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It is important to detect and locate local damage in plate-type structures before such
damage develops to a significant degree, jeopardizing the integrity and safety of structures.
To address this problem, approaches using derivatives of laser-measured mode shapes
have become the research focus during the recent decade. In a physical sense, damage can
cause discontinuities in shear strains; conversely, such discontinuities can be reflected in
twist derivatives of mode shapes, whereby the presence of the damage can be manifested.
To address the susceptibility of twist derivatives to noise interference, this study formu-
lates a new concept of multi-resolution twist derivative by integrating the multi-resolution
analysis into twist derivatives, which features higher robustness against noise interference.
A novel damage index using multi-resolution twist derivatives is established for detecting
and locating damage in plate-type structures. In particular, a strategy of choosing mode
shapes and a scheme of sparsely sampling them are proposed. By numerical simulation
using the finite element method, the capability of the approach is numerically verified on a
plate-type structure with a square notch. The applicability of the method is experimentally
validated by detecting and locating a notch on an aluminum plate, whose mode shapes are
acquired through non-contact measurement using a scanning laser vibrometer. The nu-
merical and experimental results show that the approach can accurately characterize the
presence, location, and size of the damage, and is robust against noise interference, suit-
able for detecting and locating damage of plate-type structures under noisy conditions.
© 2020 Elsevier Ltd. All rights reserved.

1. Introduction

Plate-type structural components are widely used in mechanical, aerospace, and civil engineering fields. Damage in plate-

type structures can occur and accumulate

during the life time of the structures. In order to ensure the integrity and safety of

plate-type structural components, methods of damage detection have been widely developed in the past two decades [1-5],
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among which approaches relying on out-of-plane mode shapes have been attracting increasing attention because spatial
information contained in a mode shape benefits damage localization [6—9].

As per the theory of thin plates, normal and shear strains are proportional to partial derivatives of mode shapes with
respect to spatial coordinates [ 10]. Damage-induced local changes in the bending stiffness can cause discontinuities in strains
at damage locations. Conversely, such discontinuities can cause changes in partial derivatives of measured mode shapes,
which can be used to detect and locate damage. Superior to conventional sensors, structural mode shapes can be measured
through non-contact laser scanning measurement without effects on stiffness and mass. In the recent decade, damage
detection approaches relying on laser-measured out-of-plane mode shapes have become a research focus in the field of
vibration-based structural damage detection. Representative approaches from the perspective of normal strains are as fol-
lows. Qiao et al. [11] evaluated and compared three typical mode-shape-based algorithms for identification of delamination in
composite laminated plates. Xu et al. [12—14] formulated concepts of wavelet curvature mode shapes for damage identifi-
cation of plates. Superior to conventional curvature mode shapes, wavelet curvature mode shapes feature higher sensitivity to
damage and robustness against noise interference. Yang et al. [ 15,16] proposed the novel concept of Fourier spectral curvature
mode shape by using the Fourier spectral method over the conventional central difference operator, whose capacity and
superiority in detecting damage was well verified in composite plates. Cao et al. [17,18] introduced the principal component
analysis into curvature mode shapes to extract damage-induced local features for damage detection of plate-type structures.
Xu et al. [19,20] and Chen et al. [21—23] extracted local anomalies in differences between measured and reconstructed
curvature mode shapes to identify damage in plate-type structures. In contrast, much less attention was paid to approaches
from the perspective of shear strains. Representative approaches are as follows. Xu et al. [24,25] integrated mode shape
derivatives related to both normal strains and shear strains, by which a damage index was established using “pseudo-
excitation”. The presence, location, and size can be well characterized by the damage index. Cao et al. [26] revealed the
physical sense of shear strain singularity caused by delamination in laminates, built on which derivatives of shear strains were
proposed for damage detection of plate-type structures. The method was validated on a glass fiber reinforced polymer
laminate that beared a heat-caused delamination. Experimental results show that the approach has the distinctive ability to
detect slight delamination in composite laminates.

