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ABSTRACT

A structural health monitoring (SHM) system with interrogation nodes each supporting up to 256
fiber Bragg grating (FBG) sensors for a £500 microstrain strain range per sensor is described.
Each interrogation node supports 16 subsections with all sensors within a subsection interrogated
simultaneously at sampling rates ranging from kHz to MHz. The architecture can be scaled to
support over 2000 sensors. A cantilever beam test article with 15 sensors having strain resolution
of better than 0.1 microstrain for 6 kHz sampling is demonstrated. Acoustic emission detection is
demonstrated with a MHz sampling rate version of the interrogator.

1. INTRODUCTION

Fiber optic (FO) sensor systems are providing new and effective measurements in a multitude of
applications benefiting from the following FO properties:

(1) immunity to electromagnetic interference (EMI) — of importance in many applications
particularly the high EMI environments in naval systems

(2) electromagnetic compatibility (EMC) since fibers do not radiate EM energy
(3) electrical passivity and thus safety in explosive environments

(4) low weight — of particular importance in aerospace applications

(5) small dimensions allowing:

a. integration into (i) very small dimensional spaces and (ii) smart materials
including composites with minimum creation of voids

b. access through small key holes and access points
(6) transmission capability over long distances (many kilometers)

(7) high durability in many environments including marine, extreme temperature, high
pressure and high radiation environments
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(8) capacity for installation with less labor than comparable electronic sensors — instead of
the multiple wires required for electronic sensors, a single optical fiber cable can support
many multiplexed sensors with no local power requirement

Fiber Bragg Gratings (FBGs) [1] form the prime example of a sensor that lends itself to
multiplexing along a single optical fiber. In an end-to-end FBG sensor system [2, 3], an FBG
interrogator [4-6] supports FBGs that can:

(1) form multiple sensors on one or multiple optical fibers simultaneously through
wavelength division and other multiplexing techniques

(2) provide information regarding the dynamic strain and temperature (or derivative
measurands) seen by the FBGs, through measurement of characteristic wavelengths

(3) provide a basis for monitoring structural loading and health state

FBG sensing systems are being deployed in a wide variety of structural health monitoring (SHM)
applications [7-14] with the measurement of parameters such as strain, temperature [15],
fracture, vibration [16], or simultaneously sensing multiple parameters. Diverse applications
include shipping (stress corrosion crack monitoring [17], propeller blades [18], masts and sails
[19], trimarans [20], fast naval vessels [21]), aerospace (airframes / aircraft wings [8, 22-24], jet
engines [7, 25], thermal protection systems [15, 26-28]), space [29], robotics [30], nuclear
reactors [31], wind turbines [8] [32-34], concrete structures [5, 35], bridges [10, 12, 36], MRI
compatible medical devices [37, 38], oil & gas [39-41] and geothermal wells [42]. Challenges in
implementation of fiber optic sensing systems include: (a) scalability, and (b) interconnection
(ingress/egress [43-45]) and cabling.

In Section 2, we discuss a scalable interrogation system architecture. Following that, in Section
3, we provide examples of low frequency strain monitoring on a cantilever beam (up to 6 kHz
sampling), and, in Section 4, high frequency acoustic emission (AE) monitoring, before, in
Section 5, concluding with comments on application to large structures such as ships (on a fleet-
wide basis and/or aircraft).

2. SENSOR INTERROGATION SYSTEM ARCHITECTURE

In Figure 1, we show the IFOS FBG interrogation network with a scalable architecture for
supporting up to 2048 sensors based on multiple interrogation nodes, each supporting up to 256
FBG sensors with an independent strain range per sensor of over £500 microstrain. Each
interrogation node can support 4 fibers with up to 64 sensors per fiber with the sensors being
wavelength division multiplexed over 154 nm achieved by partial use of 4 wavelength bands (S,
C, L and U) with up to 16 sensor wavelengths per band. These 16 sensors can be examined
simultaneously at a sampling rate determined by the digital post-detection electronics shown in
Figure 2. Note that Figure 2, which provides a functional diagram of the interrogator nodes, is
neither to scale nor representative of the actual 3D physical positions of the subsystems. If a
larger strain range is desired then the number of sensors is reduced as shown in Figure 3. For



