





Figure 269: Periodic Chirp Excitation Signal (X10 - amplifier)

This type of signal allows long time samples such as are necessary for zoom FFT

or other signal analysis methods.

Figure 270: Laser Vibrometer Setup
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After doing all the alignments and set-up for the laser vibrometer (Figure 270),
we are able to take the measurements (displacements out-of-plane) for all six sides of
the nut and look for the resonance frequencies. The nut is then excited using the PWAS

bound on one side as presented in Figure 271.

PWAS

Figure 271: PWAS Location

We look at the vibrometer results for one side of the nut for the first resonance
frequency which is at 69 kHz. We apply the same technique for all remaining sides of the
nut and we notice that the resonance frequencies tend to appear at the same ranges as
for the first side which is what we want as shown in Figure 272, Figure 273, Figure 274,
Figure 275, Figure 276 and Figure 277. For reference, we observe the following

frequencies 69, 167, 184 and 237 kHz.
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Figure 273: Vibrometer Results — side 2 — 68 kHz
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Figure 275: Vibrometer Results — side 4 — 68 kHz
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Figure 277: Vibrometer Results — side 6 — 68 kHz
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Next, we compare the resonance Table 11 frequencies predicted by FEM, the
impedance analyzer and vibrometer to see whether all these three methods agree or
there are any differences. This is a screening step before we test the real FBG ring
sensor. Our goal is to have a sensor that can reach the first resonance frequency at the

desired range. Since all methods agree, we met our goal and the concept is working

properly.
FEM Impedance Laser vib. measurement
75 kHz 70 kHz 69 kHz (side #1)
75 kHz 70 kHz 68 kHz (side #2)
75 kHz 70 kHz 68 kHz (side #3)
75 kHz 70 kHz 68 kHz (side #4)
75 kHz 70 kHz 69 kHz (side #5)
75 kHz 70 kHz 68 kHz (side #6)

Table 11: Comparison of FEM, impedance, laser vibrometer measurement of nut resonances
13.2.4 SECOND CONCEPT CONCLUSIONS

As per results obtained above, we can see that we have a 25% difference
between the analytical and the FEM results, which is important to remember for future

estimation.

We also notice the improvement of this design (ring shape) compared to the first
design (D-shape). Knowing that the analytical results come with an approximation, we
will use the FEM results as a benchmark until we will have experimental results.

We obtain this frequency 304 kHz using two different materials:

e Stainless steel (E = 200 GPa and p = 7750 Kg/m3) with dimensions: ID=

0.0016 m; OD =0.0048 m; H =0.0032 m.
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e CFRP(E =133 GPaand p =1600 Kg/m3 with dimensions: ID =0.0029 m; OD

=0.0087 m; H =0.0058 m.

It is very important to mention here that for CFRP, we will wrap the fibers
around the cylinder; hence this provides the stiffness properties in the direction we
want. By using this ring approach, we conclude that we are able to reach 300 kHz and
have an axial vibration into the FBG fiber.

After we performed the experiments with the stainless steel nut, using the EMIS
method and the laser vibrometer, we conclude that the nut can reach the first
resonance frequency in the form of axial displacement (2D plane). Those experiments
emphasize the concept via the ring sensor. The sensitivity of the ring can be observed in
tests where we have the stainless steel nut both with and without thread. By machining
the thread, we can see a decrease in the first resonance frequency. This leads us to the
idea that a very small ring can reach the first resonance frequency at a very high level.

Taking these into consideration, we conclude that this design can reach our goal

of reaching the first resonance frequency at 300 kHz (axial displacement).

