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Abstract

The aim of this work is to investigate the accuracy and sensitivity of a continuously scanning laser Doppler vibrometer
(CSLDV) for detection of hidden delamination damage in composite plates. Some work on using a CSLDV for detection of
damage in aluminum beams and plates has been done by the authors. The current work is related to a worldwide round robin
study sponsored by the Society of Experimental Mechanics. The main difference between the current work and previous
work is that the damaged composite plate was provided by the organizer of the round robin study instead of being made by
the authors. Hence, the authors have no information about locations of the damage, which means this is more like a blind
test. The most significant advantage of using a CSLDV for vibration measurement of a structure is that a spatially dense
operating deflection shape (ODS) of the structure can be obtained and further used to calculate the curvature of the ODS
(CODS). A comprehensive study to detect the hidden damage in the composite plate by using the first seven CODSs from
the corresponding ODSs of the plate is conducted. The study shows that different CODSs have different sensitivities to local
anomaly induced by the damage and only two of the seven CODSs can be used to detect the locations of the hidden damage.

Keywords Composite - Delamination - Continuously scanning laser Doppler vibrometer - Curvature of operating deflection
shape

1 Introduction

Composites have been widely used in many modern engi-
neering structures due to their high specific stiffness and
strength [1]. However, presence of damage, such as delam-
ination between plies, can severely degrade stiffness and
strength of composites and cause catastrophic structural
failure. Furthermore, anisotropic material properties of com-
posites and the fact that much of damage in composites
occurs beneath a surface of laminates increase the difficulty
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in detecting damage in composites [2]. Hence, development
of a reliable and effective nondestructive damage detection
method is important to maintain safety and integrity of a
composite structure.

Since damage-induced changes in physical properties of
a structure can cause detectable changes in modal charac-
teristics of the structure, vibration-based damage detection
methods have attracted much attention and become a major
research topic of structural dynamics [3,4]. Valdes and Soutis
[5] investigated the effect of delamination on natural fre-
quencies of laminated composite beams. They found that
changes of the natural frequencies of beams after delamina-
tion give a good indication of severity of damage. Qiao et al.
[6] used a surface-bonded piezoelectric sensor system and a
non-contact scanning laser Doppler vibrometer (SLDV) to
measure dynamic response of laminated composite beams.
They applied three curvature-based damage detection algo-
rithms to measurement data from the two sensor systems and
detected different types of damage in the composite beams.
Later, the two sensor systems and three damage detection
algorithms were used to detect delamination in laminated
composite plates [7]. Lestari et al. [8] derived the governing
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equation of a damaged beam by assuming the effect of dam-
age as stiffness loss. They used surface-bonded piezoelectric
sensors to directly obtain curvature mode shapes and detect
different types of damage in laminated composite beams. He
et al. [9] conducted modal analysis on undamaged and dam-
aged composite beams with single and multiple damage with
different severity. They used curvature mode differences to
identify damage and found that they increase with the num-
ber of delamination. Besides the methods mentioned above
for composite structures, methods using signal processing,
such as a two-dimensional (2D) wavelet transform, are also
applied to detect damage in composite structures [10-13].
Fan and Qiao [14] proposed a damage detection algorithm
using the Dergauss2d wavelet and applied it to detect impact
damage in a composite plate. Compared with the 2D strain
energy method [15] and 2D gapped smoothing method [16],
they found that their proposed algorithm is superior in noise
immunity and robust with limited sensor data. Yang and
Oyadiji [17] proposed a damage detection approach using
a modal frequency surface, which is generated by attach-
ing a point mass at different locations of a structure, and
its wavelet coefficients are calculated. They found that the
wavelet coefficients can characterize locations and shapes of
both near and far surface delamination in laminated compos-
ite plates. Xu et al. [18] used complex-wavelet 2D curvature
mode shapes to detect small-sized delamination in carbon
fiber reinforced polymer laminated plates under noisy con-
ditions. They found that the complex-wavelet 2D curvature
mode shapes have stronger damage sensitivities and noise
robustness than conventional 2D curvature mode shapes.

