE I. Trend line slopes for Fig. 11.

Sample D mV/h Sample D mV/h

Sensor 3 (orange trace) �0.1298 Sensor 9 (gold trace) �24.008
Sensor 7 (gray trace) �0.4353 Strain gage (blue trace) 0.1773
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Figures 13 and 14 show typical data for samples that
responded as desired. This dataset of one such sample
shows six quasistatic loadings and instantaneous unload
cycles. This figure also provides typical data obtained
from testing both the sample sensor and the strain gauge.
Shown are the results of the strain sensing capability of
PANI/11% MWCNT composites sensor and this infor-
mation is compared to the standard foil strain gage. Each
test consisted of a 4–5 min preload preparation period,
a three minutes loading period and a 3 s unloading
period. Generally, both the sensor’s and the strain gage’s
electric resistance change is essentially linear to the
applied strain and is related to the gage factor. Whereas
the strain gage’s gage factor applies over the entire range,
for the PANI/11% MWCNT, this must be recalculated
over three ranges (see Table II for slope-intercept data).

The first 4–5 min of the test (not shown here) indicate
that the system is in pre-load mode and had a residual
strain to which both the sensor and strain gage had to
adapt before the test is begun. Each unloading occurred
about 3 s after releasing the previous load. Again, a “no
load” preload period to set up the next test was in-
troduced before the loading was begun. The strain gage

appears to have returned to “zero” but the PANI/
MWCNT sensor appears to show some hysteresis. The
standard foil strain sensor responded quickly according to
the load applied to the beam. However, PANI/MWCNT
composites sensor did not completely return to “zero”.

As a new load was applied increasing the strain, the
PANI/MWCNT composite sensor responded and sensed
the strain initially linearly with the input. Yet, the slope
for the sensor appears to have 3 distinct regions: rapid
change up to strains of 0.0002–0.0004, then a lower slope
to about a strain of 0.0004–0.0006, then an even lower
slope over the remainder of the test cycle before the load
is removed. However, when one evaluates the six cycles
we note the similarity of the load-time graphs. We note
that the sensor is more sensitive showing changes in
voltage that are on several orders larger than those of the
strain gage. This is true for all 3 regions. For the strain
gage, the results of 6 tests are similar. Therefore, the
PANI/MWCNT composite sensor senses similarly to the
conventional foil strain gage but the slope of the load
displacement curve (i.e., voltage/strain curve) is not uni-
valued, though in terms of repeatability and linearity it
is repeatable. When one compares the slope of the

FIG. 13. Voltage-strain curves for the PANI/MWCNT sensor. Note initial linearity of the sensor then marked change in slope in which there is an
apparent step, then linear once again at much lower slope.

FIG. 14. Voltage-strain curve for strain gage shows linear voltage-strain behavior until unload and returns to same start value.
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stress–strain curve in these three regions (not shown
here), the slopes are found to be within a few percent of
each other.

We also note a small step in the load time curve toward
the middle of the second linear region, for every cycle,
which indicates that the internal makeup of the PANI/
MWCNT undergoes some type of change, perhaps slip-
page of the MWCNT over each other, thereby reducing
the sensor gage factor. However, as seen in the figure this
step becomes smaller as the number of cycles are in-
creased. We also note that when the load is suddenly
released a “wave-like” behavior appears in the trace and is
due to the tensile machine not having an unloading
program that uses an unloading rate that is the negative
of the loading rate. Therefore, due to the equipment used
for this test we could not discern if any hysteretic effect
would exist in a complete cycle. Yet, as the sensor cycles
through several cycles the unloading trace and the loading
trace tend toward stable and similar traces. Lastly, we did
not load the system to sensor failure as this test was used
as a check for strain sensing repeatability.