13.3 THIRD CONCEPT: REFINED FBG RING SENSOR

13.3.1 IMPROVEMENTS OF THE FBG RING SENSOR DESIGN
Given all of the above about our concept, it’s time to finalize the concept for our
FBG ring sensor. There are a three more concerns to address to ensure correct
functionality of our concept.
e First, we need to consider that, by solely looking at the ring sensor, it’s quite
difficult to predict that the in-plane displacement will be always in the
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appropriate direction to stretch the fiber. Therefore, we should do something

about this. One solution found to address this concern was to use an elliptical

center instead of the round one; this, we force the in-plane displacement in one
preferred direction all the time.

e Second issue at hand is the mounting of the ring sensor on the structure; the
exterior is a circular cylinder and the contact to a flat surface is just a line, i.e., it
cannot be mounted on the structure. In order to address this, we came up with
the idea of machining flatness on the top and bottom of ring in locations
corresponding to the longer sides of the interior ellipse. This helps both with the
mounting and to forcing the displacement to be on the same direction all the
time.

e Third concern is that, the fiber needs to be mounted in the direction of the
longer part of the ellipse in such a way so that the in-plane displacements will
stretch the fiber and enable us to measure the resonance frequency. In order to
make this possible, we drill a hole from one side to the other and bind the fiber
inside it with adhesive.

This design seems to be feasible from the concept standpoint, so we test the
concept in ANSYS WB. Practically, by using this concept and changing the dimensions,
we can design a FBG ring sensor for any desired frequency.

As a next step, we choose 3 frequencies for testing and proving our design: 100,

200 and 300 kHz. We choose 304 Stainless Steel as the material for all rings; the
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dimensions are shown in Table 12. The final concept with these enhancements is shown
in Figure 278 Figure 279 and Figure 280

The ANSYS WB results shown in Figure 278 Figure 279 and Figure 280 confirm
that the predicted resonance is an in-plane mode and matches the desired frequency.
By placing the FBG fiber inside the ring (in the direction of the ring deflection), we will
be able to have axial displacements on the fiber. This ring will reach the natural
frequencies predicted by the FEM analysis (100, 200, 300 kHz), exciting axially the FBG

fiber as per the project request.

Resonance oD rl r2 Depth
Frequency
100 kHz 8.00 mm 2.50 mm 1.75 mm 6.00 mm
200 kHz 6.00 mm 1.45 mm 0.95 mm 5.00 mm
300 kHz 4.35 mm 1.00 mm 0.60 mm 4.00 mm

Table 12: Dimension for Rings
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13.3.2 MANUFACTURING OF FBG RING SENSOR PROTOTYPES

As a next step we found a vendor that could manufacture this ring using the
above mentioned specifications. A hole had to be also drilled along the diameter of the

ring from one side to the other and the FBG sensor was bound to it as per Figure 281.

/—\ FBG optical strain sensing

Having the final design shape for the FBG ring sensor, we machine two

Figure 281: FBG Ring Sensor

prototypes: one for 100 kHz and the other one for 300 kHz.
13.3.2.1 MANUFACTURING OF THE 100 kHz PROTOTYPE
The 100 kHz FBG ring sensor had manageable dimensions, and thus we were
able to manufacture in the USC machine shop. We took a pipe, bent it to match the
elliptical shape size and we cut it to match the necessary height. Then, we milled the flat
sides. The final product seems to be approximately in our dimensions range and can be

seen in Figure 282.

L
METRIC
2

Figure 282: 100 kHz FBG ring sensor
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13.3.2.2 MANUFACTURING OF THE 300 KHz PROTOTYPE

The 300 kHz FBG ring sensor prototype could not be machined at USC due to the
very small dimensions, so we sent it out to a vendor (Alpha Manufacturing CO INC, 100
Old Barnwell RD West Columbia SC 29171) which made the prototype for us using the
EDM technology.

The manufacturing process seems to be very challenging due to the tiny size and
very high tolerance. The most difficult step in this process of machining the rings is the
hole and the alighnment of the flat faces with the ellipse major axis. We can see in Figure

283 the 300 kHz FBG ring sensor prototype.