A SLDV has been widely used in the vibration community
because it provides non-contact and spatially dense veloc-
ity measurement [19-21]. In conventional vibration analysis
with use of a SLDV, a structure surface is divided by a
grid and the laser spot from the SLDV stays at a point
long enough to measure time-domain velocity response of
the point and then moves to the next one; this is called
stepped scanning and it is a conventional fixed sensor mea-
surement technique. After all the points on the grid are
measured, Fourier transform is applied to time-domain veloc-
ity response of each point and an operating deflection shape
(ODS) of the structure is obtained. Spatial resolution of the
ODS obtained by this fixed sensor measurement technique
is usually good enough for vibration analysis. However,
when the ODS is used for detection of small-sized dam-
age, it may require much denser spatial resolution to capture
local anomaly induced by the small-sized damage. Since the
curvature of an ODS (CODS), i.e., the second-order spa-
tial derivative of an ODS, is more sensitive to damage than
the ODS [22], curvature-based methods have been widely
applied to damage detection. As mentioned above, an ODS
from the fixed sensor measurement technique is obtained by
Fourier transform of time-domain velocity response. Based
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on properties of Fourier transform, high-frequency noise
components in the ODS are amplified after its second-order
differentiation operation [23], which can reduce effectiveness
of the curvature-based methods on damage detection. Hence,
many signal processing methods, including a 2D wavelet
transform, are proposed to reduce the adverse effect of mea-
surement noise on damage detection. In this work, a real-time
moving sensor, i.e., a continuously SLDV (CSLDV), is used
for damage detection. A CSLDV can achieve a function that
its laser spot continuously moves on a structure surface along
a scan trajectory [24]. There are two advantages to use a
CSLDV for damage detection. The first one is that spatial
resolution of an ODS is much denser since the laser spot can
measure all the points along the scan trajectory, which can
increase the possibility to capture local anomaly induced by
small-sized damage. The second one is that a completely dif-
ferent data processing method, i.e., the demodulation method
[25], is used to obtain an ODS from velocity response mea-
sured by a CSLDV, which does not involve Fourier transform.

A focus group on SLDV methods and applications met
at the 2017 International Modal Analysis Conference orga-
nized by the Society of Experimental Mechanics and decided
to have a round robin study on detection of damage in a
composite plate; the start date of the study is July 2017. The
composite plate being studied has 20 plies and the size of the
plate is 300 mm x 100 mm with a thickness of 2.5 mm; it
was manufactured by the organizer of the focus group and
round robin study at the University of Bristol in the UK.
Two damage in the form of two cuts was introduced on the
10th and 11th plies and their sizes are 15 mm x 15 mm and
Smm x 5Smm. The 15 mm x 15 mm cut was then filled with
one layer of kitchen foil. No damage can be seen from appear-
ance inspection. Five groups of researchers in Europe and
the U.S. were involved in the study. Without knowing dam-
age locations beforehand for the researchers, their goal is to
detect the damage locations with use of any SLDV method.
This round robin study provides a good opportunity to inves-
tigate the accuracy and sensitivity of a CSLDV in detection of
hidden damage in composite plates, which would be a good
application for the CSLDV.

Some work on using a CSLDV for detection of damage
in aluminum beams and plates has been done by the authors
[26-28]. The current work to detect the hidden delamina-
tion damage in the composite plate uses the same damage
detection methodology as that in [28]. More efforts taken in
the current work are to investigate sensitivities of different
CODS:s of the composite plate to the local anomaly induced
by the hidden damage. The effect of spatial resolution of an
ODS on detection of small-sized damage is also investigated
in this work. In the previous work, there was no discussion
about the priority between the scan frequency and number of
multiple scans, while the current work tries to give a more
detailed investigation on this topic.



