Chapter 12 )
In-plane Vibration Measurement of an Aluminum Plate Using St
a Three-Dimensional Continuously Scanning Laser Doppler
Vibrometer System

Ke Yuan and Weidong Zhu

Abstract A three-dimensional (3D) continuously scanning laser Doppler vibrometer (CSLDV) system that contains three
CSLDVs and an external controller is developed to conduct full-field scanning to measure 3D vibrations of an aluminum
plate with free boundary conditions under sinusoidal excitation. A reference object parallel to the plane of the plate is used
as the measurement coordinate system to obtain in-plane vibration components. Calibration among three CSLDVs in the
3D CSLDV system based on the geometrical model of its scan mirrors is conducted to adjust their rotational angles to
ensure that three laser spots can continuously and synchronously move along the same 2D scan trajectory on the plate. The
demodulation method is used to process the measured response to obtain operating deflection shapes (ODSs) of the plate. By
using frequencies that are close to damped natural frequencies of the plate as sinusoidal excitation frequencies, four in-plane
ODSs, including shear and longitudinal ones, are obtained in the frequency range between 0 and 5000 Hz. These ODSs are
in good agreement with those obtained by traditional stepwise scanning and theoretical undamped mode shapes of the plate
calculated from its finite element (FE) model. Modal assurance criterion (MAC) values between the first four in-plane ODSs
from 3D CSLDV measurements and those from stepwise scanning measurements are larger than 95%. MAC values between
ODSs from 3D CSLDV measurements and corresponding mode shapes from the FE model are larger than 90%. However,
the 3D CSLDV system can scan more measurement points in much less time than 3D stepwise scanning.

Keywords Plate - In-plane vibration - Operating deflection shape - Three-dimensional continuously scanning laser
Doppler vibrometer system - Demodulation method

12.1 Introduction

There is no doubt that transverse, or called out-of-plane, vibration plays an important role in modal analysis of plate
structures, since their out-of-plane mode shapes are usually found at low natural frequencies and can be easily excited. There
are many studies on out-of-plane full-field vibration measurements of structures by using accelerometers [1-2]. However, the
significance of in-plane vibration in wave transmission of high-frequency vibration in built-up structures and its effects on
energy flow were also studied by some researchers [3—-5]. Many studies focused on developing methods to improve accuracy
of analytical solutions of in-plane vibration of platelike structures with various shapes and boundary conditions [6—8]. There
is still a scarcity of study on modal test of in-plane vibration of plate structures.

One possible reason for the lack of experimental investigation of in-plane vibration of plate structures is that usual
vibration measurement devices, such as accelerometers and single-point or one-dimensional (1D) scanning laser Doppler
vibrometers (LDVs), are designed for measuring vibration normal to the surface of a structure, and it is not easy to directly
measure in-plane vibration of the structure. Larsson [9] investigated the feasibility of measuring in-plane vibration of a
rectangular plate with an aspect ratio of 1:2 and free boundary conditions by using accelerometers. In the study, three
accelerometers were attached along the direction parallel to the plate surface and moved around the plate to measure its in-
plane vibration. Twelve in-plane modes were identified in the frequency range from 1600 to 7000 Hz; however, some errors
would be induced by mass loading of the accelerometers and large signal noise at interior positions of the plate. Batista et
al. [10] measured in-plane mode shapes of a plate with free boundary conditions by using a single-point LDV and a light
hammer. The laser beam of the LDV was parallel to the plate surface in the study, and a cubic block was attached to the plate
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surface at its different positions to receive the laser spot during the experiment. However, it took much time to move and
reattach the block, and the block would also induce mass loading. Xu and Zhu [11] developed an operational modal analysis
method by using a single-point LDV and a free-field microphone as well as an experimental modal analysis method by using
the LDV and an impact hammer to measure both in-plane and out-of-plane vibrations of a plate in a noncontact way. In the
study, the laser beam was shinned on the plate surface with a proper incident angle, and in-plane vibration of the plate was
obtained from velocities along the laser beam by calculating their components parallel to the plate surface.

