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Abstract

In this paper the sensitivity of embedded fiber optic sensors to changes in modal characteristics of
plates is discussed. In order to determine the feasibility of embedded fiber Bragg gratings for the detec-
tion of modal shapes and modal frequencies, a comparison of holographically imaged modes and the
detected dynamic strain from embedded fiber optic Bragg gratings is made. Time averaged optical
holography is used for the detection of mechanical defects, or damage, in various aerospace components.
The damage is detected by measuring an alteration in structural dynamics, which is visually apparent
when using time-averaged holography. These shifts in the mode shapes, both in frequency of the reso-
nance and spatial location of vibration nodes, are caused by changes in parameters that affect the
structure’s mechanical impedance, such as stiffness, mass and damping, resulting from cracks or holes.
It is anticipated that embedded fiber optic sensor arrays may also be able to detect component damage
by sensing these changes in modal characteristics. This work is designed to give an initial indication to
the feasibility of damage detection through the monitoring of modal frequencies and mode shapes with
fiber optic sensors.

1. Introduction

Damage or structural defects in an aerospace component can affect the resonant modal characteristics
of that component. These defects have been detected using time-averaged holography1 where they show
up as changes in the mode shape when the component is vibrated at a resonant frequency or as a shift
in the value of the resonant frequency. At the NASA, John H. Glenn Research Center, time-averaged
holography has been used to detect cracks in turbine blades and for the inspection of cold plates for the
International Space Station2, 3. It is anticipated that a matrix of fiber optic sensors may also be able to
detect these slight changes in mode shape. As a first step in understanding the applicability of fiber
optic Bragg gratings (FOBG) for this use, the sensitivity of embedded fiber Bragg gratings to modal
characteristics has been examined. Both the modal frequencies and modal shapes of vibrational resonant
modes have been studied. From the time-averaged holograms it is possible to visually determine if the
known locations of the sensors are in or near vibrational nodes or antinodes. Using this information the
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magnitude of response from the Bragg grating has been correlated to whether the grating is on a node,
antinode or somewhere in between. It is anticipated that given enough sensors, this relative magnitude
of response will be enough information to determine the mode shape.

In this paper, results showing the correlation between holographic mode shapes and fiber sensor
outputs will be presented. Results are given for two plates that have very different mechanical characteris-
tics. The first plate tested is made from a Polymer Matrix Composite (PMC) that is very rigid, light-
weight, and is also highly damping. The second plate examined is a thin copper plate that is not as rigid or
lightweight as the polymer matrix composite but does have lower damping.  These two materials
represent two very different constituents of the spectrum of aerospace materials.

2. Experimental Setup

The sensitivity of the fiber Bragg gratings to changes in resonant mode shapes was determined by
vibrating panels with embedded fiber optic Bragg gratings at resonant frequencies and examining the
return signals from the attached / embedded fiber sensors. As previously mentioned there were two
different plates tested. The first plate tested is made of PMC and has a single fiber Bragg grating sensor
embedded within. The second plate tested is made of copper and has three Bragg gratings glued (with
epoxy) into a grove machined in the panel. Both panels are the same length and width, 102 mm �
152 mm respectively. The PMC plate has a thickness of 2.86 mm and the copper plate has a thickness
of 0.813 mm.

The experimental setup for studying the response of the fiber sensors embedded into the polymer
matrix composite plate is shown schematically in figure 1. In order to isolate the signal processing system
for the sensors from the acoustic system that was used to vibrate the plate, the demodulation system was
located in a separate room about 20 meters away and fibers to connect the system to the sensors
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Figure 1.—Diagram of test configuration for polymer matrix composite plate.
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were run between the rooms. In the Holographic Testing room an existing system2 was used to vibrate
the plate and acquire time averaged holograms of the plate. This system consisted of a commercially
available holocamera and a speaker driven by an audio amplifier. The PMC plate was mounted in a holder
so that all four edges were fixed. This holder is similar to the one used for the copper plate that is shown
in figure 2 except that the copper plate is fixed on only two edges. The laser used to make the holograms
is a diode pumped Nd:YAG laser that is doubled internally to a wavelength of 532 nm. In order to make
holograms of the resonant modes, an oscillator in the computer drives the speaker at one of the resonant
frequencies of the plate. The speaker is placed directly behind the plate and the amplifier output ampli-
tude is increased until the plate begins to resonate. The holographic images are acquired and processed
using the holocamera system. The technique is called time averaged holography because the image is
acquired over 1/60 of a second during which time there are one or more vibration cycles. The holocamera
system produces an image with an intensity pattern at a given point on the surface proportional to

I J K   2    ∝ ( )0
2 π δ• ,

where  I  is the intensity, J0 is the zero order Bessel function,  δ  is the amplitude of vibration displacement
vector expressed in terms of multiples of the wavelength of the laser light (532 nm) and  K  is the sensitiv-
ity vector2. So in this configuration, where the holographic images are taken at normal incidence to the
vibrating plate, each fringe, light and dark pair, represents one wavelength of displacement normal to the
image plane. In this case the fringes can be thought of as contour lines of constant displacement.

