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Chapter 10
Development of a Novel Robotic Continuously Scanning Laser
Doppler Vibrometer for Vibration Measurement of a Beam

Ke Yuan and Weidong Zhu

Abstract A continuously scanning laser Doppler vibrometer (CSLDV) has been widely used to measure structural vi-
brations due to its high measurement efficiency and spatial resolution. However, a conventional CSLDV, which conducts
continuous scanning through two rotating scan mirrors, is limited by its field of view. This work proposes a novel robotic
CSLDV system that combines a robotic arm and a laser vibrometer to provide a more flexible approach to obtaining modal
parameters of a structure. A central control and data acquisition system is developed to synchronously control the robotic
arm, laser vibrometer, and excitation device during the measurement. A new signal processing method is developed to sep-
arate vibration signals of the structure from motion signals of the laser vibrometer in the measured response, and to extract
mode shapes of the structure. The proposed system and signal processing method are experimentally validated by identifying
the first mode shape of a beam under sinusoidal excitation. Mode shapes measured using the conventional CSLDV and the
proposed system in a point-by-point manner are used as references. Modal Assurance Criterion values among mode shapes
from the three experiments are greater than 99%.

Keywords Laser Doppler vibrometry - CSLDV - robot-assisted vibration measurement - modal identification- signal pro-
cessing

Introduction

As an optical-based device, the continuously scanning laser Doppler vibrometer (CSLDV) has a limited field of view (FOV)
and cannot measure vibrations in areas outside of it. Various studies have been conducted to develop advanced measurement
methodologies to extend the FOV of the laser vibrometer. Two common methods are moving the laser vibrometer to different
positions [1] and using a reflective mirror to redirect the laser beam of the laser vibrometer [2, 3, 4]. The first method involves
building a global coordinate system using reference objects and reconstructing vibrations of different areas based on that
system. However, measurement errors can be introduced during the repositioning of the device, and the method becomes less
feasible as the number of measurement surfaces increases due to strict experimental setup requirements. The second method
keeps positions of both the laser vibrometer and the test structure unchanged to minimize movement errors, redirecting
the laser beam to otherwise unmeasurable areas via reflective mirrors. Yuan and Zhu [3] developed a novel mirror-assisted
testing methodology, including a new algorithm to design continuous and synchronous scan trajectories using mirrored areas,
and a new signal processing method that stitches vibration signals from different parts of the structure using mirrored laser
heads for three-dimensional (3D) CSLDV measurements. Although this method supports measurements of structures with
complex surfaces, such as cylindrical ones, it requires mirrors of appropriate sizes and carefully placed orientations, which
can significantly increase experimental duration.
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Using robotic platforms such as unmanned aerial vehicles (UAVs) or robotic arms to assist structural health monitoring
has received growing attention due to the increased flexibility and accessibility they provide. For example, UAV-assisted
crack detection methods have been developed using image processing techniques for bridges with ongoing traffic [5]. UAV-
based digital image correlation systems [6, 7] have also been developed to capture dynamic responses of large infrastructures.
Mounting a laser vibrometer on a programmable moving platform like a UAV or robotic arm offers a promising approach to
overcoming limitations of traditional vibration measurement systems. By inputting programmed positions and orientations
into the UAV or the robotic arm, the laser spot can be directed accurately to desired positions on the structure, avoiding
manual movement errors. Refs. [8, 9] proposed UAV+LDV solutions and developed correction methods to compensate
for angular and linear movement errors. Other studies [10, 11, 12, 13, 14, 15] demonstrated the application of robot+LDV
systems for vibration measurements in industrial scenarios, such as damage detection in composite plates and model updating
of bladed wheels. In these studies, large industrial robotic arms were often used to accommodate multiple laser heads
for full-field 3D vibration measurements, which increased space and cost requirements. In Ref. [16], a 3D robot+LDV
system using only one laser head was proposed to reduce the payload requirement of the robotic arm to 3 kg, making
the system more compact and suitable for laboratory environments. However, existing robot-assisted LDV systems have
primarily focused on step-by-step measurements, and there is a lack of studies on integrating robotic arms with the CSLDV
technique to significantly increase measurement efficiency. For instance, authors of Ref. [16] reported that their approach
required approximately 20 hours to test 301 measurement points, since additional time was needed for the robotic arm to
reposition sequentially among target points. Moreover, the contribution of the robotic motion itself was neglected in their
analysis, which may limit both measurement efficiency and accuracy.