On the other hand, by taking advantage of non-contact laser scanning measurement, measured mode shapes can be
densely sampled so that sampling intervals can match dimensions of small damage. However, superfluous sampling points
make the laser scanning measurement time-consuming. In addition, noise interference can be amplified in derivatives of
densely sampled mode shapes due to the finite difference method. In consequence, actual damage features can be masked by
intense noise interference [12]. Therefore, de-noising processing needs to be applied on mode shapes beforehand. It is
noteworthy that the recently developed fast laser scanning strategy using a continuously scanning laser Doppler vibrometer
is a promising technology to measure densely sampled mode shapes in a short time [21—23].

With these concerns, from the perspective of shear strains, the concept of twist derivative, which is the fourth-order
derivative of a mode shape, is developed for damage detection of plate-type structures in this study. In particular, a strat-
egy of choosing mode shapes and a scheme of sparsely sampling them are proposed. The multi-resolution analysis (MRA) is
introduced into twist derivatives to eliminate noise components involved in mode shapes, whereby the new concept of multi-
resolution twist derivative (MRTD) is formulated with high robustness against noise interference. Finally, a novel damage
index is established for damage detection and localization of plate-type structures under noisy conditions.

The rest of the paper is organized as follows. Section 2 gives fundamentals for the concept of twist derivative, and for-
mulates a new concept of MRTD by integrating twist derivatives with the MRA, based on which a novel damage index is
established for damage detection and localization of plate-type structures. Section 3 numerically verifies the capability of the
proposed approach on a plate-type structure with a notch with reduced thickness in a square area. Section 4 experimentally
validates the applicability of the approach by detecting and locating a square notch in an aluminum plate. The damaged plate
is excited using a lead-zirconate-titanate (PZT) piezoelectric actuator, and its mode shapes are acquired through non-contact
measurement using a scanning laser vibrometer (SLV). Section 5 presents concluding remarks.

2. Damage index for damage detection and localization
The physical sense of twist derivative in detecting damage is introduced in this section. The MRA relying on the discrete
wavelet transform (DWT) is integrated into twist derivatives, whereby the MRTD is formulated with higher robustness

against noise interference. A novel damage index is established based on the MRTD for damage detection and localization of
plate-type structures.

2.1. Twist derivatives
The equation of out-of-plane motion of a thin plate subject to a transverse excitation can be written as [27]

wx,y,t)  wx,y,t)
at2? te ot

2
DV4w(x,y, )+ ph —q, (M
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where w(x, y, t) is the out-of-plane displacement of the plate at its mid-surface with respect to coordinates x and y and time t,
D is the bending stiffness of the plate, p is the material density per unit volume, h is the thickness, c is the damping coefficient,

q is the transverse excitation, and V*w denotes

64wJr a‘w +a4w
a*x T o%xdty oty

(2)

Assume that the steady-state displacement w(x, y, t) is the product of the mode shape W (x, y) and time response e~i! with
i being the imaginary unit and w the corresponding natural frequency:

WX, y, t) =W(x,y)e L. (3)
For elements in the plate that bear no transverse load, i.e.,, ¢ = 0, Eq. (1) can be rewritten by substituting Eq. (3) into it:

DVAW — w?phW — iwcW = 0, (4)
where

a*w *w  atw
a7x 9°x3“y a7y

The shear strain v, is proportional to the twist kxy:

PW
Kxy = axay’ (6a)
Yay = — 22ZKyy, (6b)

where z is the transverse coordinate whose origin is at the mid-surface of the plate. Partial derivatives of the twist with
respect to x and y are termed as twist derivatives hereafter in this paper, denoted as Tyy:

_ 02ny _ 64W
C0Xdy  §%xd%y

: (7)

xy
whose discrete form can be obtained by the finite difference method:

Tyx,y] = (W[x — hyx,y — hy] = 2W[x — hy,y] + W[x — hx, ¥ + hy]

hih2
—2W(x,y — hy] + 4W[x,y] — 2W|[x,y + hy] (8)

+W@+hmy—md—2Wh+hmﬂ+wvh+hmy+hﬂ)

with hy and hy being the measurement intervals in the x- and y-directions, respectively.

