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Summary of the Progress Made for this Proposal
During this period, we created several sensors. We then tested the created sensor for electric
conducting properties necessary to measure extension through the change in voltage. We also had
to evaluate some of its material properties to insure that it had damping qualities as well as stability
over a usable range of temperatures. We successfully synthesized different viscoelastic
polyurethanes (PU). We also synthesized other piezoelectric materials. We also produced
different component films such as MWCNT/PU and PANI/PU for evaluation to include different width
of the sensors and different coverage percentage of sensor over aluminum base beams, and
evaluated sensor placement vis-à-vis sensor damping. Damping properties and strain sensor
properties were characterized by those samples. To date, we have created sensors in disc form and
in rectangular form but have opted to continue with the rectangular form of the sensor. We also
used the laser vibrometer in the testing phase to determine the damping characteristics of the sensor,
the drift and dynamic sensing of the sensor, as well.
Technical Objectives of the Proposal
The objective of the proposal is to investigate the feasibility and placement location of applying
piezoelectric ceramic nanorod/multi-walled nanotube (MWCNT) and polymer composite viscoelastic
films/patches as sensors and damping treatment in conjunction with SMA materials as actuators for
vibration and noise attenuation. To reach our final technical objectives, we plan to carry out the
following detailed research steps within three years:
Fabrication and component optimization of piezoelectric ceramic nanorod / MWCNT
/polymer composites.
Dynamic damping property investigation of the piezoelectric ceramic nanorod / MWCNT
/polymer composites.
Static and dynamic sensing property investigation of the ferroelectric ceramic whisker/
MWCNT/ polymer composites
Application of ferroelectric ceramic whisker/MWCNT/Polymer with SMA to the beam
structure.
Time Frame as listed in the proposal
This was originally a 3-year (36-month) proposal.

Because of a problem with getting the
2|P a g e

equipment to do the sensor synthesis in the second year, we had to redefine our goals for the third
and fourth years and also to request a no-cost extension to work on the completion of the goals of
project. We have been working on determining the proper shape of the sensor and its placement
in order to achieve the goals of the grant, namely to maintain a sensor that has linear properties with
applied load yet introduce more damping into the sensor than previously existed with the MWCNT
buckypaper. Though the grant ended in May, 2015, we plan to continue to work on the control
aspect, and, if allowed, we plan to report results to ARO.
We have created and tested several sensors: one is PANI/MWCNT composite; a second was a
polyurethane/Buckypaper composite and a third was a MWCNT/DYAD/MWCNT composite. The
first sensor was a continuation of the research work we have carried on in the past 2 years. The
second was a decision to see if the polyurethane can be used to modify the Buckypaper sensor we
had investigated in our previous ARO grant. The third was an outcome of the results that we had
obtained from the other two sensors. In our 2013-14 progress report we had reported on the
preparation and characterization of the polyaniline/MWCNT (PANI/MWCNT) and
Polyurethane/ZnO/MWCNT (PU/ZnO/MWCNT nanocomposite films. Also discussed in the report
were the vibration aspects that needed to be addressed, namely cantilever beam vibrations that
were representative of the main barrel of a tank or structural health monitoring, for example.

Carbon nanotubes are considered to be the ultimate low-density high-modulus fibers
[1]. Our previous results also indicated that MWCNT films are capable of being strain sensors
[2]. The static test results showed a clear, repeatable, stable and temperature independent
linear relationship between the voltage output from the Wheatstone bridge and the applied
strain. The dynamic test with different loading frequencies also indicated that the MWCNT
film sensor is more sensitive than the conventional foil strain gage in the higher frequency
range, which would be a great advantage for structural health monitoring application. In a
previous ARO grant we had found that Buckypaper sensors had characteristic damping ratios which
were quite small, on the order of 0.006-0.007 and published same in [3].
In the first paper published in Sensors and Transducers, titled “Preparation of polyaniline
multi-wall carbon nanotubes nanocomposites films/discs and characterization of their electrical,
mechanical and damping properties” [4], the information provided in the previous progress report
was the basis for the paper. Therein we reported the process by which the PANI/MWCNT was made
using a frit compression technique; the morphological characterization of the PANI/MWCNT film; its
electrical resistance as a function of % MWCNT; its mechanical properties via a nanoindentation test;
its thermal stability characteristics; some preliminary data on the vibration damping ability of a
rectangular sensor; how that damping ability of the sensor depended on the thickness of the beam;
whether the beam was clamped on the sensor side or the end furthest from the sensor; whether the
beam had the sensor on one side only or both sides; and the damping ratio’s dependence on the %
MWCNT in the sensor. This paper is uploaded for your records.
PANI/MWCNT New Findings (to be published)
We concentrate on new results here. The PANI/11%MWCNT composite was created using
several different loadings. This was done in order to check on whether the load application to
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create the composite, would have any major effect on the damping capability of the composite. We
attempted creation of the composite at several pressures-namely 50, 65, 70, 75 and 100 lbs. We
concentrated on the PANI/ 11%MWCNT composite as that one was found to provide the best
damping ratio. The methodology used for this investigation is given below.
64.375 mg of MWCNT were dispersed by sonication in 125 ml of 1M HCl for 30 min. Then, 1.287 g of
aniline was added and the mixture was sonicated for another 30 min. After that, 1.027 g of
ammonium persulphate (APS) dissolved in 125 ml of 1 M HCl was added at once and polymerization
was conducted at 0 °C with water-ice bath under sonication for 4 hrs. The precipitated products were
washed with deionized water. Then the PANI/11% wt MWCNT composite was made.
454.54 mg of obtained PANI/11% wt MWCNT suspension was transferred into a specially built 50 ml
cuboid mold (see Figure 1), which was equipped with frits with a pore diameter of 70 µm (frits
purchased from Sigma-Aldrich). In order to remove the solvent, five different compression forces of
were applied to the plungers, of which we show two, which were measured by FlexForce adapter
(See Figure 2). 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 hrs. The PANI/11% wt MWCNT composite film was
obtained after removing it from the cuboid mold.

(a)

(b)
Figure 1. The frit compression system for
making PANI/11% wt MWCNT nanocomposite
films. (a) The frit compression system, (b) are
the photo image of PANI/MWCNT
nanocomposites. Inserts are A: cuboid; B:
plungers; C: polypropylene frits and D:
composites suspension.

Figure 2. Schematic image of 65 lbs and 75 lbs force applied to plungers measured by FlexiForce
adapter.

Figure 3 shows that there is little difference between the two compression force test results.
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Figure 3. Damping ratios comparison between 65 lbs and 75 lbs compression force of PANI/MWCNT
composites when clamped on the free end side. The differences are not statistically significant.

PANI/MWCNT nanocomposites damping test
Single side attachment: Both 65 lbs and 75 lbs applied force of PANI/MWCNT with
dimension of 3 cm ×0.9 cm×1.9 mm were attached upon 20.5 cm ×0.9 cm×1.25 mm Aluminum
base beam on one side (see Fig. 4) using a thin layer of glue. The specimen was dried at room
temperature for 24 hrs. The unclamped side was then 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 Figure 4
defined the locations where the beam was clamped. The side of the Al base beam that was
without the sample was cut then clamped and vibrated. 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 then were compared.
PANI/MWCNT

Cutting

1 cm

#
16 cm

3 cm
(a)

PANI/MWCNT

Clamping

*
1 cm

3 cm

(b)

16 cm

1 cm
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Figure 4. Schematic images of single side’s 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.
“Sandwich” attachment: The sample used here is with 75 lbs applied force on the PANI/MWCNT
composite. All the dimensions of sample and aluminum base beams, the clamped locations and the
directions and lengths for both cutting and clamping remained the same. The only change is that the
Aluminum beam was “sandwiched” on both sides with the sample (see Fig. 5).
PANI/MWCNT