The first contribution of this work is the development of a novel robotic CSLDV system for structural vibration mea-
surement. The proposed system consists of a six-axis robotic arm and a compact laser vibrometer. The major difference
between the proposed robotic CSLDV system and the conventional CSLDV lies in the scanning mechanism: in the con-
ventional CSLDV, the laser head is stationary and the laser spot moves via rotating scan mirrors, whereas in the robotic
CSLDV system, the laser head and the laser spot move together through joint rotations of the robotic arm. Previous research
[17, 18, 19] has shown that speckle noise is a major factor affecting the quality of vibration measurements using moving
laser vibrometers. In this work, a chip-based laser vibrometer with real-time speckle compensation [20] is used to obtain
vibration responses with reduced noise and improved quality. The second contribution of this work is the development of
a novel notch-filter-enhanced demodulation (NFED) method to identify modal parameters of structures under sinusoidal
excitation. The conventional demodulation method for conventional CSLDV measurements has limited accuracy when ap-
plied to signals from the proposed robotic CSLDV system, due to low-frequency interference introduced by the motion of
the laser head. The proposed NFED method can separate vibration signals of a structure from motion signals of the laser
vibrometer in the measured response and extract mode shapes of the structure. The proposed system and signal processing
method are experimentally validated by identifying the first mode shape of a beam under sinusoidal excitation. Mode shapes
measured using the conventional CSLDV and the proposed system in a point-by-point manner are used as references. Modal
Assurance Criterion (MAC) values among mode shapes from the three experiments are greater than 99%. In addition, the
effect of the running speed of the proposed system on the estimated mode shape is investigated in this work. Compared to
previous robot+LDV studies, the proposed robotic CSLDV system leverages continuous programmed motion of the robotic
arm to achieve vibration measurements along arbitrary scan trajectories in a fraction of the time, while explicitly addressing
robot-induced motion effects through the proposed NFED signal processing method.

Methodology

As shown in Figure 1a, the proposed system consists of a compact laser vibrometer and a six-axis robotic arm, which are
connected via an adapter. Six joints of the robotic arm, from its base to its tip, are denoted as J1-J6, and and each can be
independently controlled by an internal motor. During vibration measurement, the movement of the robotic arm, DAQ of
the laser vibrometer, and excitation provided by a modal shaker are synchronized by a central control and DAQ system, as
shown in Figure 1b.

The working principle of the central control and DAQ system via Simulink is illustrated in Figure 2a. The control model
consists of three tracks corresponding to the modal shaker, the laser vibrometer, and the robotic arm, respectively. Initial
signals for the three blocks denoting shaker switch, laser trigger, and robot trigger, respectively, are all set to zero, and digital
signals are applied to initiate vibration measurements. The gain blocks of 0.1 are used as required scalings in the model
because a value of 1 V in a digital-to-analog converter (DAC) corresponds to an output of 10 V. Figure 2b provides an
example of digital signals used during testing. In the top track, the modal shaker is controlled by a switch block. Its data
inputs, shown in the first and third ports, are a series of excitation and zero signals, respectively. The control input, shown in
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Fig.1 (a) Proposed novel robotic CSLDV system, consisting of a six-axis robotic arm and a compact laser vibrometer, and
(b) the working principle of the robotic CSLDV system, where the robotic arm, the laser vibrometer, and the modal shaker
are synchronized by a central control and DAQ system

the second port, has a threshold value of zero. Data are sent to the modal shaker via the DAC, shown at the right end of the
top track. The saturation block in the top track is used for limiting the range of signals to avoid undesired sensor overload.
From Figure 2b, the control input consists of two phases: a waiting time and a testing time. During the waiting time, the
control input signal remains zero, which does not meet the threshold; therefore, the switch block passes zero signals, and the
modal shaker remains disabled. At the end of the waiting time, which is 3 seconds in this example, the signal value switches
to one, meeting the threshold. As a result, the switch block passes excitation signals, which are chirp signals in this example,
and the modal shaker is activated. The middle and bottom tracks in Figure 2a show triggers for DAQ of the laser vibrometer
and the movement of the robotic arm, respectively. Both tracks follow similar logic: a digital pulse is used as the trigger
signal near the start of the testing time. The only difference is that the laser vibrometer is triggered by the falling edge of the
pulse, while the robotic arm is triggered by the rising edge.
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Fig.2 (a) Working principle of the central control and DAQ system, and (b) switch and trigger signals for the modal shaker,
the laser vibrometer, and the robotic arm, used to synchronously control all three components