Although a triaxial accelerometer was developed and applied to various fields to measure three-dimensional (3D)
vibrations of structures, mass loading is still a problem, especially for lightweight structures. Miyashita and Fujino [12]
developed a noncontact 3D vibration measurement system by calibrating positions of three LDVs, and reported good
agreement between results from the 3D LDV system and a triaxial accelerometer in measuring ground motion, wave
propagation of a plate, and vibration of a steel railway bridge. To automate a vibration test, a scanning laser Doppler
vibrometer (SLDV) was developed by adding a pair of orthogonally mounted galvanometer mirrors to the LDV [13]. A
3D SLDV system, which contains three SLDVs and controls three laser spots to synchronously move in a stepwise manner
along the surface of a structure, has been developed to measure three perpendicular velocity components of the structure and
commercialized as Polytec PSV-400-3D and PSV-500-3D systems. The 3D SLDV system has been applied in many areas,
such as vibration analysis of power tools with 3D complex surfaces [14], identification of fatigue cracks [15], detection
of damage in a beam by using its longitudinal vibration shapes [16], modal analysis of a whole vehicle body [17] and a
towerlike skeletal structure [18], full-field strain response measurement of an underwater structure [19-20], modal testing
of a sandwich structure [21], and modal identification of a three-bladed wind turbine assembly [22]. Some researchers
focused on developing 3D vibration measurement systems by attaching a single SLDV to a multi-axis positioning system
[23] or moving the single SLDV to three different locations to reduce the cost [24-26]. However, it usually takes a long
time to obtain high spatial resolution in SLDV measurement when the surface of a structure is large and measurement
points are dense [18], and most previous studies focused on in-plane components of 3D vibrations at relatively low out-of-
plane frequencies, which usually have larger magnitudes than those at high in-plane frequencies. An improved method is
to continuously move the laser spot over the surface of a structure, which was developed as a continuously scanning laser
Doppler vibrometer (CSLDV) system [27-29]. Dense operating deflection shapes (ODSs) and mode shapes of structures can
be used to detect damages in them [30-33].

For 3D vibration measurements by using three CSLDVs, the main challenge is to calibrate positions of the three CSLDV's
to continuously and synchronously direct their laser beams along the same scan trajectory. A novel 3D CSLDV system,
which contains three CSLDVs, was developed to address the challenge through a calibrating procedure, and 3D vibrations of
a beam under white-noise [34] and sinusoidal [35] excitations were studied and showed good agreements with results from
a commercial 3D SLDV system. Also, 3D OSDs of a composite plate under sinusoidal excitation with a frequency of 148
Hz were studied in Ref. [36]. However, 3D vibrations of the plate in the study were obtained by resolving its out-of-plane
vibration at a low excitation frequency through an arbitrary measurement coordinate system (MCS). One still needs to study
whether the 3D CSLDV system can be used to measure in-plane vibration of a plate at excitation frequencies close to its
in-plane natural frequencies, which are usually much higher than its lowest out-of-plane frequency, with enough accuracy.
With different vibration information from that of out-of-plane ODSs of a structure, in-plane ODSs of the structure can be
used to some advantages to detect its damage in some future study.

The objective of this work is to propose a noncontact and fast way to measure dense full-field in-plane vibration of
an aluminum plate, which has high frequencies and low response magnitudes. A novel 3D CSLDV system is developed
to measure 3D full-field vibrations of the aluminum plate under sinusoidal excitation at frequencies close to its in-plane
natural frequencies, which are identified by its finite element (FE) model and modal test by using a Polytec PSV-500-
3D SLDV system. A two-dimensional (2D) zigzag scan trajectory is designed on the plate surface to conduct full-field
scanning, a shaker is placed at a side of the plate to excite its in-plane vibration, and a reference object parallel to the plate
plane is used to calibrate the 3D CSLDV system to ensure that the in-plane vibration can be measured. The difference
between the proposed 3D CSLDV system and existing commercial 3D SLDV systems lies in their calibration method.
Existing commercial 3D SLDV systems, such as a Polytec PSV-500-3D, calibrate three laser spots by a video triangulation
procedure when moving laser spots from one measurement point to the next one, which increases test time and limits its
application to continuous scanning. The demodulation method is used to process in-plane response of the plate from 3D
CSLDV measurements to obtain its in-plane ODSs. Four obtained in-plane ODSs at three excitation frequencies of the plate
from 3D CSLDV measurements are compared to those from 3D SLDV measurements and corresponding in-plane mode
shapes from its FE model. Modal assurance criterion (MAC) values between experimental results from 3D CSLDV and 3D
SLDV measurements of the plate are larger than 95%, and MAC values between experimental results from its 3D CSLDV
measurements and numerical results from its FE model are larger than 91%. The 3D CSLDV system can scan much more
measurement points in much less time than the 3D SLDV system.
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12.2 Instrument and Method for Measuring In-plane ODSs of a Platelike Structure

A novel 3D CSLDV system, which consists of three CSLDVs and an external controller, is developed to measure 3D full-
field vibrations of a plate. As shown in Fig. 12.1, three CSLDVs can be referred to as Top, Left, and Right CSLDVs based on
their positions during measurement. A zigzag scan trajectory on the surface of the plate is predesigned, and corresponding
signals are inputted into scan mirrors in each CSLDV to direct three laser spots to continuously and synchronously move
along the scan trajectory.

