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Damage localization with fiber Bragg
grating Lamb wave sensing through
adaptive phased array imaging

Zhenhua Tian, Lingyu Yu, Xiaoyi Sun and Bin Lin

Abstract
Fiber Bragg gratings are known being immune to electromagnetic interference and emerging as Lamb wave sensors for
structural health monitoring of plate-like structures. However, their application for damage localization in large areas has
been limited by their direction-dependent sensor factor. This article addresses such a challenge and presents a robust
damage localization method for fiber Bragg grating Lamb wave sensing through the implementation of adaptive phased
array algorithms. A compact linear fiber Bragg grating phased array is configured by uniformly distributing the fiber Bragg
grating sensors along a straight line and axially in parallel to each other. The Lamb wave imaging is then performed by
phased array algorithms without weighting factors (conventional delay-and-sum) and with adaptive weighting factors
(minimum variance). The properties of both imaging algorithms, as well as the effects of fiber Bragg grating’s direction-
dependent sensor factor, are characterized, analyzed, and compared in details. The results show that this compact fiber
Bragg grating array can precisely locate damage in plates, while the comparisons show that the minimum variance
method has a better imaging resolution than that of the delay-and-sum method and is barely affected by fiber Bragg grat-
ing’s direction-dependent sensor factor. Laboratory tests are also performed with a four–fiber Bragg grating array to
detect simulated defects at different directions. Both delay-and-sum and minimum variance methods can successfully
locate defects at different positions, and their results are consistent with analytical predictions.
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Introduction

Structural health monitoring (SHM) is critical to main-
tain the safety of structural components and provide
input data for failure and remaining life predictions in
various fields, such as aerospace, civil and nuclear engi-
neering.1,2 Among various methods, Lamb waves (plate
guided waves) have shown great potentials for health
monitoring and in situ damage detection in large plate-
like structures, due to their sensitivity to small damage
and capability of traveling relatively long distances
compared to traditional bulk waves.3,4 Advances in
Lamb wave–based SHM technologies, such as sparse
arrays and phased arrays, have demonstrated their
effectiveness and efficiency for damage detection in
large plate-like structures.5–8

Recently, fiber Bragg gratings (FBGs) are emerging as
Lamb wave sensors for SHM. FBG sensors have the
advantage of immune to electromagnetic interference,
compared to the commonly used piezoelectric transducers

(PZT).9,10 Moreover, FBG sensors are small, lightweight,
and capable of working in unfavorable environments
such as wet, underwater, and high temperatures.11–13

Furthermore, FBG sensors offer the possibility of multi-
plexing several FBGs of different grating periods on the
same optical fiber and interrogating them individually.14,15

With these advantages, FBG sensors have been adopted
for Lamb wave sensing based on the full-width-half-maxi-
mum (FWHM) principle for damage detection and source
localization in metallic and composite plates.9,12,16–22 For
example, Takeda et al.13 developed small-diameter opti-
cal fibers with FBG sensors, which can be embedded in
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a lamina, for sensing Lamb waves and detecting dam-
age in composite structures. In their method, the Lamb
wave sensing was based on the wavelength shift
detected by a high-speed optical wavelength interroga-
tion system. Later, the small-diameter FBG sensor was
embedded in the adhesive layer between a honeycomb
core and a skin plate for debonding detection.23 Tsuda
et al.17 developed a hybrid system using PZT to gener-
ate and FBG sensors to measure Lamb waves for
impact damage detection in composite plates. Lam et
al.12 used a PZT and an embedded FBG in composite
plates in the pitch-catch setup for delamination evalua-
tion. However, it has been found that FBG sensors have
direction-dependent sensor factor and exhibit strongest
sensing along the fiber direction. Hence, judiciously con-
figuring a group of FBG sensors is essential for using
these direction-dependent sensors for locating damage
which might present in any directions in the structure.
For this purpose, Kirkby et al.19 demonstrated impact
localization in composite plates using a sparse network of
FBG sensors and an iterative localization algorithm based
on optimization scheme. Wu et al.18 employed a distribu-
ted hybrid PZT-FBG sensor network for debond detec-
tion in composite laminates using damage index defined
by scattering energy at defects. However, the direction-
dependent sensing of FBG is not discussed by either. Betz
et al.16 carefully studied the direction dependence of FBG
Lamb wave sensing and concluded the FBG sensor fac-
tor. An FBG rosette method for damage localization was
therefore developed with the sensor factor in consider-
ation. However, the localization requires two rosettes
which seem to require a large space to accommodate.