Cutting

1 cm

#
3 cm

16 cm

PANI/MWCNT

Clamping

*
1 cm

3 cm

16 cm

1 cm

Figure 5. Schematic images of double sides’ 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.
Damping Test Methodology for PANI/MWCNT
The cantilever beams of Figures 4 and 5 were given the same small initial displacement and then
released for free vibration. Free end displacements were measured by laser vibrometer and a two
channels digital oscilloscope displayed and stored 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 by the sample. The higher the damping ratio, the better the sample acts as a damper.
Damping results for single side attachment for PANI/MWCNT
As mentioned previously, the reason for the creation of the composite is for use as a
sensor-actuator with damping capabilities. To check on the damping capability aspect, several tests were
performed. Figure 4 is the configuration of the Al base beam single side attachment tests setup. Free
vibration trial results are shown in Fig. 7.
Five trials were run for each of the clamped locations listed. The results clearly 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. 7, 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
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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 clamped on the free end side, *, are lower than when
clamped on the sample side, #. For example, the highest damping ratios when clamping on free end side,
*, is 0.0131, 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.
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Figure 7. Damping ratios of single side attached PANI/MWCNT clamped on the uncovered side, *, and
sample side, #.
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Damping results for double sides’ attachment for PANI/MWCNT
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Figure 8. Damping ratios of both sides attached PU/Buckypaper clamped on the uncovered side, *, and
sample side, #.
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The double sides’ attachment test, whose setup is shown in Fig. 5, displayed similar type trend as
the damping ratios for single sided attachment (See Fig. 8). 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’ attachment 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
than in the single side attachment setup, and, that single side attachment requires almost complete
beam coverage to achieve the best damping ratio. Also, the damping ratios when the beam is clamped
on the sample side, #, is higher than when the beam is clamped on the free end side, *. The values of
Y-coordinate is very close at 0 cm of X-coordinate, which is expected. When we compare results to just
the buckypaper sensor, the maximum damping ratio is 3 times as large. We note that these trends
follow the trends reported for constrained viscoelastic layer damping.
Dynamic Sensing Capability of the PANI/MWCNT
PANI dynamic sensing graphs are provided next. Sensing was accomplished by inputing 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 10-5000 Hz. Shown here are results of the captured signals up to 1000 Hz.

a)

10 Hz – PANI/MWCNT – Magnitude: 428.6999 mV

b)

10 Hz – Foil Strain Gage – Magnitude: 0.560121 mV

c)

20 Hz – PANI/MWCNT – Magnitude: 418.0301 mV

d)

20 Hz – Foil Strain Gage – Magnitude: 0.498347 mV
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e)

40 Hz – PANI/MWCNT – Magnitude: 41.29593 mV

f)

40 Hz – Foil Strain Gage – Magnitude: 0.1627 mV

g)

100 Hz – PANI/MWCNT – Magnitude: 28.27814 mV

h)

100 Hz – Foil Strain Gage – Magnitude: 0.03146 mV

i)

200 Hz – PANI/MWCNT – Magnitude: 35.98084 mV

j)

200 Hz – Foil Strain Gage – Magnitude: 0.130066 mV

k)

400 Hz – PANI/MWCNT – Magnitude: 6.614911 mV

l)

400 Hz – Foil Strain Gage – Magnitude: 0.058299
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m) 1000 Hz– PANI/MWCNT – Magnitude: 0.0596 mV

o) FRF – PANI/MWCNT – sensor (10 Hz to 1000 Hz)

n) 1000 Hz – Foil Strain Gage – Magnitude: 0.06355 mV

p) FRF – Foil strain gage (10 Hz to 1000 Hz)

Figure 9. Frequency Response Functions of the PANI/MWCNT sensor and foil strain gage for various
frequencies (a)-(n). Graphs (o) and (p) represent a superposition of the previous graphs to indicate the
superior sensitivity of the PANI/MWCNT in the 10-1000 Hz range.
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 represents the signal height sensed by the sensor (blue) and the foil strain gage (orange). The last
two graphs represent the superposition of the previous graphs to show that the sensor is much more
sensitive over a larger range of frequencies.
Static sensing properties for the PANI/MWCNT -The drift effect
The stability of each sensor was tested and typical results for some samples and strain gage are
discussed following explanations of the test procedures.
Sample Setup for drift, static tensile test for the PANI/MWCNT
The sensor was bonded to the center of a 61 mil 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 hrs. The bonding area was prepared to ensure a smooth surface, as is normally
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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 x 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 resistance 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 sensitivity of the sensor were evaluated using quasi-static loadings.
These loadings were carried out using a United SSTM-2K model tensile test machine.
Drift test procedures for the PU/Buckypaper sensor
The mounted sample was connected to the measurement system and placed in a no load and
ambient temperature condition for at least 24 hours prior to testing. The test equipment was then
turned on, and at least 60 minutes of data were collected for each sample. The drift test was performed
several times for the sake of repeatability.
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 hour prior to testing in order to remove any accumulated
stresses due to mounting. Signal collection was initiated. The tensile test system was set to extend at a
rate of 0.001”+/-0.0005” 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 350 lbs of force was achieved.
The system was then set to instantaneously reduce load to 0 lbs. This procedure was repeated multiple
times to determine repeatability of the results and hysteresis in the system.
The drift test was executed for the sample and for the strain gage for a period of 30 minutes or
more. 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. The correlation of the data are small because
significant noise was generated in the results due to the high sampling rate. Therefore, other
measurements given in succeeding sections do not include the correlation values. Figure 10(a) shows
typical results for one strain gage and two sample sensors. We note that the strain gage showed almost
no changes over the test period though there is a slight downward slope to the line.
The sample
sensors also exhibited very small slopes as well. Figures 10(b) and 10(c) show actual traces for one of
the samples and the strain gage where the sensor voltage changes by -0.1298 mV/hr while the foil strain
gage changes by -0.0866 mV/hr. The final results of this testing showed that some samples were unstable
and had significant drift while others were much more 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.
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Figure 10(a).

PANI/MWCNT sensor and strain gage drift test; a) Drift trendlines for typical
PU/Buckypaper sensor and strain gage;

Table 1 Trend line Slopes for Fig. 10(a)
Sample
Sample
∆mV/hour
∆mV/hour
Sensor 3 (orange)
-0.1298
Sensor 9 (gold)
-24.008
Sensor 7 (gray)
-0.4353 Strain Gage (blue)
0.1773

Figure 10 (b) Drift test for PANI/MWCNT sample (sensor 3) and (c) Drift test for strain gage.
Load/Unload Testing for the PANI/MWCNT
Linearity and repeatability - static tensile test
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. 11 are equivalent. Figure 11 shows typical
data for a specific sample that responded as desired. This specific dataset shows six quasi-static loadings
and instantaneous unload cycles. Figure 11 provides typical data obtained from testing both the sample
sensor and the strain gauge. Provided are the results of the strain sensing capability of
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PANI/11%MWCNT composites sensor and this information is compared to the standard foil strain gage.
Each test consisted of a 4-5 minute pre-load preparation period, a three minute loading period and a 3
second 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. The first 4-5 minutes 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 seconds after releasing the previous load. Again, a “no load” pre-load
period to set up the next test was introduced 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”.