example, for 1500 microstrain per sensor, the design allows support of up to 8 sensors per band
and 32 sensors per fiber, 128 sensors per interrogation node and 1024 per 8-node system.*
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Figure 1: Scalable sensor network architecture supporting up to 2048 grating sensors based on up
to 8 networked interrogation nodes (N1, ..., N8) connected through a central gigabit Ethernet hub
(H). Each node supports up to 256 sensors distributed among 4 optical fibers (F1, ..., F4) per
node with up to 64 grating-based sensors (G1, ..., G64) per fiber assuming a strain range of +500
microstrain per sensor. The nodes can be either contained in a single box or distributed over the

structure.
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Figure 2: Functional schematic of building block interrogation node including photonic,

electronic and software/firmware subsystems and modules.

! Note that keeping the FBGs separated in wavelength so as to avoid cross-talk means that the
relationship is not linear, i.e., for 256 sensors we have only £500 microstrain rather than £1500/2
microstrain. Nevertheless, we have found that £500 microstrain is very adequate for test objects
developed such as a cantilever beam.



The number of sensors can be increased if a smaller range of strain values is required example,
each fiber can support 64 sensors and each node can support 256 sensors at £500 microstrain
(Figure 3) resulting in support for 2048 sensors in the 8-module networked configuration

Figure 3: Number of sensors supported dependent on strain range given when each wavelength
band is divided into 48 channels separated by approximately 0.8 nm: (a) % strain range per sensor
as a function of number of sensors per wavelength band. (b) Number of sensors per interrogation

node as a function of * strain range per sensor.

3. LOW TO MODERATE FREQUENCY MONITORING:
CANTILEVER BEAM RESULTS

3.1 Cantilever Beam Sensor Layout

The cantilever beam described in this section was used as the “work horse” test article for
developing and demonstrating the features of the GUI as discussed in Sections 3.2 to 3.4. A
schematic showing the sensor layout is shown in Figure 4. Note that the wavelength bands (S, C,
L, and U) increase along the beam from the clamping region on the left to the tip at the right.
Thus, given tip deflection, we would expect that the S band gratings closest to the clamp will see
the largest strains, while relatively small strains will be seen by the U band gratings hear the tip.
This expectation is borne out by the results of Section 4.
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Figure 4: Design layout for sensors on cantilever beam.

Figure 5 shows a photograph of the cantilever beam (painted black) with the far end attached to a
shelf with two C-clamps (one of which is seen). The beam is to the right of the monitor for the
interrogator. A yellow fiber optic cable attaches the beam sensors to the interrogator and the
wavelength and strain output is seen on the monitor, examples of which are detailed in Section 4.

Figure 5: Interrogator (left) and cantilever beam (right).

3.2 GUI for Multiple Wavelength Bands

Figure 6 shows the interrogator graphical user interface (GUI) when a cantilever beam is set in
motion and responds with a damped sinusoidal oscillation. The data captured in the GUI is for
sensors with wavelengths distributed over in four optical bands (S, C, U and L from left to right
in the upper plot of the GUI). Computed strains for the sensors are shown in the lower plot. The
sensors closest to the attached end of the cantilever register the most strain as expected. This can
be verified by examining the wavelength plots. In Figure 7, which covers a range of 220 nm with
each nm corresponding to approximately 830 microstrain, we see oscillations decreasing from S
(closest the clamped end of the cantilever) to C with L and U oscillations being imperceptible on
that scale. Within each band, the largest wavelength is closet the calmped end and indeed, for the
S-band wavelength zoom of Figure 8, we have a decrease from S1 to S2, and similarly for the C-
band wavelengths in Figure 9, we see a decrease from C1 to C8.
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Figure 6: GUI version 2.14 showing strain variation for multiple FBGs on the cantilever beam of

the previous section
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Figure 7: All band wavelength response for a large (>15”) deflection of the cantilever beam end.
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Figure 9: C band wavelength response for a large (>12”) deflection of the cantilever beam end.