As shown in Fig. 12.2, a reference object, which has some known accurate coordinates, is used as the MCS to calibrate
the 3D CSLDV system. It is noted that the reference object needs to be parallel to the plane of the plate, so that response
measured by three CSLDVs can be projected onto the o-xy plane of the MCS, which includes in-plane ox and oy directions
of the plate. Two orthogonal scan mirrors in a CSLDV, which can be referred to as X and Y mirrors, are used to build the
vibrometer coordinate system (VCS) to describe the position of the CSLDV during measurement in this work. One can see
from Fig. 12.2 that the rotating center of the X mirror 0 is also the origin of the VCS, and the rotating center of the Y mirror
o' isonthe 0’z axis; so the X mirror can rotate about the X axis, and the Y mirror can rotate about the y” axis that is parallel
to the yl axis. Variables « and 8, which can be controlled by inputting voltages to X and Y mirrors through the external
controller, are rotational angles of X and Y mirrors from their initial positions, respectively. The distance between centers of
the two scan mirrors |o/0/ ’| = d is a known parameter for the CSLDV.

Based on the geometrical model of the CSLDV in Fig. 12.2, coordinates of a point P in the VCS can be expressed as

Pycs = [—dtan (B) — rsin(B), —r cos () cos (B) , —r sin (&) cos (,3)]T, (12.1)

where r is the distance from the point P to the incident point of the laser path on the X mirror P'. The unit vector e in the
laser beam direction in the VCS can be written as

e = [sin(B), cos (&) cos (B), sin () cos (,B)]T. (12.2)

It can be assumed that coordinates of a selected calibrating point P in the MCS are Pyics = [, y, z)7, whose values can
be easily obtained from the reference object. The relation between Pyics and Pycg can be written as
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Fig. 12.1 3D CSLDV system and zigzag scan trajectory for measuring 3D full-field vibrations of an aluminum plate
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Pyvces = T + RPys, (12.3)

where T = [x,, y», 20’17 is the translation vector that denotes coordinates of the origin o in the MCS and R is the direction
cosine matrix from the MCS to the VCS. By using the method proposed in Refs. [34-36], which includes procedures of
solving an overdetermined nonlinear problem and an optimization problem, exact values of r for all selected calibrating
points, the error of the geometrical unit in the Top CSLDV, and T and R matrices for each CSLDV can be calculated. In
this work, six points including four corner points and one reference point on either of two poles on the reference object were
selected as reference points, which ensures that all the reference points are not on the same plane.

A zigzag scan trajectory is usually used in CSLDV measurements of platelike structures. For the 3D CSLDV system in
this study, the approach of equal division that is used in 1D CSLDV measurements can generate signals to control three laser
spots to move along the same scan line, but not synchronously, since it is difficult to keep all the laser beams from three
CSLDVs to be absolutely perpendicular to the test plate and any slight angle changes would lead to asynchronous scanning.
For the 3D CSLDV system used in this study, the first step to design the zigzag scan trajectory is to calculate values of r for
all measurement points along the scan trajectory. Since the plate is flat, the bisection method proposed and used to design a
1D scan line on a beam in Ref. [34] can be extended to design a 2D scan trajectory on a plate by repeating the same process
for multiple lines. Based on the fact that coordinates of a measurement point P* are constant in the MCS for three CSLDVs,
positional relations among three CSLDVs for the point can be established by

k k k
TTOp + RTopPVCS(Top) = TLeft + RLeftPVCS(Left) = TRight + RRighthcs(Righ[), (12~4)

where subscripts Top, Left, and Right denote the Top, Left, and Right CSLDVs, respectively, and the superscript k£ denotes
the k-th measurement point on the scan trajectory. Hence, coordinates of the point PX in VCSs of Left and Right CSLDV's
can be obtained by

k —1 k
PVCS(Left) = RLeft [(TTOP - TLeft) + RTOPPVCS(Top)] ) (12.5)

k —1 k
PVCS(Right) = RRight [(TTOp - TRight) + RTOPPVCS(Top)] ’ (12.6)

respectively. Therefore, rotational angles of X and Y mirrors of Left and Right CSLDVs for the point PX can be obtained by

ko_ k k
UL = Aretan { Zyegefy/ yVCS(Left))

. ' f ' (12.7)
Prere = arctan (Xycsq efy/ (yVCS(Left)/ cos () — d)) ;
and
koo k k
ORjght = arctan (ZVCS(Rightt)/ yVCS(Right)) (12.8)
koo k k k '
BRighe = arctan (xVCS(Right)/ (yVCS(Right)/ cos (O‘Righn) - d)) )
respectively.