As per Eq. (6b), the twist is proportional to the shear strain in a plate; it can reflect discontinuities in shear strains caused
by damage-induced local changes in the bending stiffness of the plate. Conversely, by differentiating the twist with respect to
x and y, such discontinuities in the twist derivatives can concentrate in the damage region, by which the presence of the
damage can be manifested.

2.2. Multi-resolution twist derivatives
By addressing the susceptibility of the finite difference method to noise interference, the MRA is integrated into twist

derivatives using the two-dimensional (2D) DWT. The 2D wavelet function ¥"(x,y) (v = 1,2, 3) and scale function ¢(x,y) can
be formulated using the one-dimensional (1D) wavelet and scaling functions [28]:



4 W. Xu et al. / Journal of Sound and Vibration 481 (2020) 115448

VI (xy) = o(0y), (%a)
V(%) =¥X)e), (9b)
V2 (%) =Y(X¥), (90)
(X, ¥) =0X)oy), (9d)

where y(x) and y(y) are 1D wavelet functions, and ¢(x) and ¢(y) are 1D scaling functions, in the x- and y-directions,
respectively. By dilating and translating mother wavelet and scaling functions, wavelet and scaling functions at the MRA level
Jj can be obtained:

Y (x,y) =279y <27j>< —k, 279y - 1) ik 12, (10a)

oiri(x,y) =279 (29x—k 2Ty ~ 1)),k [€ 2, (10b)

The signal of a discretized mode shape W|[x,y] can be decomposed into components at multiple levels:

W:ZW]», (11)
J

Correspondingly, subspaces W; of L%(R) are spanned by ¥j . Which are orthogonal to each other; on the other hand, V; can be
spanned by V7, for i>j, which leads to V;_; = V;®W;, where

w; =span(\//j,<1l ke Z), (12a)

vjzspan(wgkj klezi >j). (12b)

Thus, L%(R) can be decomposed as
L’(r)=V,eW;®--oW;0WooW_j6W - (13)

Accordingly, discrete W in Vy with the finest resolution can be decomposed into the approximation Ay in Vy and details D]V in
W;:
J

Di[x, v, (14)

3 N
J
=1

WXyl =Ayx.y]+ >
v=1 j
where Ay and D}’ can be calculated by the DWT:

3
Av=>_ ZZZaZk.I‘//}},k.lv (15a)

v=1i>j k

DY =>"% " Wik (15b)
k 1

with wavelet transform coefficients a]'/ Kl

@ =W, ¥ ) (16)

being calculated by the inner product of W and %’{k.l:

To formulate the MRTD, an appropriate wavelet needs to be selected. Among the Daubechies wavelet family, the Db 1 wavelet,
also called the Haar wavelet, is employed in this study:

1 0<x<1,
o) = { 0 otherwise, (173)
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1 0<x<1/2
yx)=¢ -1 1/2<x<1, (17b)
0  otherwise.

The Haar wavelet is the simplest Daubechies wavelet with the first-order vanishing moment, which is easily accessible for
most engineers.

By virtue of the first-order differentiating function of the DWT using the Haar wavelet, the wavelet coefficients a k | by the
2D Haar DWT can be regarded as the second-order derivative of the mode shape W with respect to x and y at the level j.By
further processing a H kl by the 2D Haar DWT, the new wavelet coefficients a3* 1 €an be regarded as the fourth-order derivative
of W with respect to x and y at the level j, namely the MRTD, denoted as Txy i

3% 3 3
&1 =@ Yk (18a)

Ty jlx.y] =" [x.y]. (18b)

By means of the MRA, noise involved in mode shapes during measurement can be largely eliminated at high levels. Thereby,
the MRTD features higher robustness against noise interference than the twist derivative.