Figure 283: 300 kHz FBG ring sensor (various views)

13.3.3 TESTING OF THE FBG RING SENSOR PROTOTYPES

The FBG ring sensor prototypes were tested to determine their resonance
frequencies and their response to vibration excitation in the high kHz range as described

next.
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13.3.3.1 TESTING OF THE 100 KHz PROTOTYPE
13.3.3.1.1 EMIS TESTING
The next step is to see if the first resonant frequency of the structure is around
100 kHz. In order to do this, we bound a PWAS on the flat service in order to excite the

ring (Figure 284) and applied the EMIS method.

Figure 284: 100 kHz ring sensor with PWAS attached to the top and wired

The setup configuration and the result for 100 kHz FBG ring sensor is shown in
Figure 285 and Figure 286, respectively. It is apparent from Figure 286 that the first

resonance occurs at 114 kHz, while higher resonances appear beyond 250 kHz.

Figure 285: 100 kHz FBG ring sensor experiment setup
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Figure 286: Resonance frequency for 100 kHz FBG ring sensor
13.3.3.1.2 FREQUENCY RESPONSE TESTING

300

In order to better understand and study the sensitivity of the FBG ring sensor for
our desired resonance frequency, we apply the frequency response method and we look

for the natural resonance frequencies. In order to do this, we bound an additional PWAS

on the other side of the ring as shown in Figure 287.

Figure 287: FBG ring sensor with 2 PWAS

Now, we have two PWAS, where one excites the specimen and the other
measures its vibration response. This process takes place in the time domain. We use a
function generator HP 33120A and apply a chirp signal excitation in the 0-250 kHz range

for one second. We measured the response with a digital oscilloscope Tektronix
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TDS5034B After each cycle, we notice a phase shift in the new starting position. Our HP
33120A does not have the “hold function”. We notice this issue due to the fact that
after we apply fast Fourier transform (FFT), we find a different resonance frequency for
the ring than expected when computed with the impedance method. A FFT is an
algorithm used to calculate the discrete Fourier transform (DFT) and its inverse. The DFT
is obtained by breaking down a sequence of values into components of different
frequencies.

In order to have the same starting position all the time for our chirp signal, we
connect the front “output” port to the “modulation in” socket in the back of the HP
33120A with a cable so that we can synchronize and eliminate the phase shift.

A chirp signal is a sinusoid with a frequency that changes continuously over a

certain band (Q:wlngwZ)and a certain time period (OStSM). We use the
following signal:
t2
u(t) = Acostat )+ @, -,
2M (13.5)
Where:
w=2rf

A is the amplitude, tis time and @ is the angular frequency,
The instantaneous frequency in this signal is obtained by differentiating the argument

with respect to time t.

t
o =0, +—(0,—o,)
M (13.6)
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The instantaneous frequency rises from the lower bound of the frequency band
to the higher. When applying the signal to a system, it provides good control over the
excited frequency band and is thus often used for system identification.

The results obtained in the time domain Figure 288 from the receiver PWAS are
then saved and converted into FFT using Matlab (Figure 289). Figure 288 indicates that
during the chirp excitation experiment a strong resonance occur around ~456 ms, which
corresponds to ~114 kHz.

This is identical to the resonance frequency obtained using the HP impedance
analyzer. We can conclude that the “pitch-catch” method is a very good approach even
for this type of applications and the FFT conversion from time domain to frequency

domain works as predicted with high accuracy.

354



250 kHz

114 kHz

R s

L.

D -
(a) 1000 ms

Time domain signal

Amplitude (V)

Time (microsecond) 5

Figure 288: Time domain testing:
(a) linear chirp characteristics between 0 to 250 kHz over a 1-sec duration;
(b) time domain signal showing a resonance at ~456 ms corresponding to ~ 114 kHz
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Figure 289: Frequency domain signal for 100 kHz prototype

13.3.3.2 TEeSTING OF THE 300 KHZ PROTOTYPE
13.3.3.2.1 EMIS TESTING
Following the same procedure described for 100 kHz ring sensor, we bound a
PWAS on the flat surface of the 300 kHz (Figure 290).The setup configuration and the

result for 300 kHz FBG ring sensor is shown in Figure 291 and Figure 292.