With the proposed methodology described above, three laser spots from three CSLDVs can continuously and syn-
chronously move along the same scan trajectory by inputting corresponding rotational angles to their scan mirrors. Vibration
components of the point PX in x, y, and z directions of the MCS can then be obtained by

T 77! T
k vk yk k k k k k k
[Vx» vy, V; ] = |:|:RT0PeTop’ Riefi€y cf» RRighteRigm] } [VTop’ Vief VRight] ) (12.9)

where VTkOp, V]feft, and Vé‘i 1t are measured velocities of the point P* by using Top, Left, and Right CSLDVs, respectively.
The process described by Eq. (12.9) can be repeated for each point on the prescribed scan trajectory. Finally, 3D vibrations
of the plate in the MCS can be obtained by the 3D CSLDV system.
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The demodulation method can be used to process the steady-state response of a structure under sinusoid excitation from
CSLDV measurement to obtain its ODS at the excitation frequency [37]. The steady-state response along the scan trajectory
u can be expressed as

u(x,t) = U (x)cos (wt —¢) = Uy (X) cos (wt) + Ugp () sin (wt) , (12.10)

where x denotes the position information of measurement points along the scan trajectory, U(X) are responses at measurement
points along the scan trajectory that have two components, which are the in-phase component Uj(x) and quadrature
component Ug(x), w is the excitation frequency, and ¢ is a phase variable. To obtain in-phase and quadrature components of
U(x), multiplying u(x, f) by cos(wt) and sin(wt) yields:

u (x,t)cos (wt) = &5 (x) cos? (wt) + @ (x) sin (wt) cos (wt) 12.11)
=3P/ (x) + 3P/ (x) cos Qot) + P (x) sin Qwt) '

and

u (X, 1) sin (wt) = ®; (x) sin (wt) cos (1) + Pg (x) sin? (wt) (12.12)
= 1o () + 3P/ (x) sin Qot) — 1P (x) cos (2wt) :
respectively. A low-pass filter can then be used to eliminate sin(2wf) and cos(2wt) terms in Eqgs. (12.11) and (12.12), and

corresponding results can be multiplied by a scale factor of two to obtain Uj(x) and Ug(x).

12.3 Experimental Investigation

A rectangular aluminum plate, which has dimensions of 400 mm x 500 mm x 4.75 mm, was used as the specimen in this
work. Three SLDVs from a Polytec PSV-500-3D SLDV system were used to build the 3D CSLDV system in this work. The
Polytec PSV-500-3D system has no continuously scanning function, but has the interface connector in each SLDV, which
can be connected to an external controller. A dSPACE MicroLabBox and the ControlDesk software were used as the external
controller to generate a series of signals to control a total number of six scan mirrors to continuously rotate in the configured
3D CSLDV system. The external controller can be removed from the 3D CSLDV system to obtain the original Polytec
PSV-500-3D system and conduct stepwise scanning measurements. As shown in Fig. 12.3a, the longitudinal axis of the scan
head of the Top CSLDV needs to be perpendicular to the scan surface of the plate. Left and Right CSLDVs can be placed at
arbitrary locations as long as they are not too close to the Top CSLDV and their laser spots can cover the complete area to
be scanned in the input voltage range. The Polytec PSV-A-450 reference object parallel to the plate was used to calibrate the
3D CSLDV system. From Fig. 12.3b, one can see that two strings were used to hang the plate to simulate its free boundary
conditions, and a shaker was placed at one side of the plate to excite it along its in-plane directions by using frequencies that
are close to in-plane natural frequencies of the plate. The shaker in Fig. 12.3b excited the plate along the x direction, and the
plate could rotate about the oz axis by 90° in the o-xy plane when measuring its ODSs along the y direction. In-plane ODSs
at frequencies close to identified natural frequencies of the plate were obtained in the 3D stepwise scanning manner of the
Polytec PSV-500-3D system in the same MCS and used as references for comparison purposes to validate in-plane ODSs
obtained from 3D CSLDV measurements.