The Lamb wave phased array imaging is very attrac-
tive for damage localization in large plate-like struc-
tures, since it employs a small number of sensors placed
close to each other in a compact format and enables a
quick inspection of large areas through phase/time
delays in a way analogous to radar.24 Additional
advantages of Lamb wave phased arrays include rein-
forced wave energy in the beam, efficient and flexible
control of the beam direction, improved signal-to-
noise-ratio, and large area inspection through a small
sensing area.3 With these features, intensive studies
have been conducted on Lamb wave phased arrays for
damage detection in large plate-like structures.7,24–37

The general beamforming algorithms for isotropic
materials have been developed24,25 in various configura-
tions such as one-dimensional (1D) linear arrays28,38

and two-dimensional (2D) planar arrays.7,24,29 The
phased array approach has been implemented with dif-
ferent types of sensors such as PZT wafers and electro-
magnetic acoustic transducers (EMAT),7,24,25,39,40

which are omni-directional transducers.
Hence, our study focuses on developing an innova-

tive damage localization methodology for the direction-

dependent FBG Lamb wave sensing through the com-
pact phased array configuration and adaptive phased
array imaging, which has not been reported in litera-
tures to the best knowledge of the authors. Linear FBG
phased arrays are configured by linearly and uniformly
distributing FBG sensors that are axially in parallel.
The FBG array imaging is then performed using two
methods, the nonadaptive delay-and-sum (DAS) and
adaptive minimum variance (MV) methods. The per-
formances of DAS and MV methods are analytically
characterized and compared in details. Laboratory
experiments are performed with a four-FBG array to
detect defects at different directions. Both DAS and
MV methods successfully detect the damage location
with errors less than 5 mm. It is found that the adaptive
MV method is less affected by directional sensitivity of
FBG sensors and generates higher resolution images
compared to those of the DAS method.

The remainder of this article is organized as follows:
section ‘‘Lamb wave sensing with FBG sensors’’ briefly
presents the experimental setup of FBG Lamb wave
sensing and the investigation of the direction-dependent
sensor factor. Section ‘‘FBG phased array imaging’’
develops FBG phased array imaging algorithms and
validates the imaging analytically, as well as compares
the nonadaptive and adaptive algorithms. Section
‘‘Damage detection with FBG phased arrays’’ presents
laboratory experiments of using a four-FBG phased
array to detect defects at different directions. Section
‘‘Conclusion’’ concludes the article with findings, dis-
cussion, and suggestions for future work.

Lamb wave sensing with FBG sensors

In this section, an experiment is performed to investi-
gate the direction-dependent sensor factor of FBG in
order to develop appropriate imaging algorithms for
phased arrays made of FBG.

FBG Lamb wave sensing setup

Figure 1(a) and (b) presents a schematic and a photo of
the experimental setup for Lamb wave sensing with the
FBG. The Cartesian coordinate system is pre-defined
with its origin O set at the center of a test plate. A
T3003 aluminum plate (610 3 610 3 1, unit: mm) is
used in the sensing directionality study. A 10-mm FBG
sensor manufactured by AtGrating Technologies is
bonded on the plate. The center of the FBG is at the
origin O, and the fiber direction (longitudinal) is along
the y axis as illustrated. The bonded FBG sensor can
measure Lamb waves in the plate, based on the FWHM
principle.10,20,21 Figure 1(c) provides the reflection spec-
trum of the FBG sensor, which shows a narrow reflec-
tion band with a center wavelength of 1549.87 nm and
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a bandwidth of 0.3 nm. A tunable laser source (LUNA
Phoenix TLS1400) is used to generate laser light with
the wavelength lFWHM = 1549.98 nm at the FWHM
point on the trailing edge based on the initial wave-
length sweep and calculation by the software.22 After
passing a circulator (AFW Technologies Pty Ltd,
#CIR-3-15L-1-2), the laser light transmits to the FBG.
The reflected light from the FBG is then sent to a
photodetector (Thorlabs PDA10CF) through the circu-
lator. The photodetector converts light intensity to vol-
tage, which is measured by an oscilloscope (Tektronix
TDS5034B). To further improve the signal-to-noise
ratio (SNR), the measurement is averaged in the oscillo-
scope. More details of the FBG Lamb wave sensing can
be found in our previous publication.22