Figure 2.—Picture of the experimental setup for holographic imaging. The holographic camera is in the
   foreground and copper plate is shown inside the test fixture located at the top of the picture. The speaker
   used to vibrate the plate is directly behind the copper plate.

Holocamera

Copper plate
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The fiber optic system consists of a 1300 nm super luminescent diode light source, a 1300 nm high
temperature Bragg grating sensor in the PMC plate, a matched reference Bragg grating used for wave-
length demodulation4, a high frequency photodiode and a spectrometer for power spectrum measurement.
There is only a single sensor in the plate used here because it was originally instrumented for measuring
the internal temperatures of the PMC plate during the manufacturing process and was made before this
work began5. The fiber Bragg grating sensor is located in the center of the panel and the fiber runs paral-
lel to the long axis of the panel (the long axis goes from left to right in the holographic images).

Using a matched fiber Bragg grating for wavelength demodulation provides the high degree of stabil-
ity and sensitivity required for this experiment. The system is configured so that the matched grating
reflects a portion of the filtered light back through the splitter to the photodiode. The matched grating is
set to reflect a particular wavelength by straining the grating between a fixed holder and a holder that is
translated using a micrometer. Each day of the experiment the matched grating was set at a wavelength
that produced the highest change in reflected light power for a given shift in the sensor’s wavelength. As
the sensor in the plate is dynamically strained the center wavelength of the reflected light will shift. This
shift in wavelength changes the amount of power that is reflected from the matched grating and measured
with the photodiode. Thus the wavelength shift in the reflected light from the sensor results in a change in
voltage from the photodiode.

The experimental setup for the copper plate is very similar to that of the PMC plate and is shown in
figure 3. For the copper plate three fibers were attached to the plate. The plate was mounted into the fix-
ture with only the two short edges fixed and the configuration of the demodulation system was changed
slightly. The three fibers were glued into a groove in the plate that was machined to a depth of 0.2 mm.
The groove runs parallel to the long axis of the plate and is centered in the short dimension of the plate.
The Bragg gratings in the copper plate will from here on be designated as sensor # (1, 2, or 3). The cen-
ters of sensors 1, 2 and 3 are located a distance of 38 mm, 76 mm and 114 mm respectively from the left
edge of the plate. The demodulation system was changed so that the matched grating acted like a filter
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Figure 3.—Diagram of test configuration for the copper plate.
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and the photodiode received the light that was passed through. This produced the same result as the con-
figuration for the PMC sensor but did decrease the complexity of the system because one less splitter was
required. In testing the copper plate, each sensor was monitored individually so that a single light source
and single demodulation system could be used for all three sensors. This kept the noise introduced from
the light source and the sensitivity of the demodulation system equivalent for each sensor. Changing the
sensor that was monitored was accomplished by disconnecting one sensor from the demodulation system
and connecting another.

3. Experimental Results and Analysis

The objective of this experiment was to determine the capability of FOBG sensors to detect resonant
mode characteristics. The two characteristics that FOBGs have been found to detect, through correlation
with time-averaged holograms, are the resonant frequency for a particular mode and the relative strain
at different locations within the mode shape. The experimental analysis supporting these conclusions is
presented further here.

The initial tests performed with the PMC plate were to demonstrate the range of resonant frequencies
that can be detected using the fiber optic sensor and the ability of the sensor to determine the modal fre-
quency. The signal from the sensor had a very high signal to noise ratio at all modal frequencies tested,
up to about 4 KHz. This upper value is not a limit, but is the maximum frequency at which we chose to
vibrate the plate. Figure 4(a) is a hologram of the resonant mode at 706 Hz. From the holographic image
the amount of displacement at a given antinode can be determined by counting the number of fringes
from the node to the peak of the antinode and than multiplying that number by the wavelength of the laser
light (532 nm). For this particular mode the displacement at the center of the antinode is 5.8 microns and
the signal from the fiber sensor measured 64 pV2 rms on the spectrometer. This signal level is well above
the noise floor of approximately 10 pV2 rms. In contrast however the resonant mode at a frequency of
3.062 KHz, shown in figure 4(b), has a much lower displacement at the center, 1.8 microns, but produces
a stronger signal from the FOBG, 96 pV2 rms. This implies that the sensor may be more sensitive to mode
shapes at higher frequencies because the fiber optic sensor appears to be sensitive to the spatial frequency
of the nodes and antinodes, which is higher at higher acoustic frequencies. As the distance between the
nodes and antinodes decreases, as will happen for modes that have higher resonant frequency, the radius

Figure 4.—(a) Holographic image of the 706 Hz resonant mode of the PMC plate. (b) Holographic image of the
   3.062 KHz resonant mode of the PMC plate. (c) Graph comparing the response of the embedded fiber sensor
   for two resonant frequencies.  
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Figure 5.—(a) Fringe displacement as a function of frequency for the first resonant mode of the PMC plate.
   (b) Sensor response of embedded sensor as a function of frequency for the first resonant mode of the PMC
   plate. (c) Fringe displacement as a function of frequency for the first resonant mode of the copper plate.
   (d) Response of sensor 2 as a function of frequency for the first resonant mode of the copper plate. (e) Fringe
   displacement as a function of frequency for the third resonant mode of the copper plate. (f) Response of
   sensor 3 as a function of frequency for the third resonant mode of the copper plate.
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of curvature for the plate at the antinodes will decrease causing the strain to increase for a given displace-
ment. This fact adds to the feasibility of using the FOBG sensors at higher frequencies.