A FE model of the plate with free boundary conditions was created by using the commercial finite element software
Abaqus to obtain its theoretical natural frequencies and mode shapes. The material of the FE model of the plate is aluminum
that has a Young’s modulus of 70 GPa, a density of 2750 kg/m>, and a Poisson’s ratio of 0.33. As shown in Fig. 12.4, three
in-plane natural frequencies of the plate can be calculated in the frequency range from 0 to 5000 Hz. One can see that mode
shapes at natural frequencies of 3924.3 Hz and 4388.3 Hz are in-plane shear modes along the x direction, and the mode shape
at the natural frequency of 4788.1 Hz is an in-plane longitudinal mode that has components along both x and y directions.

A modal test was first conducted by using the Polytec PSV-500-3D system in its stepwise scanning mode to identify
in-plane natural frequencies of the plate, where a sweeping signal with a frequency band from 0O to 5000 Hz was used as
excitation. A total number of 289 measurement points were selected in the modal test, which formed a 17 x 17 grid on the
plate. The summed in-plane FRFs of all the 289 measurement points is shown in Fig. 12.5 where in-plane natural frequencies
of the plate are marked. The first three in-plane natural frequencies of the plate identified from the modal test are shown in
Table 12.1 and compared to those from its FE model. One can see that the maximum error between the first three in-plane
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Fig. 12.3 (a) Arrangement of three CSLDVs with respect to the test plate and (b) the test plate with free boundary conditions and in-plane
excitation from a shaker
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Fig. 12.4 Numerical results of in-plane mode shapes of the free aluminum plate along the x direction at frequencies of (a) 3924.3 Hz, (b) 4388.3
Hz, and (c) 4778.1 Hz, and (d) along the y direction at the frequency of 4778.1 Hz

Table 12.1 Natural frequencies of the first three in-plane mode shapes of the free aluminum plate from its FE model and the modal test by using
the 3D SLDV system, and corresponding errors between them

Natural frequency (Hz) ‘ Error (%)
In-plane mode number FE model Modal test
Mode 1 3924.3 3915.6 0.2
Mode 2 4388.3 4366.4 0.5
Mode 3 4778.1 4715.6 1.3

natural frequencies from the modal test of the plate and its FE model is 1.3%, indicating that these identified in-plane natural
frequencies of the plate are accurate and can be used as excitation frequencies to obtain corresponding in-plane ODSs. The
ratio of the largest measured in-plane rigid-body natural frequency of the plate to its first in-plane elastic natural frequency is
0.4%, which is less than 10%, indicating that boundary conditions simulated by strings in this experiment can be considered
as free boundary conditions [38]. Note that some relatively low frequencies at peaks in Fig. 12.5 are natural frequencies of
out-of-plane mode shapes of the plate.

A detailed description for calculating rotational angles of scan mirrors in Left and Right CSLDVs and calibrating the 3D
CSLDV system is provided below:

1. Control scan mirrors in three CSLDVs to successively direct their laser spots to six reference points on the PSV-A-450
reference object, record their coordinates in the MCS and corresponding rotational angles, and obtain translation vectors
and direction cosine matrices of the three CSLDVs.

2. Design a zigzag scan trajectory on the test plate, record rotational angles of scan mirrors in the Top CSLDV for start and
end points on each scan line, and measure distances from the Top CSLDV to the start and end points.

3. Use Eqgs. (12.4, 12.5, 12.6, 12.7 and 12.8) to calculate rotational angles of scan mirrors corresponding to Left and Right
CSLDVs.
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Fig. 12.5 Summed in-plane FRFs of all the 289 measurement points from the modal test by using the 3D SLDV system

Table 12.2 Comparison between test times and numbers of measurement points of 3D CSLDV and 3D SLDV measurements

Measurement method Test time (s) Number of measurement points
3D CSLDV measurement 82.5 25,000 x 33 = 825,000
3D SLDV measurement 1200 17 x 17 =289

4. Feed signals corresponding to rotational angles calculated in the above steps to three CSLDVs, and visually examine if
three laser spots can continuously and synchronously move along the same scan line.

To ensure laser spots continuously move along the whole zigzag scan trajectory, they need to be designed to move through
one scan line n times, where n is odd. In this work, the scan frequency of the 3D CSLDV system is f;. = 1 Hz, which means
that it takes 0.5 s to move laser spots through one scan line, and the sampling frequency of the system is f;, = 50,000 Hz,
which means that 50,000 data are sampled in 1 s. The full-field zigzag scan trajectory on the plate in this experiment includes
34 scan lines and n is set to 5. Therefore, the total time to complete the whole scanning is t = 0.5 x 5 x 33 = 82.5 s, and the
total number of measurement points is k = 0.5 x 50000 x 33 = 825, 000. Comparison of the total scanning time and number
of measurement points between the 3D CSLDV system and 3D SLDV system is shown in Table 12.2. It can be seen that
the 3D CSLDV system can measure much more points in much less time than the 3D SLDV system in full-field vibration
measurement.