To excite Lamb wave, PZT wafers (APC 851, 7 mm
diameter and 0.2 mm thickness) are bonded on the
plate and connected to a function generator (Agilent
33522B). The excitation being used is three-count tone
bursts at 270 kHz with 10 V. The PZT wafers are
arranged at r = 200 mm away from the origin O at an
angle b with respect to the x axis (as illustrated in
Figure 1). Nine cases (b = 0�, 10�, 20�, 30�, 45�, 60�,
70�, 80�, and 90�) are studied, respectively.

FBG direction-dependent sensing and sensor factor

Figure 2(a) plots a waveform received by the FBG sen-
sor, when b = 60� after being averaged 100 times in
the oscilloscope with SNR3 of 24. The signal is then
further denoised by a band pass filter (100–450 kHz)
through post-processing in MATLAB to further reduce
the floor noise, as shown in Figure 2(b). The waveform
manifests at the excitation frequency 270 kHz, and the
wave has a strong S0 mode (verified by exhibited group
velocity at 5.4 mm/ms). Note that there is no A0 mode
in the received waveform. One reason is that the PZT
wafer generates a strong S0 mode with the A0 mode
almost zero at 270 kHz in the subject plate, due to the
mode tuning effect of the PZT wafer.3 The other possi-
ble reason is that the FBG sensor is relatively insensi-
tive to the out-of-plane strain (dominated in the A0

mode) compared to the in-plane strain (dominated in
the S0 mode).16 Hence in the subsequent sections, S0

mode will be investigated and used for imaging.
Figure 2(c) plots the normalized amplitudes of S0

mode from PZT wafers at all the angles. The normaliza-
tion is performed by dividing the amplitudes for differ-
ent directions to the amplitude for 90�. The normalized

Figure 1. Experimental setup of Lamb wave sensing using an FBG sensor: (a) a schematic of the overall setup, (b) a photo of the
test setup, and (c) reflection spectrum of the FBG. Here, the cursor cross on the trailing edge represents the FWHM point. In this
study, the laser wavelength is locked at the FWHM point.
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experimental results agree well with the analytical pre-
diction (solid line) acquired by the following equation16

A(b) = sin2(b) ð1Þ

where A(b) represents the direction-dependent sensor
factor of the FBG with respect to angle b. The plots
show that at b = 90� when the incident wave is along
the FBG fiber direction, the sensor factor has the maxi-
mum, that is, FBG has the maximum sensitivity to
detect the incoming Lamb waves. However, at b = 0�
when the incident wave is perpendicular to the FBG
fiber direction, the sensor factor has the minimum, that
is, FBG has the minimum or negligible sensitivity to
detect incoming Lamb waves. This direction-dependent

sensor factor makes FBG essentially different from the
omni-directional sensors such as PZT wafers24 used in
conventional phased arrays and should be considered
in their subsequent FBG phased array imaging.

FBG phased array imaging

To address the challenges caused by the directional sen-
sing of FBG sensors, the FBG phased array imaging
was developed using linearly distributed FBG sensors
which are parallel to each other. Two imaging algo-
rithms consider the FBG direction-dependent sensor
factor and include the nonadaptive conventional DAS
and the adaptive MV methods. The imaging algorithms
are analytically characterized and compared. The
effects of FBG’s sensor factor on imaging are also
investigated.