2.3. Damage index

To extract damage features from the MRTD, it is decomposed into components by singular value decomposition (SVD)
[29]:

Tyl y]= Z ny[x = Umxmzmxnvgxm (19a)

T;yj[xvy] :UrUrVL (19b)

120

A
o _
P— A
h Notch damage
N w
RS
g
e 1 I
}Actuatorl
mmn EEE
vo Illilll Yy
X 400
z

Fig. 1. FE model of the damaged plate (dimensions in millimeters) whose measurement zone consists of sub-regions (divided by red dashed lines).
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where T,y ; is represented by an m x n matrix with the rank R and is decomposed into the m x m matrix U = {u;,uy,...,um},
the m x n diagonal matrix = with singular values a1, g5, ..., og in the descending order, and the n x n matrix V. = {vq,vy,...,
Vm}. Among these components, the component T)‘}y j that is dominated by damage can be used as the damage index [30],

denoted as DI:

DIlx,y] =Tg, [X.¥]- (20)
Damage-caused peaks in DI can represent damage-caused discontinuities in twist derivatives, by which the damage can be
detected and localized. It is also worth mentioning that the approach proposed in this study for damage detection and

localization of plate-type structures is model- and baseline-free, which means that geometrical and material parameters can
be absent and no prior knowledge of mode shapes under the structurally intact status is required.

3. Numerical verification

The capability of the approach is numerically verified on a damaged plate by numerical simulation using the finite element
(FE) method.
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Fig. 2. The (a) first, (b) second, (c) third, and (d) fourth mode shapes of the damaged plate.
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3.1. Numerical model of the damaged plate

A rectangular plate that bears a notch with reduced thickness in a square area is considered as the numerical specimen.
The dimensions of the plate are 400 mm x 500 mm x 3 mm in the x-, y-, and z-directions, respectively. The lower edge of the
plate is clamped and the other three edges are free. The plate is modeled by the FE software ANSYS using eight-node hex-
ahedral elements whose dimensions are 10 mm x 10 mm x 1 mm in the x-, y-, and z-directions, respectively, as shown in
Fig. 1. The elastic modulus, Poisson's ratio, and material density are 70.5 GPa, 0.33, and 2680 Kgm 3, respectively. The notch
damage is modeled by reducing one-third thickness in a square area (20 mm x 20 mm) from the front surface of the plate. The
damage is centered at x = 110 mm and y = 290 mm. On the back surface of the plate, the measurement zone spans from
x = 10—390 mm and from y = 110—490 mm. The damage area amounts to 0.277% of the measurement area. Without loss of
generality, by introducing the dimensionless coordinates { = 3%; and 7 = 3}, the notch is centered at { = 0.263 and 7 =
0.474, spanning from 0.237 to 0.289 in ¢, and from 0.447 to 0.5 in 7, respectively. A harmonic force of unit amplitude at a
natural frequency is applied in the z-direction near the middle of the lower edge of the plate to simulate the transverse
excitation generated by an actuator. By measuring steady-state responses from 39 x 39 nodes in the measurement zone, the
operating deflection shape (ODS) of the plate with light damping can be obtained, which approximates the corresponding
mode shape associated with the natural frequency.

Each group of 3 x 3 measurement points on the plate surface can depict the local deflection that can be assumed as a
biquadratic function. Therefore, sparse sampling intervals in the measurement zone in the x- and y-directions can be about

(©) (d)

Fig. 3. Twist derivatives for the (a) first, (b) second, (c) third, and (d) fourth mode shapes.
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half of the damage dimensions in the corresponding directions. Although denser sampling can provide higher resolution in
mode shapes, it can be time-consuming for measurement and processing. With this concern, the sampling intervals are
10 mm in the x- and y-directions in this case. To compensate for the mode shape resolution for better visualization, bicubic
interpolation [31] is implemented to increase dimensions of the mode shapes from 39 x 39 to 153 x 153. It is noteworthy that
as dimensions of the damage are small, the sampling intervals need to be small enough to match the damage dimensions; on
the other hand, the plate needs to be excited at high frequencies to produce short waves that match the small damage.