Results of four in-plane ODSs of the free aluminum plate at three excitation frequencies from both 3D CSLDV and 3D
SLDV measurements are shown in Figs. 12.6, 12.7, 12.8, and 12.9. Note that the coordinate system in the above figures is
the same as that in the FE model of the plate, where the x-axis is along the horizontal direction and the y-axis is along the
vertical direction. It can be found that in-plane ODSs at frequencies of 3915.6 Hz and 4366.4 Hz are shear ones along the
x direction and those at the frequency of 4715.6 Hz are longitudinal ones along both x and y directions, which have similar
patterns to corresponding mode shapes in Fig. 12.4 from the FE model of the plate.

To further check correlations between in-plane ODSs of the plate from 3D CSLDV measurements and in-plane mode
shapes from its FE model, and those between in-plane ODSs of the plate from 3D CSLDV and 3D SLDV measurements,
their MAC values are calculated and shown in Table 12.3; correlation is high when a MAC value is close to 1 and low when
it is close to 0 [38]. One can see that MAC values between in-plane ODSs from 3D CSLDV and 3D SLDV measurements
are larger than 95% for all the four modes, indicating that 3D CSLDV measurements in this study have the same accuracy
as that of 3D SLDV measurements. MAC values between in-plane ODSs from 3D SLDV measurements and in-plane mode
shapes from the FE model of the plate are larger than 89% for all the four modes. MAC values between in-plane ODSs from
3D CSLDV measurements and in-plane mode shapes from the FE model of the plate are larger than 91% for all the four
modes. The possible reason for the slightly lower MAC value of mode 3 along the x direction is that the mode shape from
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Fig. 12.6 In-plane ODSs along the x direction of the free aluminum plate at the excitation frequency of 3915.6 Hz from (a) 3D CSLDV and (b)
3D SLDV measurements
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Fig. 12.7 In-plane ODSs along the x direction of the free aluminum plate at the excitation frequency of 4366.4 Hz from (a) 3D CSLDV and (b)
3D SLDV measurements

the FE model at the frequency of 4788.1 Hz is a coupled mode shape that has components along both x and y directions, but
is dominated by the component along the y direction.

12.4 Conclusion

A novel measurement method using a 3D CSLDV system is developed in this study to obtain 3D full-field vibrations of
a plate under sinusoidal excitations at frequencies close to its in-plane natural frequencies. A 2D zigzag scan trajectory
is designed on the plate surface to conduct a full-field scanning, a shaker is placed at a side of the plate to excite its in-
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Fig. 12.8 In-plane ODS along the x direction of the free aluminum plate at the excitation frequency of 4715.6 Hz from (a) 3D CSLDV and (b)
3D SLDV measurements
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Fig. 12.9 In-plane ODS along the y direction of the free aluminum plate at the excitation frequency of 4715.6 Hz from (a) 3D CSLDV and (b)
3D SLDV measurements

plane vibrations, and a reference object parallel to the plate is used to calibrate the 3D CSLDV system to ensure that in-
plane vibrations can be measured. The demodulation method is used to process response of the plate from 3D CSLDV
measurements to obtain its in-plane ODSs. In the frequency range from 0 to 5000 Hz, four obtained in-plane ODSs of the
plate at three excitation frequencies from 3D CSLDV measurements are compared to those from 3D SLDV measurements
and corresponding in-plane mode shapes from its FE model. MAC values between experimental results from 3D CSLDV and
3D SLDV measurements are larger than 95%, and MAC values between experimental results from 3D CSLDV measurements
and numerical results from the FE model of the plate are larger than 91%, indicating that 3D CSLDV measurements in this
study have the same accuracy as that from 3D SLDV measurements. The 3D SLDV system can measure 289 measurement
points in 1200 s, while the 3D CSLDV system can measure 825,000 measurement points in 82.5 s, which means that the
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Table 12.3 MAC values between in-plane ODSs of the plate from 3D CSLDV measurements and in-plane mode shapes from its FE model, and
those between in-plane ODSs of the plate from 3D CSLDV and 3D SLDV measurements

MAC values between 3D SLDV | MAC values between 3D CSLDV
measurement and the FE model measurement and the FE model MAC values between 3D CSLDV

Mode number (%) (%) and 3D SLDV measurements (%)
Mode 1 98.0 97.9 96.3
Mode 2 98.1 97.1 98.4
Mode 3 (x) 89.3 91.5 96.7
Mode 3 (y) 93.8 95.8 97.1
3D CSLDV system can measure much more points in much less time than the 3D SLDV system in full-field vibration
measurement.