Journal of Nondestructive Evaluation (2019) 38:54

Page3of18 54

2 Methodology
2.1 Design of a CSLDV

To achieve the function that the laser spot from a CSLDV
continuously moves on a structure surface and measures
velocity response, three components are needed [29], includ-
ing a single-point laser Doppler vibrometer, a scanner with
X and Y scan mirrors, and a control unit. For a commer-
cial SLDV, such as a Polytec-500 SLDV with an internal
scanner, one can directly give continuous signals to scan
mirrors to achieve continuous scanning. However, since a
commercial SLDV is only used with stepped scanning by
default, one has to connect the internal scanner to an exter-
nal signal generator to achieve continuous scanning, which
requires knowledge about specifications of the scanner and
pin configuration. A more economic and reliable way is
to build an in-house CSLDV through a combination of the
three individual components mentioned above. The CSLDV
built by the authors includes a Polytec OFV-353 single-point
laser Doppler vibrometer, a Cambridge 6240H scanner, and
a dSPACE MicroLabBox control unit, as shown in Fig. 1.
The individual vibrometer was originally put on a tripod for
use, as shown in Fig. 2a. In order to accommodate the scan-
ner and its servo boards on the same tripod, a base plate,
a scanner mounting plate, and a vibrometer mounting plate
are designed, as shown in Fig. 2b. Two requirements are con-
sidered to determine sizes of those plates and their relative
positions. The first requirement is to ensure that the gravity
center of the CSLDV is close to the center of the tripod head
mount plate since the scanner is as heavy as the vibrome-
ter. The second requirement is to ensure that the laser beam
from the vibrometer passes through the center of each mirror
on the scanner. After the two requirements are satisfied, the
sizes of those plates are optimized to reduce their weights.
A final design of the CSLDV is shown in Fig. 2¢, where the
whole CSLDV can be firmly mounted on the tripod. An in-
house built CSLDV can reduce equipment cost and increase
flexibility for vibration measurement.

2.2 2D Continuous Scan Scheme

A 2D continuous scan scheme introduced in [28] is used in
this work to scan the composite plate, as shown in Fig. 3. The
laser spot begins to move from point P;; and simultaneously
sweep in right and upward directions until reaching point
P,,, which finishes one scan of line Pj; P-,. If multiple scans
for a line are required, the laser spot sweeps back to point
Py and repeats the same scan process between points Pj; and
P, until the multiple scans are finished. At the time when the
multiple scans for line Pj; P, are finished, the laser spot is at
point P,» and continues to simultaneously sweep in left and
upward directions until reaching point Pj», which finishes one

Scanner

. MicroLabBox

Fig.1 In-house CSLDV built by the authors

scan of line P, Pj». The laser spot repeats the above scan pro-
cess for each scan line and finally reaches point P,, to finish
the 2D continuous scan scheme. The corresponding 2D scan
trajectory is called a horizontally 2D moving scan trajectory.
Details for obtaining corresponding input signals of the scan
mirrors can be found in [28]. Velocity response measured by
the CSLDV along the 2D continuous scan scheme includes
both time- and spatial-domain information, which requires
a different signal processing method to obtain an ODS of
the composite plate. The demodulation method is applied to
obtain the ODS from velocity response and its Fourier trans-
form is not needed. Details of the demodulation method can
be found in [28].

2.3 Damage Detection Using CODSs

A curvature-based method is an efficient method to detect
damage. The most significant advantage of using a CSLDV
for vibration measurement of a structure is that a spatially
dense ODS of the structure can be obtained by the demodula-
tion method and further used to calculate the CODS. While an
ODS of the composite plate is obtained by the demodulation
method from CSLDV measurement, the ODS of the asso-
ciated undamaged plate can be obtained using polynomials
to fit the ODS from the demodulation method [28]. CODSs
of the damaged composite plate and associated undamaged
plate can then be calculated from the ODSs obtained before.
Damage detection can be achieved by using a curvature dam-
age index (CDI) that can distinguish differences between
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Fig.2 a Individual vibrometer
on the tripod by default, b three
plates designed for the CSLDV,
and ¢ the CSLDV on the tripod
with the aid of the three plates
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Fig.3 2D continuous scan scheme for a plate

the CODSs of the damaged composite plate and associated
undamaged plate. Further, a normalized average CDI [28]
can be used to assist estimation of the damage size by com-
bining CDIs at different excitation frequencies. A flow chart
of using a CSLDV for damage detection is shown in Fig. 4.

3 Round Robin Study

As previously mentioned, the size of the damaged composite
plate being studied is 300 mm x 100 mmy; the thickness of
the plate is 2.5 mm and there are 20 plies along its thickness.
The surface of one side of the plate is rough and that of the
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Fig.4 Flow chart of using a CSLDV for damage detection

other side is shinny, as shown in Fig. 5a and b, respectively.
No damage can be seen from appearance inspection on both
sides. Since the weight of the plate is only 4.54 g and the
methodology here is applicable to all boundary conditions of
the plate, the authors uses a bench vice to clamp the middle
part of the left short edge of the plate, as shown in Fig. 6a.
Since stiffness of the plate is large, the clamp area is small
to ensure measurable response of the plate by a CSLDV. A
retroreflective tape is attached on the shinny surface of the
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Fig.5 a Rough surface of the
damaged composite plate with

its length and width dimensions
and b the shiny surface of the
plate with its thickness
dimension

(@)

Thickness of the plate is 2.
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plate to enhance laser reflection. Since nondestructive meth-
ods must be used in this round robin study, instead of using a
shaker that must be attached to the plate, the plate is excited
by a speaker [30,31] close to the rough surface of the plate in
anon-contact manner, as shown in Fig. 6b. Unlike a shaker or
a lead—zirconate—titanate actuator, acoustic excitation by the
speaker can avoid any mechanical contact with the compos-
ite plate. Hence, there is no external mass or stiffness loading
effect on the composite plate.