(a)
Table of Slopes and Intercepts for the PANI/MWCNT sensor
Slope
[mV/strain] Run 1
Run 2
Run 3
Run 4
Run 5
Run 6
Section 1
810574
832298
726813
606265
554590
508097
Section 2
270135
212610
216208
184250
210864
190580
Section 3
25577
26860
26117
18852
20537
26283
Intercept
[mV]
Section 1
Section 2
Section 3

Run 1
265.91
440.67
594.96

Run 2
329.22
492.51
607.21

Run 3
393.02
514.36
624.92
(b)

Run 4
438.98
528.52
630.15

Run 5
455.68
531.09
635.24

Run 6
476.29
541.62
628.53
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(c)
Figure 11. (a) Voltage-strain curves for the PANI/MWCNT sensor; (b) slopes and intercepts; (c)
Voltage-strain curve for strain gage. 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. The strain gage shows
linear Voltage-strain behavior until unload and returns to the same start value.
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 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 towards the middle of the second linear region,
which indicates that the internal makeup of the PANI/MWCNT undergoes some type of change, perhaps
slippage of the MWCNT over each other thereby reducing the sensor gage factor. 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. Yet, as the sensor cycles through several cycles the unloading trace and the loading trace tend
toward stable and similar traces.
Conclusions related the PANI/MWCNT sensor
A PANI/MWCNT sensor was created to evaluate its sensing and damping capabilities versus a
standard foil strain gage and constrained layer damping system.
• The free end vibration test results showed that for the single side and double side attachment
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•
•

•

damping ratios follow the same trends. However, the double sided attachment has higher values.
Damping ratios are higher when the sensor is placed at the clamped end.
The relationship of loss factor, η, and beam coverage L1/L was discussed for single sided and double
sided attachment. The loss factor, η, increases with coverage length L1/L increases. The loss factor, η,
then 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 Rao [5] and Levy and Chen
[6].
The PANI/MWCNT sensor’s relation between load and displacement or strain is not uni-valued as for
a strain gage. It appears to have three regions in which the relationship is quasi-linear. This is in
line with an observation given in the previous progress report, namely, adding too much PANI to

the sensor patch destroys the linear sensing capability of the sensor patch (item 4 in
conclusion section).
•

•

•
•

Loading cycle tests showed that though there appears to be residual strain in PANI/MWCNT sensor
after the load is removed, the PANI/MWCNT sensor appears to lag behind and shows some
hysteresis in the next loading cycle. However, both sensor and the foil strain gage react linearly when
re-engaged.
The dynamic sensing test results showed that over the range of 10-1000 Hz, the PANI/MWCNT
composite sensor was consistently superior for sensing purposes since the highest peak consistently
corresponded to the input frequency and was much higher than those of the strain gage. In higher
frequencies, the composite sensor performed better but the signals were not the largest.
In the previous progress report we reported that the PANI/MWCNT drift test showed that the sensor
was stable over many hours changing by 0.25 mV only over a 20 hour period.
Lastly, not all samples created were capable sensors. However, the ones that worked produced
repeatable results. In comparison to viscoelastic (VEM) constrained layer dampers discussed in
[6-7], the same size PANI/MWCNT sensor may not be a weight saver; but is cheaper to produce.

PU/MWCNT Results (submitted for publication)
A second paper based on our research has been submitted to Journal of Nanomaterials titled
“Multifunctional Materials of Polyurethane/MWCNT and Evaluation of Damping and Displacement
Sensing Properties” [8]. This paper provides the results of our investigations into essentially the same
type of topics but evaluates the sensing behavior of the PU/MWCNT sensor, as well.
Polyurethane (PU) has unique dynamic properties in combination with its high load-bearing
capacity, properties which were broadly studied for vibration control applications. Studies have been
completed testing the damping properties of MWCNT in PU matrix, for example, [9-10]. However, due
to the large aspect ratio of the CNTs, the dispersion and directional alignment of the MWCNTs in the
polymer matrix is still a great challenge.
Here, a layer by layer attachment method was employed to make PU/Buckypaper composites. A
free vibration test method was adopted to study their damping properties. Static and dynamic strain
sensing properties were also investigated. One of the advantages of such a composite sensor is its light
weight compared to a passively constrained layer damper.
Preparation of PU/Buckypaper
Buckypaper was bought from Nano-lab (Newton, MA, www.nano-lab.com). The procedures to
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make Buckypaper is summarized in the paper. The Buckypaper was made of hollow-structured
MWCNTs with 15±5 nm outer diameter, about 5-20 microns in length and purity higher than 95%. The
thickness of the MWCNT film was around 100 micron and the relative density was about 50%. The
Buckypaper was cut into 3.5 cm ×0.9 cm×100 μm sections and placed into 6 cm ×1.3 cm×0.3 cm glass
mold very closely.
Four grams PU were dissolved into 50 ml Dimethylformamide (DMF). Four ml of PU/DMF were cast
in the Buckypaper filled glass mold. Then, the mold was put in 100 °C oven to dry for 5 h. After that, the
PU/MWCNTs were obtained by peeling them off the glass mold. The thickness of the PU is about 80 μm.
So, the total thickness of the PU/MWCNTs is around 180 μm. The process is briefly shown in Fig. 12.
Buckypaper

PU

Glass mold

Figure 12. The process of preparation of PU/buckypaper.
Single side attachment mode for PU/Buckypaper
The first single side attachment mode was aimed to compare the differences in
performance among pure PU, Buckypaper and PU/Buckypaper composites. Firstly, 3.5 cm × 0.9 cm
(length × width) of pure PU, Buckypaper and PU/Buckypaper with 80 μm, 100 μm and 180 μm in
thickness, respectively, were attached to 9.5 cm × 0.9 cm × 0.048 cm aluminum base beam single side by
a thin layer of adhesive(see Fig. 13). Three very thin layers of nonconductive 3M CA100 liquid instant
adhesive were used to cover these samples to separate the samples from the environment. Each
specimen was dried in room temperature for 24 hrs. The base beam material used was made of 6061-T6
Aluminum. The red dashed lines shown in Fig. 14 defined the locations where the beam was clamped.
The side of the Aluminum base beam without the attachment of samples were tested then cut 1 cm at a
time and the results were compared. The unclamped side was then made to vibrate and the damping
ratio was determined.
Sample made of PU or
Buckypaper or PU/Buckypaper

Cutting

1 cm

3.5 cm

5 cm

1 cm

Figure 13. Schematic images of single side attachment. The dimension of samples, Al beams and the
locations where samples were attached, the locations (red line) where the beam was clamped and also
the directions and lengths for beam removal.
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The second single side attachment mode was built to investigate how the damping changed as a
function of the coverage of PU/Buckypaper to aluminum base beams. The PU/Buckypaper with
dimension of 3.5 cm × 0.9 cm × 0.018 cm was attached upon a 20.5 cm × 0.9 cm × 0.048 cm Aluminum
base beam on one side (see Fig. 14) using a thin layer of glue as discussed in the previous paragraph. The
specimen was dried at room temperature for 24 hrs. 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. 14 defined the locations where the beam was clamped. The
side of the Al base beam without the attachment of samples were either cut or clamped 1 cm at a time
until the clamp was next to the sample. The unclamped side was then made to vibrate and the damping
ratio was determined and the results were compared.
Buckypaper

Cutting

PU

1 cm

#
16 cm

3.5 cm

Buckypaper

PU

Clamping

*
1 cm
16
cm
Figure 14. Schematic images of single side’s 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 beam removal and clamping.
1 cm 3.5 cm

Double sided attachment mode for PU/Buckypaper
All the dimensions of sample and aluminum base beams, the clamped locations and the directions and
lengths for both cutting and clamping are kept the same as the second single side attachment mode
described above. The only change that was made was that the aluminum base was covered on both sides
by the sample (See Fig. 15).
Buckypaper