Acknowledgments The authors are grateful for the financial support from the National Science Foundation through Grant No. CMMI-1763024.

References

11.

12.

13.

14.

15.

16.

17.

18.

20.

21.

22.

. Chen, Y., Logan, P., Avitabile, P., Dodson, J.: Non-model based expansion from limited points to an augmented set of points using Chebyshev

polynomials. Exp. Tech. 43(5), 521-543 (2019)

. Chen, Y., Avitabile, P, Dodson, J.: Data consistency assessment function (DCAF). Mech. Syst. Signal Process. 141, 106688 (2020)
. Lyon, R.: In-plane contribution to structural noise transmission. Noise Control Eng. J. 26, 22 (1986)
. Langley, R.S., Bercin, A.N.: Wave intensity analysis of high frequency vibrations. Philos. Trans. R. Soc. Lond. Ser. A Phys. Eng. Sci.

346(1681), 489499 (1994)

. Bercin, A.N.: An assessment of the effects of in-plane vibrations on the energy flow between coupled plates. J. Sound Vib. 191(5), 661-680

(1996)

. Bardell, N.S., Langley, R.S., Dunsdon, J.M.: On the free in-plane vibration of isotropic rectangular plates. J. Sound Vib. 191(3), 459-467

(1996)

. Wang, Z., Xing, Y., Sun, Q.: Highly accurate closed-form solutions for the free in-plane vibration of rectangular plates with arbitrary

homogeneous boundary conditions. J. Sound Vib. 470, 115166 (2020)

.Ji, M., Wu, Y., Ma, C.: Analytical solutions for in-plane dominated vibrations of transversely isotropic circular plates based on high-order

theories. J Sound Vib. 503, 116110 (2021)

. Larsson, D.: In-plane modal testing of a free isotropic rectangular plate. Exp Mech. 37(3), 339-343 (1997)
. Batista, F.B., Fabro, A.T., Céser, L.F., Arruda, J.R.E., Albuquerque, E.L.: In-plane modal testing of a free isotropic plate using laser doppler

vibrometer measurements. In: AIP conference proceedings Vol. 1253, No. 1, pp. 333-340. American Institute of Physics (2010, May)

Xu, Y.F.,, Zhu, W.D.: Operational modal analysis of a rectangular plate using non-contact excitation and measurement. J. Sound Vib. 332(20),
4927-4939 (2013)

Miyashita, T., Fujino, Y.: Development of 3D vibration measurement system using laser doppler vibrometers. In: Health monitoring and smart
nondestructive Evaluation of structural and biological systems V, vol. 6177, p. 617701. International Society for Optics and Photonics (2006,
March)

Stoffregen, B., Felske, A.: Scanning laser Doppler vibration analysis system. SAE Trans. 94, 934-940 (1985)

Bendel, K., Fischer, M., Schuessler, M.: Vibrational analysis of power tools using a novel three-dimensional scanning vibrometer. In: Sixth
international conference on vibration measurements by laser techniques: advances and applications, vol. 5503, pp. 177-184. International
Society for Optics and Photonics (2004, June)

Staszewski, W.J., Lee, B.C., Traynor, R.: Fatigue crack detection in metallic structures with Lamb waves and 3D laser vibrometry. Measurement
Sci. Technol. 18(3), 727 (2007)

Xu, W., Zhu, W.D., Smith, S.A., Cao, M.S.: Structural damage detection using slopes of longitudinal vibration shapes. J. Vib. Acoustics.
138(3), 034501 (2016)

Rothberg, S.J., Allen, M.S., Castellini, P., Di Maio, D., Dirckx, J.J.J., Ewins, D.J., Halkon, B.J., Muyshondt, P., Paone, N., Ryan, T., Steger,
H.: An international review of laser Doppler vibrometry: making light work of vibration measurement. Opt. Laser Eng. 99, 11-22 (2017)
Marwitz, S., Zabel, V.: An experimental evaluation of two potential improvements for 3D laser vibrometer based operational modal analysis.
Exp. Mech. 57(8), 1311-1325 (2017)

. Chen, Y., Avitabile, P., Page, C., Dodson, J.: A polynomial based dynamic expansion and data consistency assessment and modification for

cylindrical shell structures. Mech. Syst. Signal Process. 154, 107574 (2021)