Figure 290: 300 kHz FBG ring sensor - setup configuration
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Figure 291: 300 kHz FBG ring sensor - setup configuration

For the FBG ring sensor (300 kHz theoretical resonance frequency), the

experimental result in Figure 292 shows that the resonance frequency is at 277 kHz in

the ReZ spectrum.
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fundamental
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Frequency (KHz)

Figure 292: Resonance frequency at 300 kHz FBG ring sensor

400

13.3.3.2.2 FREQUENCY RESPONSE TESTING

Following the same procedure described for 100 kHz ring sensor, we obtain the

results in time domain and convert them into FFT using Matlab for the 300 kHz ring

sensor.
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Figure 293: Time domain testing:
(a) linear chirp characteristics between 0 to 400 kHz over a 1-sec duration;
(b) time domain signal showing a resonance at ~657 ms corresponding to ~ 270 kHz
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13.3.4 FINAL DESIGN CONCLUSIONS
From the experimental results, we can see that we have a very good agreement
with the predicted resonance frequencies. The first resonance frequency for both rings
falls in the predicted area. In this case, the first resonance frequency is an axial one,
which has the aim to stretch the fiber in order to get measurements with the FBG. In
sum, our experiments proved that the concept is working and we can build such a ring

sensor that can reach the first resonance frequency at any desired frequency.
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14. CONCLUSION AND SUGGESTIONS FOR FUTURE WORK

14.1 CONCLUSIONS

The purpose of this dissertation has been to investigate the possibility of using
small, permanently attached, low-cost piezoelectric wafer active sensors (PWAS) for
structural health monitoring (SHM) of composite materials and detection of
delamination. We direct our research towards the electromechanical impedance
method for delamination detection.

The electromechanical impedance (EMI) method was studied comprehensively
with analytical and finite element method; we compared the theoretical predictions
results with experiments on geometrically controllable specimens.

The necessity for an analytical model to predict the behavior of composite
materials guided us towards developing a new analytical model, which should reach
higher frequencies, more stability and can precisely predict the vibration response
under PWAS excitation.

Giurgiutiu (2008) implements the high-frequency vibration modal analysis
method using PWAS transducers for calculating the electromechanical impedance. This
constitutes the starting point in developing a new method to calculate resonance

frequencies.
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New consideration was given to the transfer matrix method (TMM) introduced
by Pestel and Leckie (1963) for studying the vibration of mechanical systems. Giurgiutiu
and Stafford (1977) used the TMM of Pestel and Leckie (1967) to calculate the vibration
of helicopter blades modeled as rotating Timoshenko beams. Bois, Herzog, and Hochard
(2004, 2007) used the theory of piezoelectric laminates to extend TMM to composite
beams. They focus on building a monitoring system that can predict the damage in a
guasi-isotropic laminate. Cuc (2010) used TMM to develop the analytical model for a
uniform beam using the Euller-Bernoulli beam theory (shear deformation and rotary
inertia were not considered) and expanded the method to the case of a multi-layer
adhesively bonded beam. Due to the fact that all analytical methods so far are only able
to run at very low frequencies and this aspect is very important for delamination
detection studies, we develop a new method, Stiffness Transfer Matrix Method (STMM),
which resolves some of the deficiencies in TMM (e.g. can run at high frequencies).The
general principle behind the STMM is similar to TMM, in the sense that it breaks up a
complicated structure into several smaller segments which then can be expressed in a
matrix format. However, the mathematical approach is different. Namely, the instability
problem in TMM is solved by introducing the compliance matrix and using a recursive
algorithm to calculate the global stiffness matrix.