3.2. Numerical results
(1) Choice of mode shapes

The first several modes can be more easily obtained than higher modes; nevertheless, they lack adequate sensitivities to
small damage [7]. The first four out-of-plane mode shapes W of the plate are obtained by ANSYS and shown in Fig. 2, whose
twist derivatives Txy are calculated by Eq. (8) and shown in Fig. 3. It can be seen from Fig. 3(a) and (b) that only some burrs
appear at locations where amplitudes in the corresponding mode shapes are large, whereas any damage-caused peak can be
barely recognized. These burrs are induced by errors in the FE calculation and amplified by the finite difference method. In
Fig. 3(c) and (d), the damage-caused peaks can be recognized but ambiguous for damage identification, because the third and
fourth mode shapes become more fluctuant as shown in Fig. 3(c) and (d), respectively. By addressing the inadequate sen-
sitivities of lower modes to small damage, higher modes are used in this study.

It is well known that sensitivities of mode shapes to damage depend on the damage location: damage close to nodal lines
can barely cause changes in derivatives of mode shapes, whereas damage near local fluctuant deformations can cause
noticeable changes. Thereby, mode shapes with local large amplitudes in the vicinity of the damage is beneficial for detecting
damage. However, the approximate location of damage is unknown and it is time-consuming to find appropriate mode

N

2121.8 Hz

w[x10°5 m/s]
- in

15
n

T il I

0 0.5 1 15 2 25 3 35 4
f [KHz]

<

Fig. 4. Frequency spectrum of the central displacement of the sub-region without damage.

(a) (b)

Fig. 5. (a) Mode shape at 2121.8 Hz and (b) its twist derivative.
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Fig. 6. Frequency spectrum of the central displacement of the sub-region with the damage.

shapes by searching a large number of modes one by one. By addressing this problem, this study proposes a strategy of
collecting candidate modes from sub-regions in the measurement zone: first, the measurement zone is divided into several
small sub-regions; then, the plate is excited by the sweeping force in a wide frequency range, and meanwhile the time history
of vibration at each sub-region center is individually measured; then, in each frequency spectrum, the candidate mode for

(© (d)

Fig. 7. Mode shapes for Scenarios (a) I, (b) II, (c) IIl, and (d) IV.
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each sub-region is selected by finding the natural frequency with the largest amplitude; and finally, the mode shape that is
most sensitive to the damage can be chosen from these candidate modes after trials. It is noteworthy that the exact mode
numbers of selected candidate modes can be unknown.

The measurement zone shown in Fig. 1 is divided into 5 x 5 sub-regions indicated by red dashed lines. The plate is excited
by the harmonic force with the sweeping frequency from 0 to 4 kHz. The displacement at the center of each sub-region is
simultaneously obtained. Sensitivities of selected candidate modes depend on the sub-regions they belong to; thereby
candidate modes for sub-regions without the damage can be less or not sensitive to the damage. Consider a sub-region
without the damage, spanning from 0.6 to 0.8 in {, and from 0.6 to 0.8 in 7. The frequency spectrum of its central
displacement is shown in Fig. 4, where the natural frequency with the largest amplitude is 2121.8 Hz. The corresponding
normalized mode shape is obtained with its maximum amplitude being unit, as shown in Fig. 5(a). Accordingly, its Tyy is
obtained by Eq. (8) and shown in Fig. 5(b). For generality, Txy is also normalized with its maximum amplitude being unit. No
evident damage-caused peak in Ty, appears to indicate the presence of the damage. In this case, the candidate mode for the
sub-region without damage lacks the capability of detecting damage.