V. CONCLUSIONS

A PANI/MWCNT sensor was created to evaluate its
morphological properties and sensing and damping capa-
bilities versus a standard foil strain gage. The sensor’s
damping capability was also compared with a constrained
layer damping system. SEM and TEM results showed
that this technique produced a coating of PANI onto the
MWCNT, which indicated that CNT were well dispersed
in the polymer matrix. Free end vibration test results
indicated that addition of PANI to the MWCNT added
damping capability to the sensor compared to PANI-less
MWCNT sensors. Furthermore, the placement of the
PANI/MWCNT sensor had an important effect on the
amount of damping. Samples placed further away from
the support produced lower damping. Double sided
sensor placement had much higher damping that the
single side attachment. The trends for double sided and
single sided attachment were found to follow the trends
discussed by Rao,18 and Levy and Chen19,20 for con-
strained viscoelastic material layers.

The PANI/MWCNT sensor’s relation between load
and displacement or strain cannot be described by a single
equation as found for a strain gage. It appears to have
three regions in which the relationship is quasilinear. This
is in line with an observation reported elsewhere,21

namely, adding too much PANI to the sensor patch
destroys the linear sensing capability of the sensor patch.

The dynamic sensing test results showed that the
PANI/MWCNT composite sensor was more sensitive
than the standard foil strain gage over a very large
frequency range, and, that the sensor, when evaluated
by the drift test, was stable over at least 20 h, as reported
elsewhere.21

Lastly, not all samples created were capable sensors.
However, the ones that worked produced repeatable
results. In comparison to viscoelastic (VEM) constrained
layer dampers, the same size PANI/MWCNT sensor may
or may not be a weight saver; but is cheaper to produce.

Conflict of Interest

The authors declare that they have no conflict of
interest related to this work.

ACKNOWLEDGMENTS

The authors are grateful to the US Army Research
Laboratory and US Army Research Office for the
following Grant No. 58940-RT-REP that enabled this
work to be possible. One author (HF) thanks Florida
International University for the Dissertation Year Fellow-
ship which allowed for his participation in this work.

REFERENCES

1. S. Iijima: Helical microtubules of graphitic carbon. Nature 354, 56
(1991).

2. A.P. Sobha and S.K. Narayanankutty: Improved strain sensing
property of functionalised multiwalled carbon nanotube/polyaniline
composites in TPU matrix. Sens. Actuators, A 233, 98 (2015).

3. W.J. Xu and M.G. Allen: Deformable strain sensors based on
patterned MWCNTs/polydimethylsiloxane composites. J. Polym.
Sci., Part B: Polym. Phys. 51, 1505 (2013).

4. R. Ansari, M.F. Shojaei, V. Mohammadi, R. Gholami, and
F. Sadehgi: Nonlinear forced vibration analysis of functionally
graded carbon nanotube-reinforced composite Timoshenko beams.
Compos. Struct. 113, 316 (2014).

5. S.R. Sivakkumar, W.J. Kim, J-A. Choi, D.R. Macfarlane,
M. Forsyth, and D-W. Kim: Electrochemical performance of
polyaniline nanofibres and polyaniline/multi-walled carbon nano-
tube composite as an electrode material for aqueous redox super-
capacitors. J. Power Sources 171, 1062 (2007).

6. P. Saini, V. Choudhary, B.P. Singh, R.B. Mathur, and
S.K. Ghawan: Polyaniline-MWCNT nanocomposites for micro-
wave absorption and EMI shielding. Mater. Chem. Phys. 113, 919
(2009).

7. V. Mottaghitalab, B. Xi, G.M. Spinks, and G.G. Wallace: Polyani-
line fibres containing single walled carbon nanotubes: Enhanced
performance artificial muscles. Synth. Met. 156, 796 (2006).

TABLE II. Slopes and intercepts for the PANI/MWCNT sensor given
in Fig. 13.