FBG array configuration

Figure 3 shows a schematic of a linear FBG phased
array made of a total of M FBG sensors with the array
center designated as the origin O of the Cartesian coor-
dinates. The FBG sensors are parallel to each other
with fiber direction being aligned with the y axis and a
uniform spacing d. The coordinates of the mth (m = 0,
1,..., M – 1) sensor indicated by its center therefore can
be given as follows

pm = m�M � 1

2

� �
d, 0

� �
ð2Þ

Figure 2. Experimental results. (a) A signal acquired by the FBG when b = 60�. The signal is averaged 100 times and the SNR is 24.
(b) The acquired signal is further denoised by a 100–450 kHz band pass filter through the post-processing in MATLAB. (c) The
normalized experimental amplitudes of FBG agree well with the theoretical direction-dependent sensor factor for different angles.
The normalized is performed by dividing the amplitudes for different angles to the amplitude for 90�.

Figure 3. Sensing schematic of a linear FBG array of M
elements for detecting a wave source.
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Now assume there is a wave source (e.g. actuator,
scatterer) at location x which is assumed being far away
from the FBG array41 and generating a single Lamb
mode coming toward the array with an angle b with
respect to the x axis. Considering the direction-
dependent sensor factor A(b) of the FBG (described in
equation (1)), the actual received signal vb

m(t) by the
mth FBG can be expressed as follows

vb
m(t) = A(b)vm(t) ð3Þ

where vm(t) is the actual wave arriving at location pm
without FBG sensing. The frequency spectrum V b

m(v)
of the FBG signal can be obtained through Fourier
transform, that is

V b
m(v) =F A(b)vm(t)½ �= A(b)Vm(v) ð4Þ

where

Vm(v) =F vm(t)½ �=
ð‘

�‘

vm(t)e�jvtdt ð5Þ

Here, F½ � denotes the Fourier transform.

Phased array imaging algorithms

Nonadaptive DAS method. The traditional DAS method
aims to synthesize the total output of the array toward
a certain direction. It is performed by applying certain
delays and/or shifts to signals measured at all the array
elements and summing all the delayed signals.42 In our
methods, we start from the frequency spectrum V b

m(v)
of the mth FBG sensor and apply both phase delay
Dm(v, x) and spatial phase shift u(v, x) to achieve a
delayed and shifted version of the original spectrum,
Zm(v, x), now in frequency–space representation

Zm(v, x) = V b
m(v)e j �u(v, x)�Dm(v, x)½ � ð6Þ

and

Dm(v, x) = k(v)
x

xj j � pm and u(v, x) = � k(v) xj j ð7Þ

Here, k(v) is the frequency–wavenumber dispersion rela-
tion of the propagating Lamb waves. It is known
that Lamb waves naturally undergo a spatial phase shift
u(v, x) as they travel (from the wave source to the array).
Thus, 2u(v, x) is manually applied as seen in equation
(6) in order to compensate such a spatial phase shift, and
2Dm(v, x) is the phase delay applied to the mth FBG sen-
sor. Note that since u(v, x) and Dm(v, x) include the dis-
persion relation k(v), the dispersion effect in Lamb wave
propagation is therefore taken into consideration.41

Using the inverse Fourier transform, Zm(v, x) in
frequency–space representation can be transformed to
the time–space domain, as follows

zm(t, x) =F�1 Zm(v, x)½ �= 1

2p

ð‘

�‘

Zm(v, x)e jvtdv ð8Þ

The result zm(t, x) is a time–space representation of
Lamb wave at the mth FBG after applying phase delay
and spatial phase shift. By summing up all zm(t, x) from
the array as well as considering weighting factor wm, the
pixel value at the source location x can be acquired as
follows

P(x) =
XM�1

m = 0

w�mzm(t = 0, x)

�����
�����
2

ð9Þ

where w�m represents the complex conjugate of the
weighting factor wm.

41 Using equation (9), an image of
the plate can therefore be generated with the location
of the source yielding the maximum pixel value.

For simplicity, equation (9) can be rewritten in the
matrix format, as follows

P(x) =wH (x)R̂(x)w(x) ð10Þ

where ‘‘H’’ indicates the Hermitian transpose operation
and w(x) is a vector composed of weighting factor wm.
R̂(x) is a ‘‘steered pseudo-covariance matrix,’’27 result-
ing from R̂(x) = z(x)zH (x), in which the vector z(x) is
composed of zm(t = 0, x). For most of DAS imaging,
the weighting vector w(x) is normally set to the unit
vector 1 (i.e. no weighting).3 The unit weighting vec-
tor is adopted for the DAS imaging presented in this
article.