The frequency spectrum of the central displacement of the sub-region with damage is shown in Fig. 6. To verify the
capability and robustness of the approach, more than one mode shapes are used in this case. The natural frequencies of
1523.8, 2507.9, 2804.0, and 3234.0 Hz with the first four largest amplitudes are selected, labeled as Scenarios I, II, III, and 1V,

© (d)

Fig. 8. Twist derivatives for Scenarios (a) I, (b) II, (¢) III, and (d) IV.
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respectively. The corresponding normalized mode shapes are obtained and shown in Fig. 7. By Eq. (8), the twist derivatives Ty
are obtained from the mode shapes and shown in Fig. 8. In each Tyy, a main peak appears in the damage region; around the
main peak, several side peaks with smaller amplitudes also appear in the vicinity of the damage region. Thereby, the presence
of the damage can be evidently manifested.

(2) Robustness against noise interference

In a real scenario, noise components are inevitably involved in the measured mode shapes. With this concern, Gaussian
white noise is incorporated into the noise-free mode shapes, whereby the noisy mode shapes with the signal-to-noise ratio of
60 dB are produced. The corresponding Tyy are obtained by Eq. (8) and shown in Fig. 9. It can be seen in Fig. 9 that due to the
differentiation in Eq. (8), noise interference is amplified, making the damage-induced discontinuity peaks become
ambiguous.

To eliminate noise interference in the twist derivatives, the MRA is applied according to Eq. (18b), by which the MRTDs are
formulated. For Scenario I, by means of gradually increasing the MRA level from 20 to 50, the corresponding MRTDs are
obtained and shown in Fig. 10. Each T,y ; is normalized with the maximum amplitude being unit. It is noteworthy that values
of T, ; near boundaries of the plate are made to vanish, in order to remove the intrinsic boundary effect in the DWT [7,32]. It
can be seen from Fig. 10 that noise interference is gradually eliminated with the increase of the MRA level; meanwhile, the
damage-caused peaks are retained to clearly indicate the damage. The MRTD T,y 50 in Fig. 10(d) is smooth enough, which

(c) (d)

Fig. 9. Twist derivatives for Scenarios (a) I, (b) II, (c) III, and (d) IV with noise interference.
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(©) (d)

Fig. 10. MRTDs for Scenario I at MRA levels of (a) 20, (b) 30, (c) 40, and (d) 50.

means that most of noise components have been eliminated. The MRTDs T, 50 for Scenarios I through IV are calculated and
shown in Fig. 11, where noise interference in each scenario is basically eliminated. The damage-caused main and side peaks in
T,y 50 can be evidently recognized in Fig. 11. Thereby, the satisficing MRA level in this case is 50. Nevertheless, the global trends
in Ty 50 obscure the damage-caused peaks for clearly characterizing the damage.

(3) Detection and localization of damage

By Eq. (19), Ty 50 is decomposed into components by SVD, among which the second component T)%y.SO is found to be the
component dominated by the damage. Accordingly, damage indices DI are obtained by Eq. (20), as shown in Fig. 12(a), (b), (c),
and (d) for Scenarios I, II, I, and IV, respectively. It can be seen from Fig. 12 that the global trends are totally removed and only
the damage-caused main and side peaks are retained. Thereby, the damage can be detected and localized by the main peaks.
To clearly show the main peaks, DI is multiplied by a dimensionless threshold of 0.6 after several trials, whose planforms are
shown in Fig. 13. It can be seen in Fig. 13 that for each scenario the location and size of the damage are well characterized by
the main peaks: the detected damage is centered at about { = 0.265 and n = 0.475, spanning from about 0.24 to 0.29 in {, and
0.45 to 0.5 in 7, respectively, corresponding to the actual location and size of the notch.
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(©) (d)

Fig. 11. MRTDs for Scenarios (a) I, (b) II, () III, and (d) at the MRA level of 50.