Slope
[mV/strain]

Run 1 Run 2 Run 3 Run 4 Run 5 Run 6

Section 1 810,574 832,298 726,813 606,265 554,590 508,097
Section 2 270,135 212,610 216,208 184,250 210,864 190,580
Section 3 25,577 26,860 26,117 18,852 20,537 26,283

Intercept [mV] Run 1 Run 2 Run 3 Run 4 Run 5 Run 6
Section 1 265.91 329.22 393.02 438.98 455.68 476.29
Section 2 440.67 492.51 514.36 528.52 531.09 541.62
Section 3 594.96 607.21 624.92 630.15 635.24 628.53

W. Lin et al.: Polyaniline/multi-walled carbon nanotube composites for structural vibration damping and strain sensing

J. Mater. Res., Vol. 32, No. 1, Jan 13, 201782

ht
tp

s:
//

do
i.o

rg
/1

0.
15

57
/jm

r.
20

16
.3

61
 P

ub
lis

he
d 

on
lin

e 
by

 C
am

br
id

ge
 U

ni
ve

rs
ity

 P
re

ss

https://doi.org/10.1557/jmr.2016.361


8. Y. Okamoto and W. Brenner: Organic semiconductors. In Polymers
(Reinhold Publishing Corp., New York, 1964); ch. 7, p. 125.

9. R. Huang, Y. Long, C. Tang, and H. Zhang: Fabrication of nano-
branched coaxial polyaniline/polyvinylidene fluoride fibers via
electrospinning for strain sensor. Adv. Mater. Res. 853, 79 (2014).

10. X. Tang, M. Tian, L. Qu, S. Zhu, X. Guo, and G. Han: Water-
repellent flexible fabric strain sensor based on polyaniline/titanium
dioxide-coated knit polyester fabric. Iran. Polym. J. 24, 697
(2015).

11. S. Banerjee, D. Konwar, and A. Kumar: Polyaniline nanofiber
reinforced nanocomposite coated quartz crystal microbalance
based highly sensitive free radical sensor. Sens. Actuators, B
171–172, 924 (2012).

12. X. Li, C. Levy, and L. Elaadil: Multiwalled carbon nanotube film
for strain sensing. Nanotechnology 19, 045501 (2008).

13. W. Lin, Y. Rotenberg, H. Fekrmandi, K.P. Ward, and C. Levy:
Multifunctional materials of polyurethane/Buckypaper for structural
vibration damping and strain sensing. IJIRSET 4, 12531 (2015).

14. X. Zhou, E. Shin, K.W. Wang, and C.E. Bakis: Interfacial
damping characteristics of carbon nanotube-based composites.
Dev. Carbon Nanotube Nanofibre Reinf. Polym. 64, 2425 (2004).

15. J. Xiong, Z. Zheng, X. Qin, M. Li, H. Li, and X. Huang: The
thermal and mechanical properties of a polyurethane/multi-walled
carbon nanotube composite. Carbon 44, 2701 (2006).

16. F. Buffa, G.A. Abraham, B.P. Grady, and D. Resasco: Effect of
nanotube functionalization on the properties of single-walled
carbon nanotube/polyurethane composites. J. Polym. Sci., Part B:
Polym. Phys. 45, 490 (2007).

17. W. Lin, X. Kong, and C. Levy: Preparation of polyaniline multi-
wall carbon nanotubes nanocomposites films/discs and character-
ization of their electrical, mechanical and damping properties.
Sens. Transducers J. 187(4), 129–137 (2015).

18. S.S. Rao: Mechanical Vibrations, 4th ed. (Pearson-Prentice Hall,
Upper Saddle River, 2004); pp. 150, 686.

19. C. Levy and Q. Chen: Vibration analysis of a partially covered,
double sandwich-type, cantilever beam. J. Sound Vib. 177, 15
(1994).

20. Q. Chen and C. Levy: Comparison of theory with experimental
data for a partially covered double-sandwich cantilever beam. Int.
J. Solids Struct. 31, 2377 (1994).

21. C. Levy: Interim Progress Report for Proposal no. 58940-EG-
REP. Army Research Office (2014).

W. Lin et al.: Polyaniline/multi-walled carbon nanotube composites for structural vibration damping and strain sensing

J. Mater. Res., Vol. 32, No. 1, Jan 13, 2017 83

ht
tp

s:
//

do
i.o

rg
/1

0.
15

57
/jm

r.
20

16
.3

61
 P

ub
lis

he
d 

on
lin

e 
by

 C
am

br
id

ge
 U

ni
ve

rs
ity

 P
re

ss

https://doi.org/10.1557/jmr.2016.361