An impact test is first conducted on the damaged com-
posite plate in Fig. 6a to measure its first seven natural
frequencies. A PCB 086C03 impact hammer and the CSLDV
are used to excite the plate at an impact point and measure
its velocity response at a measurement point, respectively.
The first seven natural frequencies, i.e., 29.3 Hz, 82.03 Hz,
199.22 Hz, 297.27 Hz, 563.67 Hz, 1040.23 Hz, and 1777.73
Hz, are used as sinusoidal excitation frequencies. One can
see that the seven excitation frequencies cover a frequency
range from low-order modes of the plate to its high-order
modes, which can provide sufficient data of ODSs, CODSs,
and CDIs to detect possible damage locations.

In order to obtain a densest ODS of the damaged com-
posite plate that hardware of the CSLDV can achieve, the
composite plate is divided into two scan areas by a middle
horizontal line along the long edge direction of the plate.
The two scan areas are defined as scan areas 1 and 2, as
shown in Fig. 6a. Either scan area is scanned by a horizon-
tally 2D moving scan trajectory, which is similar to that in
Fig. 3. Either scan area is formed by 59 scan lines and the

(b)

number of multiple scans for each scan line is 9. Scan and
sampling frequencies of the CSLDV are 0.05 Hz and 10,000
Hz, respectively. The total time to finish a scan of either scan
area is 5310 s and the total number of data acquired is 5310 x
10,000 =53,100,000, which is close to the maximum number
of data that the hardware can store in one scan. Based on the
above parameters, a partial ODS of the plate corresponding
to either scan area has a total number of 100,000 x 59 =
5,900,000 measurement points and a full ODS of the plate
has a total number of 5,900,000 x 2 = 11,800,000 measure-
ment points. Such dense measurement grids can increase the
possibility to capture local anomaly induced by small-sized
damage.

3.1 ODSs, CODSs, and CDIs at Different Excitation
Frequencies

3.1.1 Excitation Frequency of 29.3 Hz

Partial ODSs of the damaged composite plate corresponding
to scan areas 1 and 2 at the excitation frequency of 29.3 Hz
obtained by the demodulation method are shown in Fig. 7a
and b, respectively. One can see that they are smooth and
similar to each other. The full ODS of the plate is formed by
the two partial ODSs, as shown in Fig. 7c, and it corresponds
to the first mode of the plate, which is a pure bending mode
along its long edge direction. Corresponding partial CODSs
of scan areas 1 and 2 are shown in Fig. 8a and b, respectively.
Unlike the smooth ODSs in Fig. 7, the CODSs have many
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Scanarea 1

Middle horizontal line

Fig.6 a Experimental setup for detection of damage in the composite
plate and b non-contact excitation by the speaker

small peaks and it is difficult to see their clear shapes. The
ODS and CODS along the first scan line of the 2D scan
trajectory in scan area 1 are extracted, as shown in Fig. 9a and
b, respectively. One can see that the ODS along the scan line
is smooth and has a clear shape. However, the corresponding
CODS along the scan line does not have a clear shape. Similar
observation can be found from ODSs and CODSs along other
scan lines. Corresponding partial CDIs for scan areas 1 and
2 are shown in Fig. 10a and b, respectively. One can see
that there are some scattered small areas on the right side of
either scan area that have high CDI values. It is difficult to
tell whether there is damage in those small areas based on
the CDIs at a single excitation frequency.