Cutting

PU

1 cm

#
3.5 cm
Buckypaper

16 cm

PU

Clamping

*

1 cm 3.5 cm

16 cm

1 cm
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Figure 15. Schematic images of double sides’ 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 beam removal and clamping.
Damping Test Methodology
The cantilever beams of Figs. 13, 14 and 15 were given the same small initial displacement and
then released for free vibration. Unclamped end displacements were 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 from the sample. The higher the damping ratio, the better the sample acts
as a damper.
Damping ratios of PU, Buckypaper and PU/Buckypaper composites
The free end vibration test has already shown that the Buckypaper has strain sensing properties
[11]. Also, PU has excellent damping ability which is broadly studied. Herein, the free end vibration test
method was adopted to study the damping behaviors of PU, Buckypaper and their layer by layer
PU/Buckypaper composite. For the Al base beam the single side attachment test free vibration trial
results are shown in Fig. 16 (see Fig. 13 for the configuration of the tests setup).
Five trials were run for each of clamping boundary conditions previously defined and damping ratio
was obtained. Standard deviation is also shown in Fig. 16. The Buckypaper has slightly higher damping
ratios than PU. However, it is clearly shown that PU/Buckypaper composite has significantly higher
damping ratios than both of their pure components (PU and Buckypaper). The damping ratios increased
as the sample coverage decreased in the range of 63.6% to 41.2% with its pure components. We can
see that the Buckypaper acts as a constraining layer and the PU acts similar to a viscoelastic layer.
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Figure 16. Damping ratios comparison of PU, Buckypaper and PU/Buckypaper composites.
Damping results for single side attachment for the PU/Buckypaper
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As mentioned previously, the reason for the creation of the composite is for use as a
sensor-actuator with damping capabilities. To check on the damping capability aspect, several tests were
performed. For the Aluminum base beam single sided attachment test (see Fig. 14 for the configuration
of the tests setup), free vibration trial results are shown in Fig. 17.
Five trials were run for each of the clamping conditions listed. The results clearly showed that the
damping ratio initially increased as the distance from the free end to the sample decreased for both
clamping on the free end side, *, and clamping on the sample side, # (see Fig. 17). Then, it decreased
as the distance from the free end to the sample further decreased for both clamping on the free end
side, *, and clamping on the sample side, #. For both clamping on the free end side, * and clamping on
the sample side, #, the damping ratio reached the highest values 0.0124 and 0.0202, respectively, when
the distance from the free end to the sample is 6 cm. Comparing the highest damping ratios, 0.0124 and
0.0202, when the distance from the free end to the sample is the same 6 cm, it is determined that
clamping on the sample side, #, has 162.9% higher damping ratio than when clamping on the free end
side, *. The trends follow previous published results for constrained layer viscoelastic dampers.
There is a further increase of the damping ratio after it decreases for the case where the clamping is
on the free end side, *. This is reasonable when compared with the trend of the damping ratio of
clamping on the sample side. The damping ratios remain lower for each new beam length trial when
clamped on the free end side compared with the value for each beam length trial when clamped on the
sample side. However, the damping ratios have to be the same when the beam being tested becomes
symmetric with respect to the vertical axis; meaning, it doesn’t matter whether you test the clamped
side or the free end side, both will be the same configuration leading to the same damping ratio.
0.024

Clamping on the sample side

0.020
0.018

0.024
0.022
0.020

Clamping on the free end side

0.018

0.016

0.016

0.014

0.014

0.012

0.012

0.010

0.010

0.008

0.008

0.006

0.006

0.004
15 14 13 12 11 10 9 8 7 6 5 4 3 2

2 3 4 5 6 7 8 9 10 11 12 13 14 15

Damping ratio

Damping ratio

0.022

0.004

Distance from the free end to the closest side of the sample (cm)

Figure 17. Damping ratios of single side attached PU/Buckypaper clamped on the free end side, *, and
the sample side, #.
Damping results for single side attachment for the PU/Buckypaper
The double sides’ attachment experimental setup is shown in Fig. 15. The damping ratio results
given in Fig. 18 display the same trend as the damping ratios for single sided attachment. However, the
double sides’ attachment has higher damping ratios compared with single side attachment. It reaches
the highest damping ratio of 0.033 with double sides’ attachment when the sample’s right end is 3 cm
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away from the free end. Also, the damping ratio differences between clamping on the sample side and
clamping on the free end for the same distance from the free end to the sample is bigger for double
sided attachment than the single sided attachment. An increase in damping ratio when clamped on the
free end side is noted, which is just like the single side attachment trend. The Y-coordinate value is very
close at the 0 cm value of X-coordinate, which is expected.

0.040

0.040

Clamping on the sample side

0.035
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Clamping on the free end side
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Damping ratio

Damping ratio
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0.000
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Figure 18. Damping ratios of double sides attached PU/Buckypaper clamped on the uncovered side, *,
and sample side, #.
When one compares the loss factor as a function of the non-dimensional coverage length in both
these cases, the graphs of Fig. 19 are obtained. Here, the loss factor, η, is twice the damping ratio for
small damping ratios up to 0.3 [5]. We note the similarity in trends of the loss factor for the sample
side clamping condition, #, when compared to Chen and Levy [7]. First the double sided coverage
produces a higher loss factor which increases as the sample length to the beam length (L1/L) increases
and then begins to decrease as L1/L tends to 1.
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Comparison between single side and double sided attachment of the PU/Buckypaper
sample for both clamping conditions

An analysis of the loss factor versus non-dimensional coverage length when clamping is on the free
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end side, *, is now undertaken. This analysis applies for the single side and also for the double side
coverage, as well. The loss factor for small L1/L can best be described as that for a sample starting to
act as a passive layer type damping element and as an end mass. But as the beam material is removed,
thereby increasing L1/L, the loss factor of the sample transitions to more of a loss factor for a passive
layer type damping element covering more and more of the beam. We note that the loss factor, η, first
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. In this configuration the sample acts as a small mass at the end
of the beam and coverage length effects dominate. Then the loss factor decreases to a minimum value
before increasing again as L1/L, the dimensionless coverage length, increases. This decrease may be
due to the fact that as more beam is removed, the sample starts to act as a larger end mass compared to
the mass of the beam and that becomes the dominating effect. Such a system will tend to execute
relatively larger end displacements, and, according to Rao [5], for viscoelastic materials, this implies a
lower loss factor (see [5], pg. 686). As more beam material is removed, a second increase occurs in the
loss factor due to the sample transitioning from being like an end mass to beginning to cover the
majority of the beam. This behavior is similar to that found in Chen and Levy [6] for the vibration of a
viscoelastic constrained layer damping of a beam with end mass.
However, this
increase-decrease-increase phenomenon in the loss factor is noticed for both the single side and double
side coverage of the beam. Though [6,7] investigated the change in L1/L by increasing L1 and keeping L
fixed, the behavior seen in this investigation can be deduced from the results found in [6,7] and follow
the trends therein. However, the differences in loss factor between single sided and double sided
coverage were much larger in [7] compared to what is noted here because of the materials used. Yet,
the trends in [7] and shown in this work are very similar.
Static sensing properties -The drift effect
The stability of each sensor was tested and typical results for some samples and strain gage are
discussed following explanations of the test procedures.
Sample Setup for drift, static tensile test, and dynamic tests for the PU/Buckypaper
The sensor was bonded to the center of a 61 mil 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 hrs. 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, Omega
SGD-30/350-LY40, 3 cm long x 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. Another strain gage supplier was used due to problems
obtaining strain gages used for previous tests. Prior to testing, resistance of the sensor and strain gage
was measured and the corresponding decade resistance boxes were set to match. The decade resistor
boxes have a resolution of about 1 Ohm. This caused the initial millivolt potential difference to rarely
start at zero. To compensate for this, where appropriate, data points were shifted 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. Signals from the
Dynamic sensing tests were collected using Data Translation DT9837C and SpectraPLUS-DT. Linearity and
sensitivity of the sensor were evaluated using quasi-static loadings. These loadings were carried out
using a United SSTM-2K model tensile test machine.
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Drift test procedures for the PU/Buckypaper sensor
The mounted sample was connected to the measurement system and placed in a no load and
ambient temperature condition for at least 24 hours prior to testing. The test equipment was then
turned on, and at least 30 minutes of data were collected for each sample. The drift test was performed
several times for the sake of repeatability.
Static test procedures for the PU/Buckypaper 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 hour prior to testing in order to remove any accumulated
stresses due to mounting. Signal collection was initiated. The tensile test system was set to extend at a
rate of 0.001”+/-0.0005” 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 350 lbs of force was achieved.
The system was then set to instantaneously reduce load to 0 lbs. This procedure was repeated multiple
times to determine repeatability of the results and hysteresis in the system.
The drift test was executed for the sample and for the strain gage for a period of 30 minutes or
more. 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. The correlation of the data are small because
significant noise was generated in the results due to the high sampling rate. Therefore, other
measurements given in succeeding sections do not include the correlation values. Figure 20(a) shows
typical results for one strain gage and two sample sensors. We note that the strain gage showed almost
no changes over the test period though there is a slight downward slope to the line.
The sample
sensors also exhibited very small slopes as well. Figures 20(b) and 20(c) show actual traces for one of
the samples and the strain gage where the sensor voltage changes by -0.6184 mV/hr while the foil strain
gage changes by -0.0866 mV/hr. The final results of this testing showed that some samples were unstable
and had significant drift (not shown on graph) while others were much more stable but consistently had
a drift that was one order of magnitude larger than that 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.