3.3 Larger Strain Range Example (~ 1000 microstrain)

The first two figures are similar to those of the previous section except that in this case the initial
deflection of the cantilever beam was upwards (resulting in compression of the gratings on its
upper side — maximum 800 microstrain), and then, while still holding the beam, the upward
deflection was reduced until the strain was around -140 microstrain at 3.3 seconds before the
beam was released and allowed to oscillate with its characteristic damped sinusoid. Also, in
Figure 10, the tab for the C Band sensors (in the range 1528 nm to 1565 nm) was chosen and the
GUI configuration files were setup to plot just 4 selected FBG sensors, although results were
recorded in a file at the full acquisition rate (6000 Hz) for 9 C band sensors (8 for strain and one
at the longest wavelength for temperature). Note that the upper plot simply registers the
amplitudes seen by the PSP in Gaussian channels centered around 48 wavelengths each
separated by 100 GHz in optical frequency corresponding to approximately 0.8 nm wavelength
separation at 1550 nm. From these amplitudes, the interrogator software computes the FBG



center wavelengths with resolution that is sub-picometer (in fact close to femtometer — see next
subsection) and with accuracy that is of picometer order depending on the FBG spectral details.
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Figure 10: GUI showing a single switch state (C-band for cantilever recording at 6 kS/s) with

strain for four of the sensors in the lower plot plotted live at a decimated rate.
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Figure 11: Data plotted from the Excel file saved using the GUI of Figure 10 plotted at 6 kS/s.



3.4 Smaller Strain Range Examples (~microstrain to sub-microstrain)

The next two plots show the excellent sensitivity of the system to small amplitude vibrations. In
particular, Figure 12 shows that reasonably clean sinusoidal oscillations of the cantilever are
detected down to microstrain levels (scale £1.9 microstrain — i.e. a factor of over 500 in
comparison with the previous example) when running at full speed (6 kS/s). In Figure 13, the
scale is £0.1 microstrain, i.e., over four orders of magnitude smaller than the scale in Figure 10.

Figure 12 shows a slight asymmetry (tenths of a microstrain) with the oscillations oscillating
about a “zero” that is slightly lower than the zero on the graph. In addition, the oscillation
amplitudes and offsets from zero microstrain are sensor dependent. This sensor-dependent
offsets of the “zeros” is due to the system having been “zeroed” when there was still a very small

motion of the beam.

This asymmetry effect is more evident in Figure 13, where the scale is £0.1 microstrain. At this
level the cantilever was also susceptible to vibrations from computer equipment and air
conditioning on the bench to which it was attached. The experiment was simply a quick
illustration of the sensitivity rather than a carefully controlled test in which all sources of
environmental noise had been eliminated.
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Figure 12: Reasonably clean sinusoidal oscillations of the cantilever are detected down to
microstrain levels (scale £1.9 microstrain) when running at full speed (6 kS/s).
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On the other hand we do note that the noise effects in Figure 13 are nearly an order of magnitude
smaller than the oscillations, i.e., on the order 0.01 microstrain (10 nanostrain) equivalent,
corresponding to approximately 0.01 pm (10 fm) wavelength shifts This corresponds to our
expectations for the low noise analog post-detection electronics (A-PDE) and the 20 bit, i.e. 22° =
108, resolution of the digital post-detection electronics (D-PDE) used for the 6 kS/s version of
our interrogator. In particular, we expect the system to be able to resolve wavelength changes
from on the order of 0.8 nm/10° = 0.8 fm = 1 fm up to (48-1) x 0.8 nm = 37.6 nm, i.e., over 7
orders of magnitude. The lower bound is only a very rough approximation given that the
conversion from wavelength shift to the output from the PSP channels is somewhat nonlinear.
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Figure 13: Strain resolution is better than 0.1 microstrain as shown with the cantilever oscillating
with a very small amplitude (scale £0.1 microstrain).