Adaptive MV method. For phased arrays, weighting fac-
tor plays an important role in enhancing the array ima-
ging performance.42 The weighting factors can be fixed
values which are easy to implement and computation-
ally simple. However, fixed-value weighting factors still
generate lower resolutions and higher sidelobes, com-
pared to adaptive weighing factors that adapt their val-
ues to the characteristics of the observations.42 MV
method is one of the most commonly used adaptive
imaging methods adopted for Lamb wave–based dam-
age detection27 as well as medical ultrasound imaging.43

In this method, the weighting factors are determined
with the purpose to emphasize the pixel values in the
direction of the wave source while to suppress the pixel
values in other directions. That is to say, the weighting
vector can be derived by solving the following con-
strained optimization problem

338 Structural Health Monitoring 18(1)



P(x) = argmin
w

wH (x)R̂(x)w(x)

such that

wH (x)ê(x) = 1 ð11Þ

where ê(x) is a unit vector referred to as a ‘‘pseudo-
steering vector.’’ Since delaying for steering has already
been implemented in equation (6), the ‘‘pseudo-steering
vector’’ in equation (11) should take a simple formation
not to disturb the steering, that is, as a unit vector 1.
Therefore, the weighting vector of MV method
becomes

wMV (x) =
R̂
�1

(x)1

1T R̂
�1

(x)1
ð12Þ

Accordingly, the pixel value at location x of the MV
imaging becomes

PMV (x) =wH
MV (x)R̂(x)wMV (x) ð13Þ

Analytical imaging and characterization

Consider a linear FBG array with four sensors with uni-
form spacing d = l/2 (a half wavelength). Analytical
array imaging of three cases are studied:

1. Nonadaptive method using DAS without consider-
ing FBG sensor factor;

2. Nonadaptive method using DAS considering
FBG’s sensor factor A(b) = sin2(b);

3. Adaptive method using MV considering FBG’s
sensor factor A(b) = sin2(b).

Figure 4(a)–(c) gives the analytical imaging as pixel
values for all directions for the three cases, when a
wave source is at 90� direction (a.k.a. ‘‘broadside’’ of
the array3). All cases show a mainlobe of the same
magnitude with the center exactly at 90�. Comparing
the results between cases (1) and (2) (Figure 4(a) and
(b), respectively), it can be seen that the mainlobe has a
smaller width and the sidelobes become reduced when
FBG sensor factor is taken into consideration.
Comparing the results between cases (2) and (3)
(Figure 4(b) and (c), respectively), it can be seen that
the mainlobe is significantly smaller and the sidelobes
are highly suppressed with adaptive imaging. Hence,
among the three cases via different imaging methods,
the adaptive MV method generates the best imaging
result for broadside detection (most focused mainlobe
and lowest sidelobes) when the directional sensor factor
has to be considered.

Figure 5(a)–(c) is the analytical imaging results when
the wave source is at 45� direction (a.k.a. ‘‘offside’’ of

the array3). Result of case (1) (Figure 5(a)) gives a correct
indication of the wave source direction with its mainlobe
centered at 45� but with large sidelobes resulted at vari-
ous directions. Yet for case (2) (Figure 5(b)) when FBG
sensor factor is considered, the mainlobe not only reduces
in amplitude but also shifts to 55�, although some side-
lobes are reduced. This indicates the DAS method is
affected by the directional FBG sensing, and erro-
neous or distorted results with lower imaging quality
will occur. With adaptive imaging used for case (3)
(Figure 5(c)), however, we can see that the mainlobe is
not only significantly focused at the target direction
but also with a high amplitude, while the sidelobes are
completely removed at the same time. Hence, among
the three cases via different imaging methods, the
adaptive MV method is the most reliable method with
the best imaging quality for offside detection (most
focused mainlobe and lowest sidelobes) when direc-
tional sensor factor has to be considered.