3.1.2 Excitation Frequency of 82.03 Hz

The full ODS of the damaged composite plate at the exci-
tation frequency of 82.03 Hz is shown in Fig. 11, which is
formed by two partial ODSs corresponding to scan areas 1
and 2. One can see that the full ODS of the plate correspond-
ing to its second mode is also a pure bending mode along
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the long edge direction of the plate. Corresponding partial
CODSs of scan areas 1 and 2 are shown in Fig. 12a and b,
respectively. Similar to the case at the excitation frequency
of 29.3 Hz, it is not easy to distinguish clear shapes of the
CODSs in Fig. 12 either. Corresponding partial CDIs for scan
areas 1 and 2 are shown in Fig. 13a and b, respectively. The
number of scattered small areas with high CDI values on the
right side of either scan area is much fewer than that at the
excitation frequency of 29.3 Hz. Also, there are no common
areas with consistently high CDI values between the CDIs
corresponding to the first and second modes of the plate in
Figs. 10 and 13, respectively. Hence, the scattered small areas
with high CDI values at the excitation frequencies of 29.3 Hz
and 82.03 Hz in Figs. 10 and 13, respectively, can be caused
by measurement noise.

3.1.3 Excitation Frequency of 199.22 Hz

The full ODS of the damaged composite plate at the excita-
tion frequency of 199.22 Hz is shown in Fig. 14, which is
formed by two partial ODSs corresponding to scan areas 1
and 2. One can see that the full ODS of the plate correspond-
ing to its third mode is another pure bending mode along
the long edge direction of the plate. Compared with the full
ODSs corresponding to the first two pure bending modes at
the excitation frequencies of 29.3 Hz and 82.03 Hz, the full
ODS at this excitation frequency has more bending varia-
tion. Corresponding partial CODSs of scan areas 1 and 2 are
shown in Fig. 15a and b, respectively. Shapes of the CODSs
can be clearly distinguished and the adverse effect of mea-
surement noise on them is small. The ODS and CODS along
the first scan line of the 2D scan trajectory in scan area 1
are extracted, as shown in Fig. 16a and b, respectively. One
can see that shapes of both the ODS and CODS are clear.
Corresponding partial CDIs for scan areas 1 and 2 are shown
in Fig. 17a and b, respectively. An area with high CDI values
can be clearly seen in Fig. 17a and CDI values in remaining
areas are small, which indicate one possible damage location
corresponding to the area with high CDI values. A narrow
strip area with high CDI values can also be seen in Fig. 17b,
which can be another possible damage location. However, the
strip area in Fig. 17b is not as obvious as the area in Fig. 17a
since there are some other small areas with somewhat lower
CDI values in Fig. 17b. Locations of two possible damage are
obtained from the CDIs at this excitation frequency, which
are consistent with the information about the number of dam-
age in this round robin study. In order to confirm the damage
locations, CDIs at more excitation frequencies are needed.

3.1.4 Excitation Frequency of 297.27 Hz

The full ODS of the damaged composite plate at the excita-
tion frequency of 297.27 Hz is shown in Fig. 18, which is
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Fig.7 Partial ODSs corresponding to scan areas a 1 and b 2; the full ODS of the damaged composite plate is shown in (c). All the ODSs are at the
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10 Corresponding partial CDIs for scan areas a 1 and b 2 at the excitation frequency of 29.3 Hz

formed by two partial ODSs corresponding to scan areas 1
and 2. One can see that the full ODS of the plate correspond-
ing to its fourth mode is a coupled bending-bending mode
along both long and short edge directions of the plate, which
is different from the first three pure bending modes of the
plate that are only along its long edge direction. Correspond-
ing partial CODSs of scan areas 1 and 2 are shown in Fig. 19a
and b, respectively. One can see that shapes of the CODSs
are more clear than those at the excitation frequencies of 29.3
Hz and 82.03 Hz, but less clear than those at the excitation
frequencies of 199.22 Hz. Corresponding partial CDIs for
scan areas 1 and 2 are shown in Fig. 20a and b, respectively.
There are no areas with high CDI values on the right side of
each scan area in Fig. 20, which indicates that the small areas
with high CDI values on the right side of either scan area in
Figs. 10 and 13 can be caused by measurement noise. CDI
values in Fig. 20a and b at the two possible damage loca-
tions obtained from Fig. 17 are small. Hence, CDIs at this
excitation frequency cannot be used for detection of damage
locations.
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1 and 2. One can see that the full ODS of the plate cor-
responding to its fifth mode is another pure bending mode
along the long edge direction of the plate. Corresponding
partial CODSs of scan areas 1 and 2 are shown in Fig. 22a
and b, respectively. Shapes of the CODSs can be clearly dis-
tinguished and the effect of measurement noise on them is
small. Corresponding partial CDIs for scan areas 1 and 2
are shown in Fig. 23a and b, respectively. One can see that
two similar areas with high CDI values to those in Fig. 17
are clearly seen at the two possible damage locations there.
Hence, consistently high CDI values are seen at the two pos-
sible damage locations at the excitation frequencies of 199.22
Hz and 563.67 Hz, which increases the probability of damage
existence at those two locations.
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g
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Fig. 13 Corresponding partial CDIs for scan areas a 1 and b 2 at the excitation frequency of §2.03 Hz
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Fig. 14 Full ODS of the damaged composite plate at the excitation
frequency of 199.22 Hz