Figure 20(a). PU/Buckypaper sensor and strain gage drift test; a) Drift trendlines for typical
PU/Buckypaper sensor and strain gage;
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Type of Sample

Table 2 Trend line Slopes for Fig. 19(a)
Type of Sample
Δ mV/hour

PU/Buckypaper-blue line
Strain Gage-green line

-0.6184
0.0866

PU/Buckypaper-black line

∆ mV/hour
-1.7925

Figure 20 (b) Drift test for PU/Buckypaper sample (sensor 5) and 20(c) Drift test for strain gage.
Linearity and repeatability - static tensile test
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.

Figure 21(a). The repeat loading comparison of PU/Buckypaper and standard foil strain gage-the raw
data
The source voltage for the sensor and strain gage in Fig. 21 are equivalent. Figure 21 shows typical
data for a specific sample that responded as desired. This specific dataset shows two quasi-static
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loadings and instantaneous unload cycles. Figure 21 provides typical data obtained from testing both the
sample sensor and the strain gauge. Provided are the first loading tensile test in which the strain
sensing behavior of PU/Buckypaper composites sensor is similar to the behavior of the conventional foil
strain gage. 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. The first 4 minutes of the test indicate that
the system had a residual strain that required both the sensor and strain gage to adapt to before the test
was begun. The second loading occurred about 3 seconds after releasing the previous load. Again, a
“no load” time period between the 10th and the 13th minute was introduced before the loading was
begun again. The strain gage appears to have returned to “zero” but the PU/Buckypaper sensor
appears to lag behind and shows some hysteresis. The conventional foil strain sensor responded quickly
according to the load applied to the beam. However, PU/Buckypaper composites sensor did not
completely return to “zero”. As a new load was applied increasing the strain, the PU/Buckypaper
composite sensor responded and sensed the strain linear with the input. Yet, the slope for the sensor
appears to be different than during the first load cycle. Hence, both sensors have a linear voltage output.
By factoring out the lag in response of the second loading, all four output trend lines are deemed
relatively parallel (Fig. 21(b)). Since the input voltage and output voltage is equivalent or relatively
similar, so are the gage factors. Therefore, the PU/Buckypaper composite sensor senses similarly to the
conventional foil strain gauge in terms of repeatability and linearity.

Figure 21(b). The repeat loading comparison of PU/Buckypaper and standard foil strain gage-data
linearity
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Slope mV/ (m/m)

Load1

2600

Unload1

640

Load2

932

Unload2

857

Figure 21(c). The loading/unloading comparison of PU/Buckypaper versus strain--first load (gray)/unload
(red) and second load (yellow)/unload (blue) of the sensor.
Dynamic sensing characteristic--Dynamic test procedures for PU/Buckypaper
The sample was mounted onto a cantilever beam system. The sensor was located as close as
possible to the fixed end. The free end was attached to a vibration drum that vibrates at specified
frequencies. An accelerometer was attached to the free end, as close to the center of the vibration drum
as possible. The accelerometer linked into a feedback loop that ensured that the acceleration of the free
end was correct as per the frequency versus acceleration profile. This profile was set up such that the
acceleration started at 10 Hz and 10 g’s, ramped up to 20 Hz and 20 g’s, then held a constant
acceleration of 20 g’s from 20 Hz to 6000 Hz. The control system was then set to run a specified
frequency. The resulting signals were collected and analyzed using the Hanning FFT algorithm. The peak
hold data for the signals were collected over the course of 500 signal samples using a sampling rate of
11000 Hz for an input frequency range of 10 to 1000 Hz and 60000 Hz for an input frequency range of
1000 to 5000 Hz. Five sets of peak hold data were taken and analyzed.
Results found
Dynamic response performance is the importance criterion for sensors. Standard foil strain gages
are used for comparison. The frequency to be evaluated was input into the system and held for a
period of time until stable. That frequency was then used to study the sensitivity of the PU/Buckypaper
and the foil strain gages to input frequencies. Frequency domain from 10 Hz to 1000 Hz was investigated
and the results are presented in Fig. 22. The FFT graphs consistently showed a response at 60 Hz of 0.418
mV for the PU/Buckypaper composite sensor and 1.47 mV for the foil strain gage. This response is due to
background source that is always present and can be disregarded.
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a) 10 Hz – PU/Buckypaper – Magnitude:
2.4727 mV

b) 10 Hz – Foil Strain Gage – Magnitude:
70 mV

c) 20 Hz – PU/Buckypaper – Magnitude:
2.4082 mV

d) 20 Hz – Foil Strain Gage – Magnitude:
1.9579 mV

e) 40 Hz – PU/Buckypaper – Magnitude:
0.8601 mV

f)

40 Hz – Foil Strain Gage – Magnitude:
1.0515 mV
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g) 100 Hz – PU/Buckypaper – Magnitude:
0.7716 mV

h) 100 Hz – Foil Strain Gage – Magnitude:
3.9748 mV

i)

j)

200 Hz – PU/Buckypaper – Magnitude:
0.4374 mV

k) 400 Hz – PU/Buckypaper – Magnitude: 0.0325 mVl)

200 Hz – Foil Strain Gage – Magnitude:
145.43 mV

l) 400 Hz – Foil Strain Gage – Magnitude: 0.0229
mV
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m) 1000 Hz – PU/Buckypaper – Magnitude:
0.0403 mV

n) 1000 Hz – Foil Strain Gage – Magnitude:
0.0365 mV

o) FRF superposition-PU/Buckypaper sensor
(10-400 Hz)

p) FRF superposition – Foil strain gage
(10-400 Hz)