(4) Effect of sampling intervals

To investigate the effect of sampling intervals on the approach in characterizing damage, Scenario IV associated with
smaller sampling intervals (one quarter of damage dimensions in both the x- and y-directions) is considered as Scenario V.
The mode shape for Scenario V is shown in Fig. 14(a), whose planform of DI in Fig. 14(b) clearly characterizes the location and
size of the damage. As shown in Figs. 13(d) and 14(b), the detected damage for Scenarios IV and V with different sampling
intervals is almost the same. Scenario V with smaller damage is considered as Scenario VI, in which the damage dimensions
are reduced by half, i.e,, 10 mm x 10 mm. Accordingly, sampling intervals are reduced by half, i.e., 5 mm in the x- and y-
directions. The mode shape for Scenario VI is shown in Fig. 15(a) with its planform of DI shown in Fig. 15(b), in which the
damage location and size can be clearly characterized. Thereby, half of the damage dimensions can be regarded as satisficing
sampling intervals for damage detection and localization of plate-type structures.

4. Experimental validation

The applicability of the approach is experimentally validated by detecting damage in a rectangular plate through non-
contact measurement using a SLV, which was implemented in the Structural Dynamics Laboratory at Hohai University.
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(c) (d)

Fig. 12. Damage indices for Scenarios (a) I, (b) II, (c) III, and (d) IV.

4.1. Experimental specimen of the damaged plate

The material of the plate specimen is Aluminum 6061. The dimensions of the plate are 400 mm x 600 mm x 3 mm in
width, height, and thickness, respectively. The lower part of the plate with 100 mm in height is clamped as shown in Fig. 16. A
notch damage was manufactured by digging one-third thickness in a square area (20 mm x 20 mm) from the front surface.
The experimental specimen is shown in Fig. 16, where the measurement zone (380 mm x 380 mm) on the back surface is
marked in blue. Dimensions and locations of the measurement zone and notch damage are exactly the same as those in the
numerical model used in Section 3. A square PZT actuator (50 mm x 50 mm x 1 mm) is placed near the middle of the lower
edge of the plate to generate transverse harmonic excitations. Zoomed-in views of the notch damage and PZT actuator on the
front surface are also shown in Fig. 16. The PZT actuator (PZT-4) is custom-manufactured by Hanzhou Technology Co. in China,
whose resonance frequency in the thickness direction is about 2 MHz. Its frequency range starts from O Hz up to the MHz
level, depending on structures excited by the actuator. The experimental set-up is shown in Fig. 17. A SLV (Polytec PSV-400) is
employed to scan the entire measurement zone on the back surface of the plate with 39 x 39 uniformly-distributed mea-
surement points whose intervals are 10 mm in the x- and y-directions, in accord with the sparse sampling in the numerical
simulation. The velocity decoder of the SLV is Polytec VD-02 for a velocity up to 10 m/s and a frequency up to 1.5 MHz.
Displacement/velocity/acceleration responses of 39 x 39 measurement points in the measurement zone are acquired by the
SLV, whereby the displacement ODSs are obtained. When the plate with light damping is excited at a natural frequency, the
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Fig. 14. (a) Mode shape for Scenario V and (b) the planform of the damage index.
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Fig. 15. (a) Mode shape for Scenario VI and (b) the planform of the damage index.
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Fig. 16. Experimental specimen: the damaged plate with a PZT actuator attached to it.
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controller

Fig. 17. Experimental set-up: a SLV system.
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Fig. 18. Frequency spectrum of the central displacement of the sub-region with the damage.

ODS approximates the corresponding mode shape. Bicubic interpolation is implemented to increase the dimensions of the
measured mode shapes from 39 x 39 to 153 x 153.

4.2. Experimental results

In accord with the numerical simulation, the measurement zone of the plate is divided into 5 x 5 sub-regions. The plate is
excited by the harmonic force generated by the PZT actuator with the sweeping frequency from 0 to 2 kHz. Simultaneously,

(2) (b)

Fig. 19. (a) Mode shape of the damaged plate and (b) its twist derivative.
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TxyAU

() (d)

Fig. 20. MRTDs at MRA levels of (a) 20, (b) 30, (c) 40, and (d) 50.