Chen, Y., Joffre, D., Avitabile, P.: Underwater dynamic response at limited points expanded to full-field strain response. J. Vib. Acoustics.
140(5), 051016 (2018)

Yuan, K., Zhu, W.: Modeling of welded joints in a pyramidal truss sandwich panel using beam and shell finite elements. J. Vib. Acoustics.
143(4), 041002 (2021)

Chen, Y., Mendoza, A.S.E., Griffith, D.T.: Experimental and numerical study of high-order complex curvature mode shape and mode coupling
on a three-bladed wind turbine assembly. Mech. Syst. Signal Process. 160, 107873 (2021)



23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37

In-plane Vibration Measurement of an Aluminum Plate Using a Three. .. 115

O’Malley, P., Woods, T., Judge, J., Vignola, J.: Five-axis scanning laser vibrometry for three-dimensional measurements of non-planar surfaces.
Measurement Sci. Technol. 20(11), 115901 (2009)

Kim, D., Song, H., Khalil, H., Lee, J., Wang, S., Park, K.: 3-D vibration measurement using a single laser scanning vibrometer by moving to
three different locations. IEEE Trans. Instrum. Measurement. 63(8), 2028-2033 (2014)

Weekes, B., Ewins, D.: Multi-frequency, 3D ODS measurement by continuous scan laser Doppler vibrometry. Mech. Syst. Signal Process. 58,
325-339 (2015)

Chen, D.M., Zhu, W.D.: Investigation of three-dimensional vibration measurement by a single scanning laser Doppler vibrometer. J. Sound
Vib. 387, 36-52 (2017)

Halkon, B.J., Frizzel, S.R., Rothberg, S.J.: Vibration measurements using continuous scanning laser vibrometry: velocity sensitivity model
experimental validation. Measurement Sci. Technol. 14(6), 773 (2003)

Halkon, B.J., Rothberg, S.J.: Vibration measurements using continuous scanning laser vibrometry: advanced aspects in rotor applications.
Mech. Syst. Signal Process. 20(6), 1286—1299 (2006)

Di Maio, D., Castellini, P., Martarelli, M., Rothberg, S., Allen, M.S., Zhu, W.D., Ewins, D.J.: Continuous scanning laser vibrometry: a raison
d’étre and applications to vibration measurements. Mech. Syst. Signal Process. 156, 107573 (2021)

Chen, D.M., Xu, Y.F,, Zhu, W.D.: Experimental investigation of notch-type damage identification with a curvature-based method by using a
continuously scanning laser doppler vibrometer system. J. Nondestruct. Eval. 36(2), 38 (2017)

Chen, D.M., Xu, Y.F,, Zhu, W.D.: Identification of damage in plates using full-field measurement with a continuously scanning laser Doppler
vibrometer system. J. Sound Vib. 422, 542-567 (2018)

Chen, W., Jin, M., Huang, J., Chen, Y., Song, H.: A method to distinguish harmonic frequencies and remove the harmonic effect in operational
modal analysis of rotating structures. Mech. Syst. Signal Process. 161, 107928 (2021)

Zhu, Z., Luo, S., Feng, Q., Chen, Y., Wang, F., Jiang, L.: A hybrid DIC-EFG method for strain field characterization and stress intensity factor
evaluation of a fatigue crack. Measurement. 154, 107498 (2020)

Yuan, K., Zhu, W.D.: Estimation of modal parameters of a beam under random excitation using a novel 3D continuously scanning laser Doppler
vibrometer system and an extended demodulation method. Mech. Syst. Signal Process. 155, 107606 (2021)

Chen, D.M., Zhu, W.D.: Investigation of three-dimensional vibration measurement by three scanning laser Doppler vibrometers in a
continuously and synchronously scanning mode. J. Sound Vib. 498, 115950 (2021)

Arun, K.S., Huang, T.S., Blostein, S.D.: Least-squares fitting of two 3-D point sets. IEEE Trans. Pattern Anal. Mach. Intell. 5, 698-700 (1987)

. Stanbridge, A.B., Ewins, D.J.: Modal testing using a scanning laser Doppler vibrometer. Mech. Syst. Signal Process. 13(2), 255-270 (1999)
. Ewins, D.J.: Modal testing: theory, practice, and application, 2nd edn. Research Studies Press Ltd., Hertfordshire (2000)



	12 In-plane Vibration Measurement of an Aluminum Plate Using a Three-Dimensional Continuously Scanning Laser Doppler Vibrometer System
	12.1 Introduction
	12.2 Instrument and Method for Measuring In-plane ODSs of a Platelike Structure
	12.3 Experimental Investigation
	12.4 Conclusion
	References