Continuous scanning measurements can be performed using the proposed system by continuously moving the laser vi-
brometer. This approach is significantly different from a conventional CSLDV system, which performs continuous scanning
by rotating a pair of orthogonal scan mirrors. An example of using the proposed robotic CSLDV system to scan a beam-like
structure is shown in Figure 3a, where the laser vibrometer is translated along a straight line on the surface of the beam at
a constant speed. A complete scan in this study is defined as the laser spot moving from the start point to the end point and
then returning. The period of one scan is denoted as 7', and the scan frequency is given by f.. = 1/7". The distance between
the laser head and the surface of the test beam remains constant during scanning, indicating that the tool center point (TCP)
of the system follows a linear trajectory.
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Fig. 3 (a) An example of a scan path executed by the proposed system along a straight line on the surface of a beam, and
(b) time series of rotation angles of robotic arm joints J1-J6 corresponding to the straight-line path

Kinematics of the proposed robotic CSLDV system can be described using the Denavit—-Hartenberg (DH) conven-
tion [21],

Tl = TV TETPTITE T, M
where ¥ T' denotes the transformation matrix describing the pose of the laser spot, which is an end-effector in this work,
relative to the base of the system, Tf_l denotes the relative pose of the i" joint to the (i — 1)™ joint, and T represents the
pose of the laser spot relative to joint J6. Each T; ~1 is determined by DH parameters, including link lengths a, link offsets
d, link twists a, and joint angles 6. The first three parameters are known from the robotic arm’s physical configuration. 7},
can be determined from the laser head geometry and its distance to the test structure. Inverse kinematics (IK) based on DH
parameters of the system is used to calculate its joint angles 6 as

0= f(0.P) 2

where § P denotes the position of the laser spot in the base coordinate system.

In this work, a commercial Collaborative robot (Cobot) model DOBOT CRSA (Shenzhen Dobot Corp Ltd) and its control
software, DobotStudio, are used to solve the IK equations and obtain joint angles. As a Cobot, the CRSA allows teaching
by manually guiding the end-effector to the desired start and end points of the scan path in drag mode. These positions are
recorded and used as input parameters for the IK. The joint rotation angles for a straight-line path at fs. = 0.25 Hz are
shown in Figure 3b. The joint J6 exhibits the largest rotation of 80.1 degrees from start to end, while the joint J5 rotates by
only 1 degree. To maintain a constant TCP speed, each joint rotates at a different rate.

The response of the beam without excitation, as shown in Figure 4a, is measured using the displacement-based laser
vibrometer in the proposed system to verify the scan path. The measured response has an amplitude of less than 0.8 mm, as
indicated by the dashed lines, suggesting that the distance between the start and end points is also less than 0.8 mm. Given
the beam length of 548 mm, the angle error between the actual and designed scan paths is approximately 0.08 degrees,
indicating high accuracy in laser spot positioning. The response of the beam under sinusoidal excitation at 66.67 Hz, which
is close to the first natural frequency of the beam, is shown in Figure 4b. The system captures both the low-frequency motion
of the laser head and the high-frequency vibration of the beam, demonstrating an advantage of the displacement-based laser
vibrometer over conventional velocity-based models.

In conventional CSLDV measurements, the output response of a structure is a vibration signal modulated by spatial
deflection due to continuous scanning motion [22]. When a straight-line scan trajectory is used to direct the laser spot across
the structure, the response distribution u(x,t) can be expressed as

u(z,t) = Ur(z) cos(wet) + Ug () sin(wet) 3)

where Uy (x) and Ug(z) represent in-phase (real) and the quadrature (imaginary) components of the mode shape of the
structure, w, is the excitation frequency, and x denotes the spatial coordinate along the scan path, normalized within [-
1,1]. For a CSLDV measurement with a uniform scanning rate, in which @ = f(t), this spatially varying response can be
expressed purely as a function of time [23]:

u(t) = ur(t) coswet + ug(t) sinwet €))
To extract ur and 1, the response is multiplied by cosine and sine functions of the excitation frequency, yielding:
u(t) coswet = up(t) cos® wet + ug(t) sinwet cos wet
1

1 1 .
= §u1(t) + §u1(t) €08 2wt + §uQ(t) sin 2wt

&)
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Fig. 4 Measured responses of the beam: (a) without excitation, and (b) under sinusoidal excitation at 66.67 Hz

u(t) sinwet = ur(t) cos wet sinwet + ug(t) sin? wet
(6)
2

Signal components with frequency 2w, can be removed by applying a low-pass filter, and scaling the filtered signals by a
factor of 2 yields the desired components u;(¢) and ug(t). Finally, mode shape components can be obtained by substituting
t = f~(z) into ur(¢) and ug(t).