3.1.5 Excitation Frequency of 563.67 Hz

The full ODS of the damaged composite plate at the exci-
tation frequency of 563.67 Hz is shown in Fig. 21, which
is formed by two partial ODSs corresponding to scan areas

3.1.6 Excitation Frequency of 1040.23 Hz

The full ODS of the damaged composite plate at the excita-
tion frequency of 1040.23 Hz is shown in Fig. 24, which is
formed by two partial ODSs corresponding to scan areas 1
and 2. One can see that the full ODS of the plate correspond-
ing to its sixth mode is also a coupled bending-bending mode
along both long and short edge directions of the plate. Cor-
responding partial CODSs of scan areas 1 and 2 are shown
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in Fig. 25a and b, respectively. One can see that their shapes ~ Corresponding partial CDIs for scan areas 1 and 2 are shown
are more clear than those at the excitation frequencies of  in Fig. 26a and b, respectively. One can see that there are
29.3Hz, 82.03 Hz, and 297.27 Hz, but less clear than those some scattered small areas with high CDI values in the two
at the excitation frequencies of 199.22 Hz and 563.67 Hz. CDIs and none of them are at the two possible damage loca-
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Fig.20 Corresponding partial CDIs for scan areas a 1 and b 2 at the excitation frequency of 297.27 Hz
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Fig. 24 Full ODS of the damaged composite plate at the excitation
frequency of 1040.23 Hz

tions obtained by the CDIs at the excitation frequencies of
199.22 Hz and 563.67 Hz. Hence, the CDIs at this excitation
frequency cannot be used for detection of damage locations.
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3.1.7 Excitation Frequency of 1777.73 Hz

The full ODS of the damaged composite plate at the excita-
tion frequency of 1777.73 Hz is shown in Fig. 27, which is
formed by two partial ODSs corresponding to scan areas 1
and 2. One can see that the full ODS of the plate correspond-
ing to its seventh mode is another coupled bending-bending
mode along both long and short edge directions of the plate.
Corresponding partial CODSs of scan areas 1 and 2 are shown
in Fig. 28a and b, respectively. One can see that shapes of the
CODSs are clear. Corresponding partial CDIs for scan areas
1 and 2 are shown in Fig. 29a and b, respectively. Similar to
the CDIs at the excitation frequency of 1040.23 Hz, only few
scattered small areas with high CDI values can be seen in the
two CDIs and none of them are at the two possible damage
locations obtained by the CDIs at the excitation frequencies
of 199.22 Hz and 563.67 Hz. Hence, the CDIs at this excita-
tion frequency cannot be used either for detection of damage
locations.
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summarized in Table 1. In the current experimental setup, the
plate is excited at frequencies that are close to its natural fre-
quencies; ODSs of the plate are close to its mode shapes, and
some mode shapes of the plate are similar to mode shapes of
a cantilever beam since its length is three times of its width.
The third and fifth modes of the plate are pure bending modes
along its long edge direction, and corresponding CODSs cal-
culated along the long edge direction have relatively large
values, as shown in Figs. 15 and 22, respectively, and conse-
quently high signal-to-noise ratios (SNRs). Hence, they are
the most beneficial modes for detecting the two damage. It
is not easy to detect damage of the small-sized and stiff plate
here using its first and second modes, since corresponding
CODSs calculated along the long edge direction have rela-
tively small values, as shown in Figs. 8 and 12, respectively,

X mirror (V)
(a)
Fig.26 Corresponding partial CDIs for scan areas a 1 and b 2 at the excitation frequency of 1040.23 Hz
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Fig. 27 Full ODS of the damaged composite plate at the excitation
frequency of 1777.73 Hz