The results from the PMC plate showed that the fiber sensor can be used to properly identify the
resonant frequency. Here the resonant frequency for a mode is defined as the frequency that produces the
greatest displacement at the center of the antinodes given a constant forcing function. The identification
of the resonant frequency using fiber sensors is illustrated by comparing the number of fringes in the
hologram to the dynamic signal from the FOBG sensor for several frequencies at or near resonance. The
number of fringes in the hologram as a function of the vibrating frequency is graphed in figure 5(a). At
the same time the response of the sensor was measured at these frequencies and a plot of these values is
shown in figure 5(b). These two graphs both show that the resonant frequency is 706 Hz. This test was
also done with two resonant modes (modes 1 and 3) of the copper plate. In both of these cases the reso-
nant frequency, as determined by the fiber optic sensor and through holography, matched exactly. The
data concerning these two modes are shown in figure 5(c-f).

The sensitivity of the fiber optic sensors to detecting the relative dynamic strain in different locations
for a particular mode was investigated using the copper plate because of its multiple sensors. For the
first resonant mode the hologram is shown in figure 6(a) and the output of the three sensors is graphed in
figure 7(a). The center sensor has the highest output and the two sensors on either side have a much lower
output. The symmetry of these readings agree with the symmetry of the holographic fringes for this mode.
As shown in figure 8(a), these readings also agree with the inverse relationship of the radius of curvature,
R, and strain, ε,

ε ∝ 1
 R

.

Sensors 1 and 3 are in relatively flat areas of the curve and so should have small strain and sensor 2
has the smallest radius of curvature and hence the largest dynamic strain.

The third resonant mode, shown in figure 6(b), is good for drawing comparisons of the relative
response of the sensors because it contrasts nicely with the first resonant mode. In the first resonant mode
sensor 2 is in the middle of the antinode of the vibration. In the third resonant mode sensor 2 is instead
located at a node. This sensor now is in a relatively flat location, as shown in figure 8(b), and is no longer

Figure 6.—(a) Holographic images of (a) first and (b) third resonant modes. The locations of the sensors are
   shown as white lines on the images. In each image, sensor 1 is located on the left, sensor 2 in the middle
   and sensor 3 on the right.

(a) 127.800 Hz (b) 351.500 Hz
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experiencing the largest amount of strain, as shown in figure 7(b). This change of location of nodes and
antinodes is also significant for sensors 1 and 3. In the first resonant mode they are in a location that is
halfway between the anti node and the node and is relatively flat. This changes in the third resonant
mode where they are now located at the anti nodes where there is significant curvature. These two sensors
have a very large increase in dynamic response, a factor of 10 for sensor 1 and a factor of 190 for sensor
3. Sensor 3 has by far the largest output. This asymmetry was not expected as it was assumed that both
sensors 1 and 3 would have similar outputs if the third mode were perfectly symmetrical. However the
hologram of this mode, shown in figure7(b), confirms the asymmetry of the mode. If the mode were
perfect the bright fringe in the middle of the hologram would be straight instead of curved and the two
circular anti nodes would be mirror images of one another. The phase map in figure 8b also shows that
sensor 1 is off of the curved portion of the mode while sensor 3 is right on it. The differences in curvature
for the two sensors and the greater displacement for sensor 3 relative to sensor 1 appear to explain the
asymmetry of the sensor outputs. This asymmetrical mode has serendipitously provided evidence that
the embedded sensors are sensitive to imperfections in the mode shape, as may be caused by damage.
This agreement of the holographic images with the sensor data has led us to believe that an array of fiber
sensors should be able to accurately characterize a resonant mode just as is presently done using time
averaged holography.

Figure 7.—The dynamic response of fiber Bragg gratings in the copper plate for the (a) first and (b) third
   resonant modes.
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4. Summary

Fiber optic Bragg sensors have been shown to be able to closely reflect simple mode shapes of plates
and detect the resonant frequencies of these modes. This has been confirmed by taking dynamic data from
fiber optic sensors embedded in or attached to plates while acquiring time-averaged holograms of the
vibrating plates. The two plates have significantly different material characteristics so it can be presumed
that these conclusions would be true for many other materials. Further testing should be continued with
an array of many more sensors to verify these conclusions for higher frequency modes. These results,
which show that modal characteristics are detectable through in-situ fiber optic sensors, indicate that
future research into the sensitivity of these sensors to changes in mode characteristics caused by compo-
nent damage is warranted.
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