Figure 22. Comparison the frequency response of the standard foil strain gages and of the
PU/Buckypaper composites.
The results displayed in Figs. 22(a)-(n) are typical results for the sensor and strain gage. Over
the range of 10 Hz to 200 Hz, the PU/Buckypaper composite sensor is either the same or is superior
for sensing purposes since the highest peak consistently corresponds to the input frequency. The foil
strain gage is superior at 10 Hz and 200 Hz in the sense that it gives a significantly larger voltage
response when compared to the composite sensor. In higher frequencies, the composite sensor
either performed similarly well or both signals were not detectable to any accuracy for sensing.
When the frequency is increased, the voltage output for both strain gage and PU/Buckypaper
composites decreases greatly. The voltage output of PU/Buckypaper composites dropped to 0.77 mV
with frequency of 100 Hz and the strain gage drops to about 3.98 mV. When the frequency is further
increased to 1000 Hz, the voltage output of both sensors remain of the same order, 0.0403 vs. 0.0365
mV. It means that the PU/Buckypaper composites strain sensors may be better for structural health
monitoring, which frequently uses the change of the natural frequency as an index for detecting
small cracks (e.g., [12-14]).
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The FRFs shown in Figs. 22 (a)-(n) are superposed and given in Figs. 22(o) and 22(p) and
represent the response of PU/Buckypaper or of the strain gage, respectively, to the different input
frequencies. This is not a true FRF because the frequency sweep method must be used to generate
these graphs. The graphs show a fuller picture of the dynamic sensing capabilities of each sensor.
This is advantageous for the comparison of the sensor and strain gage because it shows how the
signal could be used for frequency sensing. The graph for the PU/Buckypaper composite sensor
shows a sensor that responds to frequencies in the range of 10 to 200 Hz while at the same time
having each frequency signal distinguishable from each other. The foil strain gage does not have this
capability. The 10 Hz foil strain gage response eclipses all the frequency responses up to 200 Hz and
appears to show a peak at 30 Hz, a frequency for which no sampling was made. For the reasons
stated, the PU/Buckypaper composite sensor responds in a superior manner when compared to a foil
strain gage.
Conclusions related to PU/Buckypaper
A PU/Buckypaper sensor was created to evaluate its sensing and damping capabilities versus a
standard foil strain gage and constrained layer damping system.
• The free end vibration test results showed that for the single side attachment, the damping ratios
for both PU film and Buckypaper are close, while PU/Buckypaper composites have higher
damping ratios than their individual components.
• For both single side attachment and double sided attachment, the damping ratios when
clamping on the sample side are much higher than when clamping on the free end side.
• The relationship of loss factor, η, and beam coverage L1/L was discussed for single sided and
double sided attachment. The loss factor, η, increases with coverage length L1/L increases. The
loss factor, η, then 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 Rao [5]
and Levy and Chen [6].
• The possibility of PU/Buckypaper to be used as a strain sensor was also investigated. Though,
there is a drift for the PU/Buckypaper sensor during the one hour long drift test, the slope is
relatively small.
• Two loading cycle tests showed that though there are residual strain for both PU/Buckypaper
sensor and standard foil strain sensor for both loading cycles, the PU/Buckypaper sensor appears
to lag behind and shows some hysteresis in the second loading cycle. However, both sensors had
a linear voltage output and all four output trend lines are deemed relatively linear and in the first
cycle also parallel. Therefore, the PU/Buckypaper composite sensor senses similarly to the
standard foil strain gauge in terms of repeatability and linearity.
• The dynamic sensing test results showed that over the range of 10 Hz to 200 Hz, the
PU/Buckypaper composite sensor was comparable to or superior for sensing purposes since the
highest peak consistently corresponded to the input frequency. In higher frequencies, the
composite sensor either performed better or both signals were not detectable to any accuracy
for sensing. It means that the PU/Buckypaper sensor has the potential to be strain sensor.
• Lastly, not all samples created were capable sensors. However, the ones that worked produced
repeatable results. In comparison to viscoelastic (VEM) constrained layer dampers discussed in
[6, 7], the same size PU/Buckypaper sensor would have a density that is 40% of the VEM and
6.4% of the density of the constraining layer, would have similar damping behavior, but would
have more useful attributes for a sensor.
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Investigation of other combinations including DYAD VEM (to be published)
Single side’s attachment mode of Buckypaper/DYAD/ (PANI/MWCNT) and
Buckypaper/DYAD/Buckypaper nanocomposites films
A new composite system was also investigated using some of the components we have been
working with and the addition of the DYAD viscoelastic material used by Chen and Levy [6, 7].
Layer-by-layer attachment method was adopt to make Buckypaper/ DYAD/ (PANI/MWCNT) and
Buckypaper/ DYAD/ Buckypaper nanocomposites films. The creation of the PANI/MWCNT was the
same as described previously using frit compression force of 75 lbs in this case. Simply, 3 cm × 0.9
cm × 100 μm of Buckypaper was bonded to one side of 6061-T6 Aluminum beam (dimension: 1.25
mm ×0.9 cm in thickness × varying length) using 3M CA100 liquid instant adhesive. DYAD bought
from Soundcoat, Inc., was cut to the same dimension as the Buckypaper and was glued with one
layer of the liquid adhesive onto the attached Buckypaper. After that, the prepared PANI/MWCNT
or another layer of Buckypaper was bonded upon the DYAD. Three very thin layers of nonconductive
3M CA100 liquid instant adhesive were used to cover these samples to separate the samples from
the environment. After drying for 24 h at room temperature, the single side attached of
Buckypaper/DYAD/
(PANI/MWCNT)
nanocomposites
and
Buckypaper/DYAD/Buckypaper
nanocomposites films were built (see Fig. 23 below). 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. 23 defined the locations where the beam was clamped.
The side of the Al base beam without the attachment of samples were either cut or clamped 1 cm at
a time until the clamp was next to the sample. The unclamped side was then made to vibrate and the
damping ratio was determined and the results were compared.
Buckypaper or PANI/MWCNT
DYAD

Cutting

1 cm

Buckypaper

#

12 cm

3 cm

Buckypaper or PANI/MWCNT

Clamping

DYAD

*

Buckypaper

1 cm

3 cm

12 cm

1 cm

Figure 23. Schematic images of single sided 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 the directions and lengths for both beam removal and clamping.
Double sides’ attachment mode of Buckypaper/DYAD/ (PANI/MWCNT) and
Buckypaper/DYAD/Buckypaper nanocomposites films
All the dimensions of sample and aluminum base beams, the clamped locations and the
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directions and lengths for both cutting and clamping are kept the same as the second single side
attachment mode described above. The only change that was made was that the aluminum base was
covered on both sides by the sample (See Fig. 24). Also, the free vibration test of double sides’
attachment of Buckypaper/DYAD alone was studied as the control group for both Buckypaper/DYAD/
(PANI/MWCNT) and Buckypaper/DYAD/Buckypaper nanocomposites films systems.

Buckypaper or PANI/MWCNT

Cutting

DYAD

#

1 cm

Buckypaper

12 cm
3 cm
Buckypaper or PANI/MWCNT

Clamping

DYAD

*

Buckypaper

1 cm

3 cm

12 cm

1 cm

Figure 24. Schematic images of double sided 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 the directions and lengths for both beam removal and clamping.
Damping Test Methodology
The cantilever beams of Figs. 23 and 24 were given small initial displacement and then released
for free vibration. Free end displacements were measured by a laser vibrometer and a two channels
digital oscilloscope was used 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 from the sample. The higher the damping ratio, the better the sample
acts as a damper.
Results and Discussion
Damping ratios of single side’s attachment of Buckypaper/DYAD, Buckypaper/DYAD/
(PANI/MWCNT) and Buckypaper/DYAD/Buckypaper nanocomposites films
The composite system is built in this manner for a reason. The first layer of Buckypaper has
been found to be a very good and sensitive strain sensor and should be placed closest to the beam.
The second layer of DYAD has been shown to be a very good viscoelastic material for damping
purposes but its main feature is energy removal through shear. The DYAD cannot function without
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a constraining layer. Here we add either another layer of PANI/MWCNT or Buckypaper. Both have
better characteristics than the constraining layer used in Levy and Chen [12, 14] being stronger and
cheaper to manufacture (PANI/MWCNT) or stronger and lighter (Buckypaper) in the other case.
Also in the PANI/MWCNT case, it can contribute to damping compared to just Buckypaper.
0.080

Clamped on the sample side

0.072

Buckypaper/DYAD/(PANI/MWCNT)

0.064

Buckypaper/DYAD/Buckypaper
Buckypaper/DYAD

0.056

ζ

0.048
0.040
0.032
0.024
0.016
0.008
0.000
0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1.0

Beam coverage
Figure 25. Damping ratios comparison of both sides attached Buckypaper/DYAD/ (PANI/MWCNT),
Buckypaper/DYAD and Buckypaper/DYAD/Buckypaper when clamped on the sample side, #.