4. HIGH FREQUENCY MONITORING: ACOUSTIC EMISSIONS

Monitoring for proximity to failure is key to maximizing remaining useful life while ensuring
safe operation. Acoustic emission (AE) monitoring is a reliable, non-intrusive system for the
detection of damage in a range of structures. Initial work using FBGs was performed by Perez
and collaborators [46]. We have developed a 1 MS/s, 16-bit, 64-channel version of the D-PDE
in our interrogation system that allows simultaneous monitoring of 16 sensors at 1 MS/s (for
Nyquist limited 500 kHz phenomena). Figure 16 shows the response of our 1 MS/s system using
optics for 48 of the possible 64 channels for an example FBG sensor in a standard “pencil break”
test on an aluminum plate, i.e., where pencil-lead breakage (PLB) was used as a reproducible
artificial acoustic emission (AE) source often referred to as a Hsu-Nielsen source [47, 48]. The
upper window is the 1 MHz data collector GUI (CollectBurst), which notes the event counts and
wavelengths for four FBGs. It also records a file with wavelengths and filtered strains at 1 MS/s
for 6000 samples, i.e., 6 ms, whenever and AE event is detected. The lower window is the
EventViewer, which shows (a) the time domain responses for two of the FBGs on the left and (b)
the frequency domain responses on the right with the green traces being the FFT system response
before the event in the first 2 ms and the red traces being the FFT in the following 4 ms.
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Instead of passive listening over a broad range of frequencies for AE as a precursor to cracking
of a structure, one can also exploit high frequency FBG monitoring of Lamb waves actively
excited by a piezoelectric actuator. In complementary work, we have used time-of-flight



measurements to determine damage position such as delamination in composites [49].
Particularly important in the time-of-flight measurements is the ability provided by our parallel
processing approach to simultaneously measure the response of multiple FBGs and thus
determine relative phases. For example, Figure 16(a) shows measurements from 4 FBGs at the
corners of a curved composite plate given a 30 kHz pulse from a piezoelectric actuator at the
center of the plate. From the different times of arrivals at the 4 FBGs, taking account of
reflections from the edges of the plate as well as a delaminated area, the approximate psotion of
the delamination was determined as in Figure 16(b).
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Figure 16 (a) Response signals from 4 FBG sensors at the 4 corners of a curved composite plate
with excitation frequency of 30 kHz. (b) Damage Index (DI) in the composite plate deduced
from time-of-flight Lamb wave measurements provided by the 4 FBGs.

As an alternative to the time-of-flight approach, with collaborators, we have also used high
frequency spectral methods [50, 51] analogous to the electromagnetic impedance method [52]
for damage detection.

S. CONCLUSIONS

Up to many kilometers in length, optical fibers are small-in-diameter, light-in-weight,
electromagnetic-interference immune, electrically passive, chemically inert, flexible, and
embeddable into different materials. They enable distributed-sensing in harsh environments
requiring temperature and radiation tolerance. With appropriate processing and packaging, they
can be very robust and well suited to operational demands. In this paper, we reviewed
developments for a broadband (DC to MHz) multiplexed FBG array sensor systems and example
application for (1) strain/load monitoring from 100s of Hz to kHz and (2) high frequency
acoustic emission monitoring to MHz. This work is providing a path to a complete end-to-end
fiber optic sensor system that comprises (1) ruggedized sensor interrogators, (2) scalable
packaged sensors and mechanisms (one to two thousand depending on the strain range), (3)
operation in harsh environments, and (4) intelligent algorithms implemented in firmware or
software for decision support.

We believe that the implementation of such a system on a fleet-wide basis has the potential to
provide important data to manage fleet assets, improve safety, and reduce costs for maintenance.



First, the system can provide low to moderate frequency strain/loading and vibration monitoring.
Second the same sensor network can be used with high sampling rate interrogation for damage
detection using methods such as acoustic emission measurement. In the latter case, a high
performance (MHz) interrogator can switch between different parts of the fiber optic network on
a ship and examine the substructure associated with sensors in a given wavelength band on a
given fiber before the optical switch moves onto the next set of sensors within the network
aboard the ship (or other structure such as an aircraft equipped with a FBG sensor network).
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