Damage detection with FBG phased
arrays

Two sets of laboratory tests on plate specimens have
been performed to detect simulated damage with the

Figure 4. Analytical results when the wave source is at 90�:
(a) DAS method with A(b) = 1, (b) DAS method with A(b) =
sin2(b), and (c) MV method with A(b) = sin2(b). The MLW
represents the width of the mainlobe at the half peak value. The
PSL represents the peak value of the sidelobe.
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FBG Lamb wave phased arrays. The first test uses a lin-
ear array made of four FBG sensors to detect an actual
wave source from a PZT actuator, while the second test
uses the same FBG array to detect a surface damage
simulated by a quartz rod bonded on the specimen.

Wave source detection

A schematic of experimental setup for detecting a wave
source is given in Figure 6. The test specimen is a
T3003 aluminum plate with dimensions of
610 mm 3 610 mm 3 1 mm. The plate center is defined
as the coordinate origin O. The wave source is a PZT
wafer that is bonded on the plate at a distance 150 mm
to the Origin and angle b (90� or 45�) with respect to
the x axis. The PZT excitation is three-count tone
bursts at 270 kHz with an amplitude of 10 V, which
will generate S0 mode Lamb waves in the subject plate.3

A four-FBG linear array is bonded on the plate with
the array center at the Origin and spacing of 10 mm (a
half of the S0 mode wavelength at 270 kHz). In the
array, the four FBGs on four separate fibers are identi-
cal (same length and reflection spectrum) so that they
have the same response to the same mode of waves.
For the purpose of phased array beamforming, the

signals of FBG sensors are not collected simultane-
ously, since our beamforming method is performed vir-
tually as the post-signal processing. When Lamb waves
are excited in the plate, FBG sensors will take turn to
collect signals in a round-robin fashion. The collected
signals are stored in a hard drive for the post-process-
ing. Such switching from one FBG sensor to another is
performed manually in the current test. Every time
after the FBG is switched, we re-scan the reflection
spectrum and lock the laser at the FWHM point.

Using the nonadaptive DAS and adaptive MV meth-
ods presented in section ‘‘FBG phased array imaging,’’
images of the plate with the wave source at different b

are generated, given in Figure 7 (b = 90�) and Figure 8
(b = 45�). The wave sources are presented as high-
lighted areas (large pixel values) in the intensity images.
The results show that both methods successfully detect
the wave sources at both directions 90� and 45�. Using
the highest pixel value to estimate the source location,
the detection errors of both methods for both directions
are less than 5 mm.

Comparing the imaging results of the DAS and MV
methods, it can be found that the adaptive MV method
generates more focused images of the wave source than
the DAS method, providing a better imaging resolu-
tion. Moreover, sidelobes are highly suppressed by the
adaptive MV method, while the images generated by
the nonadaptive DAS method show visible shadow
rings in non-source directions. In addition, the MV
method generates more focused images for waves com-
ing in both broadside and offside directions, indicating
it is less affected by the sensing direction b. Last, all the
observations from the experimental results are consis-
tent with the findings from the analytical results given
in section ‘‘Analytical imaging and characterization.’’

Damage detection

Damage detection is performed by using the same FBG
array to detect a surface bonded quartz rod (10 mm in

Figure 5. Analytical results when the wave source is at 45�:
(a) DAS method with A(b) = 1, (b) DAS method with A(b) =
sin2(b), and (c) MV method with A(b) = sin2(b). The MLW
represents the width of the mainlobe at the half peak value. The
PSL represents the peak value of the sidelobe.

Figure 6. Experimental setup for detecting a wave source at b

direction using a linear FBG array. The callout shows a close up
photo of the FBG array.
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both diameter and height) at a distance 110 mm to the
Origin and an angle b (90� or 45�) with respect to the x
axis. Figure 9 shows the experimental setup. A PZT
wafer is bonded at the location (30, 0) (unit: mm) to
generate interrogation Lamb waves using three-count
tone bursts at 270 kHz with the amplitude of 10 V as
excitation signal. The generated S0 Lamb wave will pro-
pagate in all directions, arrive at the simulated damage,
and be reflected.

Considering the wave propagation from the source
to the damage and then to the FBG array, the spatial
phase shift in equation (7) now becomes

u(v, x) = � k(v) xj j+ x� ppzt

�� ��� �
ð14Þ

Equation (14) considers the total spatial phase shift
in the entire propagation path and gives the general
spatial phase shift for FBG array imaging.