0.028

Clamped on the free end side
0.024

ζ

0.020

Buckypaper/DYAD/(PANI/MWCNT)

0.016

Buckypaper/DYAD/Buckypaper
Buckypaper/DYAD

0.012
0.008
0.004
0.000
0.15

0.20

0.25

0.30 0.35 0.40 0.45 0.50 0.55 0.60

Beam coverage
Figure 26. Damping ratios comparison of both sides attached Buckypaper/DYAD/ (PANI/MWCNT),
Buckypaper/DYAD and Buckypaper/DYAD/Buckypaper when clamped on the free end side, *.
Herein, both Figs. 25 and 26 bore out these trends. Compared with Buckypaper/DYAD alone,
the damping ratios are higher in either case, i.e., with Buckypaper or PANI/MWCNT upon it as a
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constrained layer for both clamped on the sample side and clamped on the free end side.
Furthermore, Buckypaper/DYAD/ (PANI/MWCNT) system has higher damping ratios than that of the
Buckypaper/DYAD/Buckpaper composite. One of the reasons is PANI/MWCNT weighs more than
Buckypaper. However, as PANI is one of the cheapest polymers and PANI/MWCNT is very easy to
synthesize. Also, PANI/MWCNT has some unique properties, such as thermal-electric properties. So,
it’s meaningful for PANI/MWCNT to be a constrained layer.
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Figure 27. Damping ratios of double sides attached Buckypaper/DYAD/buckypaper clamped on the
free end side, *, and the sample side, #.
Clamped on the sample side
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Figure 28. Damping ratios of double sides attached Buckypaper/DYAD/(PANI/MWCNT) clamped on
the free end side, *, and the sample side, #.
Figures 27 and 28 provide comparisons of the damping ratio for the two combinations being
evaluated. As can be seen the double side attachment of Buckypaper/DYAD/(PANI/MWCNT)
provides better damping by close to 60% when clamped on the sample side irrespective of coverage.
One the free end side, the increase in damping depends on the amount of coverage, reaching about
50% at half beam coverage. The trends follow those seen in Levy and Chen [6, 7].
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0.135

When clamped on the sample side

0.120

η

Single side attachment
—●— Double sides attachment
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0.64
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Beam coverage
Figure 29. Comparison between single side and double sided attachment of the Buckypaper/DYAD/
(PANI/MWCNT) sample when clamping on the sample side, #.

Figure 30. Comparison of single side and double sided attachment of both
Buckypaper/DYAD/Buckypaper and Buckypaper/DYAD/ (PANI/MWCNT) sample for both clamping
conditions
Figures 29 and 30 provide a comparison of the loss factor of the Buckypaper/DYAD/
(PANI/MWCNT) for single side and double side attachment as a function of beam coverage. Loss
factor is twice the damping ratio for damping ratios less than 0.3 [5]. In Fig. 29 we note that for this
system the double sided coverage provides increased damping by 50% at a 40% beam coverage when
clamped on the sample side than the single side. In Fig. 30 single side versus double side
attachment are compared for the two composite systems. We note that the PANI/MWCNT
“constraining layer” does a much better job in either single or double side attachment.
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Figure 31. Comparison between single side and double sided attachment of the Buckypaper/DYAD/
(PANI/MWCNT) sample when clamping on the free end side, *.
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Figure 32. Comparison between single side and double sided attachment of the Buckypaper/DYAD/
Buckypaper sample when clamping on the free end side, *.
Finally in Figs. 31 and 32 we present the loss factors for both systems when clamped on the free
end side. We not that the loss factors are much smaller than when clamped on the sample side.
Yet the loss factor increases with increasing coverage. We do note that at low beam coverage, the
Buckypaper “constraining layer” provides equal (double sided) or better (single sided) loss factor
than the PANI/MWCNT “constraining layer” composite. This is due to the PANI/MWCNT being
heavier and acting more like an end mass than the Buckypaper composite.
Conclusions regarding these two Buckypaper/DYAD/ constraining layer systems
These two systems were considered to take advantage of some inherent strengths: either less
expensive production or stronger constraining layer than the previous steel constraining layer used in
[6, 7].
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•
•
•
•

In comparison to the steel constraining layer, both the PANI/MWCNT and the Buckypaper are
less heavy.
The PANI/MWCNT constraining layer system produced higher loss factors than the Buckypaper
constraining system or a system with no constraining layer (no third layer).
There was a clear coverage length at which the loss factor was a maximum and for the systems
tested the maxima occurred at around the 30-40% beam coverage length.
Loss factors for the sample side clamping was much better than the free end clamping system.

Conclusions Based Upon Results Obtained to Date
In reviewing the results obtained to date regarding damping and placement of the damping strain
sensor-damping patch we find that:
• Damping in increased by placing the sensor patch at the fixed end of the cantilever beam. This
has not changed with respect to existing results. However, when a sensor patch is place on one
side of the beam only, a larger sized patch is required to obtain any sizable damping effect.
• Damping increases as the sensor patch length covers more of the beam and there appears to be
an optimum length of the sensor patch that produces the best damping.
• Damping increases as the sensor patch covers more of the width of the beam.
• Adding too much PANI to the sensor patch destroys the linear sensing capability of the sensor
patch. Those the load strain diagram appears to be nonlinear, we have found that in the 3
distinct regions found the stress-strain behavior remains linear with virtually the same slope
within the accuracy of our instruments.
• Creating a composite produces better damping capabilities for the sensor patch than just
MWCNT buckypaper sensor patches.
• Because of the character of the MWCNT, we see the same repeatability behavior in the
composite PANI/11% MWCNT
• Other sensor composite systems have been revisited as they show promise of higher damping,
but that may be tempered by their nonlinear behavior as sensors or by weight factors which can
affect the operation of the system.
Part II Continuing Work
Though the grant has come to an end, there are several items that were not completed that we plan
to finish and to report to the agency, if allowed, once those items are completed.
Temperature impact study
Some references [3, 6, 7, 15] stated that the temperature will affect specimen strain sensor
performance and that was one of the reasons the sensor is covered by the layers of adhesive to
isolate it from the environment. Therefore, the next step is to study the temperature change on the
sample. The temperature range will be chosen 0 0C to 100 0C, to simulate conditions from freezing to
close to boiling temperature. We have not been able to come up with a viable idea of how to test
this in some repeatable fashion. We have created an apparatus that can test the beam and sensor
together but as of now the temperature can be lowered to approximately 18 0C but is not easily
repeatable. We plan to revisit this aspect.
Damping property and strain sensor properties of the PU/ZnO/MWCNT films, PU/ZnO films
We have already gotten some damping tests results for the composite PU-ZnO-MWCNT. Next step
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will be that more tests will be done to get more results of those composites.
Evaluation of the control problem with the Sensor
The control of the beam needs to be evaluated using the sensor to see if it achieves one of the goals
of the project. This will require addition of Shape Memory Alloy (SMA) and using heaters as we
have done in the past. Here we provide the gist of what we are planning to do as a continuation of
the work
Sandwich Structure Modeling
For the purposes of discussion, an Euler-Bernoulli cantilever beam fully covered with MWCNT
composite as strain sensor and free layer damping treatment on its top and SMA layer as actuator on
its bottom will be adopted to illustrate the new configuration, as shown in the figure below. The
multifunctional MWCNT layer here is the PANI/MWCNT sensor. The mathematical model of the
system is developed based on the following assumptions of a single layer:
1.
2.
3.
4.
5.
6.

the beam deflection is small and the beam has uniform across section;
the beam is isotropic and homogenous;
the bonding layers are perfect, there is no slip, no overlap and no gap across the interface;
the temperature effect will be considered using experimental data;
the rotatory inertia in all layers are considered negligible and neglected; and,
the longitudinal effect and the axial force effect are neglected.