In our new method (STMM), the first step is to develop the analytical model for
the simpler case of composite beams. Then, we expand the method to address
delaminations in composite material beams. In the case of delamination, the

mathematical model becomes complex and the beam is divided into branches. The idea
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behind high frequencies is the fact that the part where the delamination is present
behaves totally different from the part where delamination is not present. This latter
aspect was emphasized in detail in this research by using ANSYS WB which gives us the
possibility to visualize this feature. Practically, it seems to exist a “decouple” between
the delamination zone and the pristine zone (one is in axial and the other one is in
flexural resonance). This can be particularly seen at very high frequencies and seems to
be diminished at low frequencies and much more difficult to detect.

Our current research is most closely related to Bois, Herzog, and Hochard (2004,
2007) however their method uses TMM and has some limitations that we are able to
address using s new method: Bois et al. (2004, 2007) only use TMM for composites to
low frequencies (<30 kHz). For these frequencies, the changes in the vibration behavior
due to a small delamination were small and hence difficult to detect. In our tests, we
took the method to 30 kHz, but could not go further up because the method had a
breakdown. This is due to numerical instability in the TMM algorithm; a fact that has
been also reported elsewhere.

In order to validate the analytical results, we use finite element analysis (FEA):
ANSYS Multiphysics (2D) and ANSYS WB (3D). For ANSYS MUIltiphysics, we calculate the
impedance, by applying a voltage to the top and bottom electrodes of the PWAS and
measuring the electrical charge. The electrical charge stored on the surface electrodes
of the PWAS is directly linked with the changes in the mechanical stiffness of the beam.

The electrical charge is then used to calculate the current and he

electromechanical impedance as the ratio between the applied voltage and the current.
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For ANSYS WB, we were able to calculate only the resonance frequencies and the 3D
visual results help us understand the behavior of the delamination.

We conduct experiments for both composite pristine beam specimen with PWAS
transducers attached and damaged specimens and we utilize different materials and
different PWAS locations given the delamination location. For the pristine composite
beam case, we find a very agreement among all the methods. For the delamination, we
find relatively good results among all the methods, even if the location and the size of
the delamination are very hard to control. Overall, the impedance results are very
sensitive to the PWAS location and some discrepancies can show up due to the fact that
composite materials are not uniform (e.g. dimensions).

The last part of this research aimed to develop a novel acousto-ultrasonic sensor
that can detect the ultrasonic waves from acoustic emission events using optical FBG
sensing combined with mechanical resonance amplification principles. The method
consists of a sensor that can detect the ultrasonic out of plane motion with preference
for a certain frequency. We find a very good agreement with the predicted resonance
frequencies. The first resonance frequency for the ring falls in the predicted area. In this
case, the first resonance frequency is an axial one, which has the aim to stretch the fiber
in order to get measurements with the FBG. In sum, our experiments proved that the
concept is working and we built and successfully tested a ring sensor that can reach the
first resonance at any desired frequency. This work was finalized with an invention

disclosure for a novel acousto-ultrasonic FBG ring sensor (Disclosure ID No. 00937).

363



14.2 SUGGESTIONS FOR FUTURE WORK

The research in this dissertation emphasizes the need for more work to
understand and develop an accurate predictive model for damage detection in
composite materials using PWAS transducers. This is essential for the development and
implementation of an embedded SHM system able to detect and assess the magnitude
of various damages that could emerge and reach intolerable levels. The following
directions are recommended for future research:

1. Extend current STMM method with new features to increase the stability for
delamination cases

2. Extend the analytical method to plates and shells using the plate theory

3. Extend the transfer matrix method to wave propagation theory in order to
predict the wave propagation in composite materials.

4. Develop a graphical user interface (GUI) in MATLAB for an easier and friendlier
way of entering analysis parameters.

5. Perform additional experimental tests with an increased number of specimens
and with various features of damages.

6. Further develop suitable damage indices (DI) for better detection competences
using the modal features of the EMI spectrum.

7. Perform additional FEA to compare the results between 2D and 3D and to

understand why there are some differences for composite materials.
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