Using the nonadaptive DAS and adaptive MV meth-
ods, images of the plate with damage at different b

direction are generated, given in Figure 10 (b = 90�)
and Figure 11 (b = 45�). The defects are presented as
highlighted areas (large pixel values) in the intensity
images. The results show that both methods success-
fully detect the presence of damage at both directions,
90� and 45�. Using the highest pixel value to estimate

the source location, the detection errors of both meth-
ods for both directions are less than 5 mm. Moreover,
similar to the previous source detection case, the adap-
tive MV method generates more focused images of the
damage with no sidelobe effect. Note for the damage
detection at b = 90� (Figure 10), the images of the
damage look tilted for the reason that the PZT is not at
the phase center of the FBG array, and the b = 90�
damage becomes offside to the PZT.

Figure 7. Array imaging results when the wave source is at b = 90�: (a) DAS method and (b) MV method. The black triangle
represents the actual source location.

Figure 8. Array imaging results when the wave source is at b = 45�: (a) DAS method and (b) MV method. The black triangle
represents the actual source location.

Figure 9. Experimental setup for detecting damage at b

direction using a linear FBG array and a PZT actuator. The
callout shows a close up photo of the FBG array and the PZT
actuator.

Tian et al. 341



The received scattering waves at FBG are considered
dominantly S0 mode in this study. When an incident S0

mode meets a simulated defect (a surface bonded rod
here), the damage scattered waves could include both
S0 mode and additional weak A0 mode resulted from
mode conversion. Since the FBG sensors are relatively
insensitive to the out-of-plane strain (dominated in the
A0 mode at the selected frequency) compared to the in-
plane strain (dominated in the S0 mode at the selected
frequency),16 the signals at them are mostly S0 mode.
This can also be verified by the damage imaging results.
In our imaging method, the frequency–wavenumber
relation (i.e. group velocity) of the S0 mode is used, and
the imaging result agrees well with the actual damage
location with small errors less than 5 mm. This means
that the received damage induced waves are mainly S0

mode. If the actual signals were A0 mode, the results
would exhibit significant error since velocity of S0 and
A0 is distinctively different (the group velocity of A0

mode is much lower than that of the S0 mode) in the
subject material.3

Conclusion

In this study, we showed directional sensitivity FBG
sensors that are arranged in a compact phased array

format can detect and localize wave sources and dam-
age at various locations through adaptive phased array
imaging. This innovative approach explicitly addresses
the challenges raised by the directional sensitivity of
FBG sensors and allows for robust localization of dam-
age through adaptive imaging with enhanced resolu-
tion. It represents the first time that a compact
configuration of FBG sensors for damage localization
is achieved with the direction-dependent sensor factor
being considered, to the best knowledge of the authors.
Moreover, the FBG phased array offers inherent fea-
tures such as immunity to electromagnetic interference,
small, lightweight, embeddable, water-proof, and mul-
tiplexing, providing different features compared to
existing phased arrays made of other types of transdu-
cers (PZT, EMAT, etc.).

To achieve this, we analytically studied the proper-
ties of two phased array imaging algorithms, the nona-
daptive DAS and adaptive MV methods, and
compared them in details. It is found that the adaptive
MV method has a more focused mainlobe and highly
suppressed sidelobes, generating localization images
with better resolution and quality. In addition, the
adaptive MV method well addresses the direction
dependence of FBG Lamb wave sensing, offering loca-
lization images with high resolution and quality for all

Figure 10. Array imaging results when the damage is at b = 90�: (a) DAS method and (b) MV method. The imaging results of both
methods are tilted for the reason that the PZT is not at the phase center of the FBG array. The black triangle represents the actual
damage location.

Figure 11. Array imaging results when the damage is at b = 45�: (a) DAS method and (b) MV method. The black triangle
represents the actual damage location.
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directions. Results from experimental investigations are
consistent, with errors less than 5 mm. It confirms that
adaptive FBG phased array imaging provides a com-
pact and robust methodology for damage localization
in plate-like structures. In the framework of linear
FBG phased arrays developed successfully in this arti-
cle, further studies will be pursued to address multiple
defects and extend to damage localization in composite
structures.
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