This method is referred to as demodulation, as it separates the vibration signal from spatial modulation effects. To test
the applicability of the demodulation method to the proposed robotic CSLDV system, it was used to process the response
shown in Figure 4b. As seen in Figure 5a, the resulting first mode shape of the beam is not smooth and exhibits noticeable
boundary distortions, as highlighted by dashed circles, differing significantly from results obtained using the conventional
CSLDV [24]. To investigate the cause of this inaccuracy, a frequency spectrum of the measured response was obtained using
a fast Fourier transform (FFT), as shown in Figure 5b. The spectrum displays two dominant peaks at 0.25 Hz and 66.67 Hz,
corresponding to the laser head motion and the beam vibration, respectively. The proximity of the low-frequency motion
signal to zero frequency reduces the effectiveness of the low-pass filter in the demodulation method, resulting in inaccurate
mode shape identification.

1 1 1
= —ug(t) + iu[(t) sin 2wt — §UQ(t) cos 2wt
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Fig. 5 (a) First mode shape of the beam identified from the response shown in Figure 4b using the conventional demod-

ulation method, and (b) the frequency spectrum of the measured response, displaying two dominant peaks at 0.25 Hz and
66.67 Hz

To overcome this limitation, a notch-filter-enhanced demodulation (NFED) method is proposed. In this method, notch
filters are applied to the measured response to isolate the low-frequency laser head motion and high-frequency beam vibra-
tion. Each notch is implemented as a second-order infinite impulse response filter with complex-conjugate zeros on the unit
circle at the target frequency and slightly retracted poles to set the notch selectivity. The discrete-time transfer function is

H(z) 1—2cos(wp)z !+ 272
Z) =
1 —2rcos(wg)z™! +r2z72

N
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where wy = 2nFy/Fs, Fs is the sampling rate, Fy is the center frequency of the notch that can be set to either the scan
frequency fs. or the excitation frequency f., and r € (0, 1) is the pole radius that controls the notch bandwidth. In this
work, 7 = 0.99 is used to achieve a narrow, selective notch around Fj,.

To isolate the structural vibration for demodulation, the measured signal is filtered with a notch centered at f;. by
removing laser head motion. Conversely, to visualize the robot-motion component, a notch centered at f. can be applied.
Separated signals are shown in Figure 6a, with the top subplot showing the beam vibration and the bottom subplot showing
the laser head motion. Their respective frequency spectra are provided in Figure 6b, each exhibiting a single prominent peak.
With the beam vibration signal filtered, its mode shape can be accurately extracted using the demodulation method, as shown
in Figure 6¢.This enhancement addresses limitations of the conventional demodulation approach for the proposed robotic
CSLDV system.
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Fig. 6 Separated signals using notch filters applied to the measured response of the beam: (a) time domain and (b) frequency
domain, where the top subplots show the beam vibration and the bottom subplots show the laser head motion, and (c) the
first mode shape of the beam identified using the proposed NFED method

Experimental investigation

In this section, a series of experiments were conducted to validate the proposed robotic CSLDV system for modal identifica-
tion of a beam under sinusoidal excitation. The experimental setup is shown in Figure 7, where Figure 7a displays the initial
position of the robotic CSLDV system, and Figure 7b shows the test position. The six-axis robotic arm used in this study is
the DOBOT CRS5A model (Shenzhen Dobot Corp. Ltd., Shenzhen, China), and the laser vibrometer is the MotionGo model
(OmniSensing Photonics LLC, Maryland, USA). A machined flange was used to connect the vibrometer to the robotic arm.
The payload capacity of the CR5A is 5,000 g, while the total weight of the MotionGo vibrometer and the flange is 530 g that
is well within the payload limit of the robotic arm.