central displacement responses of the sub-regions are individually acquired through non-contact laser measurements using
the SLV. In their frequency spectra, candidate modes for all sub-regions are determined by finding the natural frequencies
with largest amplitudes. Among the 25 selected candidate modes, the mode shape associated with the natural frequency of
1186.5 Hz is found to be most sensitive to the damage. This mode is selected from the frequency spectrum of the central
displacement of the sub-region with the damage, as shown in Fig. 18. For the ODS at the natural frequency of 1186.5 Hz, its real
part has a larger amplitude than the imaginary part; it is thereby used as the corresponding mode shape [33]. The normalized
mode shape W is shown in Fig. 19(a), from which the normalized twist derivative Ty, is obtained by Eq. (8) and shown in
Fig. 19(b). It can be seen that noise interference dominates the twist derivative, masking any damage-caused peak that can
indicate the presence of the damage. By Eq. (18b), the twist derivative is transformed to the MRTD, in which noise interference
can be gradually eliminated by increasing the MRA level; meanwhile, the damage-caused peaks are retained to clearly
indicate the damage. It can be found in Fig. 20 that up to the MRA level of 50, noise interference is basically eliminated in
T,y 50- Thereby, the satisficing MRA level in this case is 50.

By Eq. (19), Ty 50 is decomposed into components by SVD, among which the second component Tfy,so is found to be the
component dominated by the damage. The damage index DI is obtained by Eq. (20) and shown in Fig. 21(a), where the
damage-caused peaks evidently manifest the presence of the damage. In its planform shown in Fig. 21(b) with the dimen-

sionless threshold of 0.6, the location and size of the damage are clearly characterized by the main peak: the detected damage
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Fig. 21. (a) Damage index and (b) its planform.

is centered at about { = 0.265 and n = 0.475, spanning from about 0.24 to 0.29 in ¢, and 0.45 to 0.5 in 7, respectively, in good
agreement with the actual location and size of the notch.

Methods of damage identification of real-world structural components that rely on laser scanning can encounter some
difficulties in industrial applications, such as cost and agility of portage of a SLV and accessibility to structural components
that are not easy to inspect. By addressing these problems, Park et al. [34] discussed the applicability of laser scanning to
detection of delamination in wind turbine blades. A SLV can be carried on a vehicle to inspect real structural components
because of its long-range inspection of up to tens of meters. For structural components at locations that are not easy to inspect
directly, mirrors can be used to reflect laser beams from the SLV, so that laser beams can scan on the surfaces of the inspected
components. Applications of the proposed approach to real-world structural components can be addressed in some future
study.

5. Concluding remarks

Among vibration-based damage detection methods for plate-type structures, approaches relying on derivatives of out-of-
plane mode shapes through non-contact laser scanning measurement have become a research focus during the recent
decade. This study addresses the physical sense of twist derivatives in reflecting damage-caused discontinuities in shear
strains, based on which a novel damage index is established for detecting and locating damage in plate-type structures. In
particular, a strategy of choosing mode shapes and a scheme of sparsely sampling them are proposed. The capability of the
proposed approach is numerically verified by FE simulation and experimentally validated through laser scanning mea-
surement. The results show that the novel damage index can accurately characterize the presence, location, and size of the
damage, and is robust against noise interference. Some conclusions are as follows.

(1) In a physical sense, damage can cause discontinuities in shear strains; conversely, such discontinuities can be reflected
in twist derivatives of mode shapes, whereby the presence of the damage can be manifested.

(2) By integrating the MRA into the twist derivative, a new concept of MRTD is formulated with high robustness against
noise interference, based on which the damage index is established using SVD. The location and size of the damage can
be characterized by the damage index.

(3) With the objective of finding appropriate mode shapes that are sensitive to small damage, a strategy of collecting
candidate modes from sub-regions is proposed in this study. The mode shape that is most sensitive to the damage can
be chosen from these candidate modes after trials.

(4) A scheme of sparsely sampling mode shapes is proposed in this study. Half of damage dimensions can be regarded as
satisficing sampling intervals for damage detection and localization of plate-type structures. To compensate for the
mode shape resolution for better visualization, bicubic interpolation is implemented to increase dimensions of the
mode shapes.
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