Figure 33: Cantilever beam with MWCNT multifunctional treatment
Similar to the analysis in [15, 16], the non-dimensional governing equation of the multifunctional
treated cantilever beam can be found as:
[2 E1 H1 H 2 + E1 H1 + H 2 ]
H 2 [ H1 + H 2 ]
1
1
×
{ H 2 3 + E1 H13 − 2
+
12
12
4
2[ E1 H1 + H 2 + E3 H 3 + E4 H 4 ]
2

[H2 (

=−

2

H + 2H2 + H3
H + 2H2 + 2H3 + H4
H1 + H2
) + E3H3( 1
) + E4H4 ( 1
)] ∂4w ∂2w
2
2
2
} 4+ 2
∂x ∂t

(2E1H1H2 + E1H12 + H22 )H3
σ r [δ ′( x ) − δ ′( x −1)]
2[ E1H1 + H2 + E3 H3 + E4 H4 ]

(6)

Where:
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=
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Boundary conditions are:
∂w
=0
∂x

(8)

∂2w
∂3 w
=0 ,
=0
2
∂x
∂x 3

(9)

x = 0 : w=0,
x = 1:

in all the foregoing equations, w is the non-dimensional transverse displacement, Ei is the
Young’s modulus of the i th layer, Es* is the Young’s modulus of the SMA material, and σ r* is the
recovery stress of the SMA material.
By changing the SMA layer temperature, the elastic modulus of the SMA layer will change, which
means the coefficient of the differential equation (7) will change correspondingly and this will result
in the alteration of the system natural frequency. At the same time, the temperature change will
introduce an SMA recovery stress, which is the term on the right side of Equation (7), and, is actually
the control input.
Frequency Factor and Loss Factor
When one considers the Bernoulli-Euler model one can obtain a variable-separable solution.
That is:

w = w1e jΩ*t e λ x
where λ

(10)

and Ω* are unknown characteristic values and complex natural frequencies,

respectively. The complex natural frequency Ω* , the associated real frequency ωn , and the
composite system loss factor, η sys are related by [15]:

Ω n2 = ωn2 (1 + jη sys )

ωn = real (Ω*n )
η sys =

Im(Ω*2 )
Re(Ω*2 )

(11)
(12)

(13)
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Figure 34 shows results that were obtained previously for the system loss factor as a function of
just the Buckypaper multifunctional damping layer thickness and its Young’s modulus. These results
were consistent with previous analyses of similar system [17, 18]. We expect to get results similar
to these when we complete the numerical simulation based upon our different sensor material
parameters. When thickness ratio h1/h2 (sample/base beam) is larger than 2, system loss factor starts
to decrease and gradually approaches a constant with increase of the free layer damping layer
thickness. This is because the high Young’s modulus damping material not only provides damping
effect, but also increases the system stiffness at the same time, which in turn usually reduces the
damping effect. This analysis indicates that there exists a maximum for application of hard damping
materials to achieve the best damping effect. However, since our Young’s modulus ratio is greater
than one there appears to be a contradicting effect that the system loss factor continues to increase.
This will also be investigated.

Fig. 34: System loss factor vs. damping layer property (

ηmaterial =0.8)

Modal Solution of Governing Equation
For active control of the cantilever beam vibration, we need to solve the governing equation with
external input such as the recovery stress of SMA, and the system properties change due to the
temperature effect. Again, the governing equation for an Euler-Bernoulli beam transverse vibration
can be solved by separation of variables. For cantilever boundary conditions, assume the variable
separable solution as:
∞

w( x , t ) = ∑ Φ i ( x )Ti ( t )

(14)

Φ i ( x ) = [sin( β i x ) − sinh( β i x )] − α i [cos( β i x ) − cosh( β i x )]

(15)

i =1

α i and βi are determined by:
cos( β i ) *cosh( βi ) = −1

(16)
39 | P a g e

αi =

sin β i + sinh β i
cos β i + cosh β i

(17)

By substituting Equations (14) and (15) into the governing Equation (6), applying the orthogonal
property and integrating over the beam length, we then have the unknown Ti(t) as function of the
external control input:

T&&i ( t ) + Ai ( t )Ti ( t ) = Bi u ( t )

(18)

Where:
H 2 (H + H2 )
(2E1H1H2 + E1H12 + H22 )
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1
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×
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2

Bi = −

[Φ′i ( x = 1) − Φ i ( x = 1)]
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2[ E1 H1 + H 2 + E3 H 3 + E4 H 4 ]
1

Λ i = ∫ Φ i2 ( x )dx

(19)
(20)

(21)

(22)

0

These equations will be evaluated using the different sensor material properties in our investigation
of the control of the sensor and SMA actuator system. Also, depending on the ease of solutions
and results, we will also endeavor to evaluate what we find for the Timoshenko beam, model as well.
We have the materials and also expect to begin the testing by the end of this month. We expect
to obtain good results in the near future.
Thank you
We would like to thank the ARO for giving us the opportunity to carry out this research. Your
funding support was very much appreciated and has helped several students achieve their
educational goals. Without your help it would have been much harder.
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•
•
•
•

Ayobami Bamgbade, PhD student. Supported Fall 2014, Spring 2015. 3rd
year PhD
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•

•
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Hadi Fekrmandi, PhD student, worked on the laser vibrometer tests and the code to convert
the data to usable information. Grad GPA: 3.86
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Tosunoglu, “Laser Eye Surgery Robot,” Proceedings of the 28th Florida Conference on Recent
Advances in Robotics, FCRAR 2015, Melbourne, Florida, May 14-15, 2015.
-Danilo Delgado, Michael Fisher, Lucia Melara, Melissa Morris, Sabri Tosunoglu, “SWAT Bot and its
Future Use as a Strategic Response Robot,” Proceedings of the 28th Florida Conference on Recent
Advances in Robotics, FCRAR 2015, Melbourne, Florida, May 14-15, 2015.
-Alexis Garo, Lucia Melara, Robert Scott, Melissa Morris, Sabri Tosunoglu, “Natural Gait Inducing
Transtibial Prosthetic,” Proceedings of the 28th Florida Conference on Recent Advances in Robotics,
FCRAR 2015, Melbourne, Florida, May 14-15, 2015.
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-Fekrmandi, Hadi, et al. "Inspection of the Integrity of a Multi-Bolt Robotic Arm Using a Scanning
Laser Vibrometer and Implementing the Surface Response to Excitation Method (SuRE)."
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International University, Miami, Florida.
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Transducers 2015; 187(4):129-137.
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Part IV.

Equipment bought on the grant in Years 1-4.

Polytec VibraScan PSV-400-B laser Doppler vibrometer system. The system measures vibration
amplitudes up to +/- 10 m/s and acquires data up to 40kHz over two channels. It can scan a grid
of 256X256 point density and optional software extension to 512 x 512 for surface vibration
measurements.
LeCroy ArbStudio 1102/2ch 16bit 1GS/s Arbitrary Waveform Generator.
Spectrum analyzer made up of the following:
• 1 VIBPOINT-DT9837A USB VIBpoint Precision Measurement System For Sound and Vibration
Analysis
• 1 DT9832A-02-2-BNC Simultaneous USB Data Acquisition (DAQ) Module; 16-bit, 2.0MHz per
channel, 2 AI, 2 AO, 32 DIO, 2 C/T, 3 Q/D, BNC connectors
• Software and security key to run the analyzer
• New VTS 65 vibration shaker apparatus had to be bought as our current VTS50 failed during
one of the tests related to the project
United Data Technologies Laptop computer to run the spectrum analyzer software
Gamry Instruments Potentiostat and HP Compac 8300 computer system with ancillary equipment for
measurement of certain material properties.
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Chemicals, glass equipment, homogenizer, hydrothermal chemical reactors all required to produce
the MWCNT/PU/ZnO composite sensor layer for testing as part of the proposal. We also bought
protective gloves, lab coat as part of protective equipment for graduate student working in the lab.
All vibrometer and related equipment are being used to support courses such as System Dynamics,
System Indentification and Machine Intelligence, Introduction to Mechatronics, Advanced Vibrational
Analysis.

Same beam with strain gage showing and with sensor showing, both in loading mode

Wheatstone Bridge setup for load sensing
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Beam and Sensor in dynamic testing mode.

Beam and sensor being interrogated by the
laser vibrometer.

SpectralPLUS DT output from dynamic tests.
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