3.1.8 Summary of Results at Different Excitation
Frequencies

Results using CDIs at different excitation frequencies to
detect possible damage locations in the composite plate are

and consequently low SNRs. The fourth and sixth modes of
the plate are coupled bending-bending modes along its long
and short edge directions. Since the length of the plate is
much larger than its width and the scan trajectory is along its
long edge direction, CODSs corresponding to the fourth and
sixth modes are also calculated along the long edge direction,
which have relatively small values, as shown in Figs. 19 and
25, respectively, and consequently low SNRs. Hence, CODSs
corresponding to the fourth and sixth modes cannot be used
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Fig.29 Corresponding partial CDIs for scan areas a 1 and b 2 at the excitation frequency of 1777.73 Hz

Table 1 Summary of detection results at different excitation frequen-
cies

Frequency (Hz) = Mode Detection
29.3 Pure bending mode along long edge No
82.03 Pure bending mode along the long No
199.22 Pure bending mode along long edge Yes
297.27 Coupled bending-bending mode No
563.67 Pure bending mode along long edge Yes
1040.23 Coupled bending-bending mode No
1777.73 Coupled bending-bending mode No

to detect the two damage. The two damage locations of the
plate are close to nodal lines of the seventh mode of the plate,
as shown in Fig. 30, which causes the corresponding CODS
insensitive to the local anomaly induced by the two damage.

Based on the above results, normalized average CDIs for
scan areas 1 and 2 are calculated using the CDIs at the exci-
tation frequencies of 199.22 Hz and 563.67 Hz, as shown in
Fig. 31a and b, respectively. From the normalized average
CDIs, one can see that there is two damage in the composite
plate, which is consistent with the prescribed number of dam-
age. Estimated locations of the two damage are obtained by
the following procedure. First, input voltages of the X and Y
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Fig.30 Two possible damage locations on the full ODS of the damaged
composite plate at the excitation frequency of 1040.23 Hz

mirrors corresponding to the maximum normalized average
CDI value in either damage are extracted. Second, the laser
spot is directed to a point with the input voltages obtained
in the first step and this point is assumed as the center of the
damage. Sizes of the two damage are also estimated by a simi-
lar procedure. Comparison between estimated and prescribed
damage locations and sizes of the two damage is shown in
Fig. 32. One can see that the estimated locations of the two
damage are in good agreement with the prescribed damage
locations. The two damage is named damage 1 and dam-
age 2 hereafter. Prescribed and estimated sizes of damage 1
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Fig.31 Normalized average CDIs for scan areas a 1 and b 2 using the CDIs at the excitation frequencies of 199.22 Hz and 563.67 Hz. The estimated
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Fig. 32 Comparison between estimated and prescribed locations and
sizes of the two damage

are 15 mm x 15 mm and 12 mm x 16 mm, respectively.
Prescribed and estimated sizes of damage 2 are 5 mm x 5
mm and 6 mm x 15 mm, respectively. One can see that the
estimated size of damage 1 is in good agreement with the pre-
scribed size. However, the size of damage 2 is overestimated
in the short edge direction of the plate. Possible reasons are
that the prescribed size of damage 2 is only 5 mm x 5 mm
and stiffness of the plate is much higher along the short edge
direction. Hence, it can be difficult to achieve a high SNR in
this direction.

The above damage detection results are obtained by divid-
ing the damaged composite plate into two scan areas and
using the maximum hardware storage ability of the CSLDV.
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X mirror (V)
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Fig.34 Scan line assigned to go through the center of damage 1

One can also treat the whole plate as one scan area and use
only one 2D scan trajectory. CDIs of the plate using only
one full scan at the excitation frequencies of 199.22 Hz and
563.67 Hz are shown in Fig. 33a and b, respectively. One can
see that damage 1 with the prescribed size of 15 mm x 15
mm can be clearly detected with only one full scan. However,
damage 2 with the prescribed size of 5 mm x 5 mm is not
detected, since spatial resolution of a full ODS of the plate
with only one whole scan area is half of that of the full ODS
with two partial scan areas, which makes it more difficult to
capture the local anomaly induced by damage 2.