In the system’s initial position, where the rotation angles of all six joints are set to zero, the laser beam is parallel to the
beam surface, meaning that the test beam lies outside the FOV of the system. This configuration is difficult to measure using
the conventional CSLDV. The test beam is clamped at one end in a bench vise and excited at the other end using a modal
shaker driven by a sinusoidal signal with a frequency of 66.67 Hz, which is close to its first natural frequency. In the test
position, the laser head moves along the scan direction shown in Figure 7b, which is parallel to the beam surface. The total
scan length is 548 mm, and the joint angles for this scanning motion are identical to those shown in Figure 3.

In this experiment, the running speed of the system was set to 274 mm/s, corresponding to a scan frequency of 0.25
Hz. Five complete scans, taking a total of 20 seconds, were conducted. Vibration signals of the beam, separated from the
measured response using the NFED method, are shown in Figure 8a. An averaging technique was applied to the vibration
signals to obtain the response from one complete scan, as shown in Figure 8b. This averaged signal was used to extract
the mode shape of the beam using the proposed NFED method. In addition, two reference experiments were conducted to
validate the mode shape identified by the robotic CSLDV system. The first reference experiment that can be referred to as
reference 1 used the conventional CSLDV with the same scan frequency of 0.25 Hz. The second reference experiment that
can be referred reference 2 used the proposed robotic CSLDV system in a point-by-point scanning mode, where the system
paused at each point for measurement before moving to the next one.

Figure 8c compares the first mode shapes of the beam obtained from all three experiments, where the solid line denotes
the first mode shape of the beam identified using the proposed robotic CSLDV system, the dashed line denotes that identified
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Fig.7 (a) Experimental setup of vibration measurement of the beam using the robotic CSLDV system in its initial position,
where the laser beam is parallel to the beam surface, and (b) the test position of the robotic CSLDV system, where the arrow

indicates its scan direction
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Fig.8 (a) Vibration signals of the beam measured over five complete scans, (b) averaged vibration signal from one complete
scan, used to extract the mode shape of the beam using the proposed NFED method, (c) first mode shapes of the beam
identified using the proposed robotic CSLDV system, the conventional CSLDYV, and the point-by-point method, and (d)
MAC values among the identified mode shapes
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using the conventional CSLDV, and the line with circular markers denotes that identified in the point-by-point way. The mode
shape identified by the proposed system closely matches those from both reference experiments. To quantitatively evaluate
the correlation among the identified mode shapes, MAC values [25] were calculated using:

H‘pr}T{st}P
{er I {erH{es{ws})

where ¢, and ¢, are modal vectors of the r™ and s™ modes of the structure, respectively, and the superscript T denotes matrix
transpose. A MAC value close to 100% indicates strong correlation between two mode shapes, while a value near 0 indicates
weak correlation. The resulting MAC matrix is shown in Figure 8d. The off-diagonal MAC values between the mode shape
identified by the proposed system and those from the two reference experiments are both greater than 99%, confirming the
high consistency among them. Comparison among test duration, number of measurement points, and availability beyond
the FOV of the three measurement systems is shown in Table 1. While all three methods achieve comparable accuracy in
identifying the mode shape of the beam, the proposed robotic CSLDV system offers an extended FOV compared to the
conventional CSLDV and reduced test duration with higher spatial resolution compared to the point-by-point method.

MAC({¢,}, {gs}) = x 100% 8)

Table 1 Comparison among test duration, number of measurement points, and availability beyond the FOV of the three
measurement systems

Number of measurement  Availability beyond the

System Test duration (s) points FOV

Robotic CSLDV 20 80,000 Yes

Conventional CSLDV 20 80,000 No

Single-point LDV 101 17 No
Conclusions

A novel robotic CSLDV system, which integrates a six-axis robotic arm and a compact laser vibrometer, was developed
in this study to measure structural vibrations with high spatial resolution and scanning flexibility. A NFED method was
proposed to separate structural vibration signals from the motion-induced components of the laser vibrometer. Experimental
validation and comparative studies were carried out to assess the accuracy and repeatability of the system in identifying
beam mode shapes under sinusoidal excitation. Main conclusions from this work are summarized below:

1. A robotic CSLDV system was developed to perform continuous scanning along arbitrary paths via robot arm motion,
offering extended FOV compared to conventional CSLDV systems using scan mitrors.

2. A new NFED method was proposed, enabling accurate extraction of structural vibration signals even when robotic
motion introduces low-frequency noise near zero frequency in the measurement signal.

3. Experimental validation confirmed high accuracy of the proposed system: the identified first mode shape of a cantilever
beam matched well with reference measurements, with MAC values exceeding 99% compared to conventional CSLDV
and point-by-point methods.
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