3.2 Effects of the Scan Frequency and Number of
Multiple Scans on ODSs, CODSs, and CDlIs

When a CSLDV is used for damage detection, an important
point is to choose a suitable scan frequency fscq,. This is
especially essential when the CSLDV is used for small-sized

Y mirror (V)

02 01 0 01 02 03 04 05
X mirror (V)

(b)

Fig.33 CDIs of the damaged composite plate with only one full scan at the excitation frequencies of a 199.22 Hz and b 563.67 Hz. The estimated

size of damage 1 is indicated by a rectangular in solid lines
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Table 2 Four combinations of fs¢q, and M

Combination Sscan (Hz) M

1st 0.05 11
2nd 0.25 51
3rd 0.5 101
4th 1 201

damage detection. If the scan frequency is high, the laser
spot quickly sweeps each point on a structure surface and
may not be able to capture small local anomaly induced by
damage. In order to improve SNRs, Chen et al. [26] pro-
posed an averaging technique and suggested that the number
of multiple scans M for a scan line be large to reduce the
adverse effect of measurement noise on damage detection.
Hence, the number of multiple scans is another factor that
needs to be considered. Since the scan time of one whole
scan is fixed by hardware, a lower scan frequency is associ-
ated with a smaller number of multiple scans while a higher
scan frequency is associated with a larger number of multi-
ple scans. In order to investigate which factor plays a more
important role in damage detection, a scan line is assigned to
go through the center of damage 1, as shown in Fig. 34. The
scan time is fixed at 100 s and four combinations of fscan

Fig.35 ODSs with four 1

and M are used, as shown in Table 2. Periodic triangular sig-
nals corresponding to different f;.,, and a constant signal
are given to the X and Y mirrors, respectively, to achieve the
line scan. ODSs, CODSs, and CDIs along the scan line at
the excitation frequencies of 199.22 Hz and 563.67 Hz are
shown in Figs. 35, 36, and 37, respectively. One can see that
the ODSs are in good agreement with different combinations
of fscan and M, which indicates that an ODS does not have
preference on the scan frequency and number of multiple
scans. One can see in Fig. 36a with the excitation frequency
of 199.22 Hz that the CODSs are in good agreement in the
first three combinations of fs.q, and M. However, in the
fourth combination with the scan frequency being 1 Hz and
M = 201, the CODS at the right boundary of the scan line
has abrupt change. Similar abrupt change can be seen in the
CODS in Fig. 36b in the fourth combination of f;.,, and M
at the excitation frequency of 563.67 Hz. The reason is that
the scan direction quickly changes at two ends of the scan line
when the scan frequency is high. This abrupt change leads to
high CDI values at the right boundary of the corresponding
CDI shown in Fig. 37, which can have an adverse effect on
damage detection. One can see that the CDI in Fig. 37b in
the fourth combination cannot be used to detect damage 1.
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Hence, a CODS and a CDI prefer a low scan frequency to a
large number of multiple scans.

4 Conclusion

A CSLDV and a curvature-based damage detection method
are successfully applied in this work to detect two hidden
delamination damage in a composite plate in a round robin
study. Non-contact excitation and response measurement are
achieved by a speaker and the CSLDV, respectively. Dense
spatial resolution of ODSs, CODSs, and CDIs of the plate at
seven excitation frequencies is obtained. The CODSs corre-
sponding to the first two modes of the plate do not have as
good quality as those corresponding to higher-order modes.
The CODSs corresponding to the third and fifth modes that
are pure bending modes along the long edge direction of the
plate are most sensitive to local anomaly induced by the two
damage. Hence, for detection of damage in a composite plate
with a relatively large aspect ratio with use of a CSLDV, it
is recommended to first conduct a simulation study to obtain
its mode shapes and use excitation frequencies correspond-
ing to pure bending modes along the long edge direction of
the plate for further experimental investigation. While only
the damage with the prescribed size of 15 mm x 15 mm is
detected when applying only one full scan to the damaged
composite plate, both of the two damage is detected when
the plate is divided into two partial scan areas since spatial
resolution of a full ODS of the plate in this case is twice
that with only one full scan; this increases the probability
to capture the anomaly induced by the two damage. Hence,
denser spatial resolution of an ODS is beneficial for damage
detection and it is recommended to divide a composite plate
with a relatively large area into two or more scan areas along
the long edge direction of the plate. The accuracy and sen-
sitivity of a CSLDV used for detection of hidden damage in
a composite plate are fully investigated in this round robin
study and locations and sizes of the two damage are well

estimated with use of the CSLDV due to its two advantages,
i.e., dense measurement and an advanced damage detection
method. Based on the feedback from the organizer of the
round robin study, locations of the two damage in the com-
posite plate are only detected by the authors with use of a
CSLDV in this round robin study.
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