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Continuous Scanning Laser Doppler Vibrometry (CSLDV) methods first appeared in the lit-
erature in the early 1990s and over the past three decades they have undergone an evolu-
tion in terms of procedures and applications which constitute a new state-of-the-art now
described in this review paper. The advances in vibration measurement performed by
Scanning Laser Doppler Vibrometers augmented the capability of measuring vibration data
from a grid of a few hundred measurement points to a single scan which traverses andmea-
sures at many thousands of points on the same structure. The deflection shapes of vibration
modes can be created by assembling two pieces of information from a scanning measure-
ment - temporal and spatial - and the more measurement ‘points’, the better the spatial
density and resolution of the deflection shape(s). The introduction of Continuous
Scanning techniques challenged the traditional principle that the number of measurement
points defines the spatial definition of the deflection shape. Thereafter, high definition
deflection shapes could be achieved by measuring a single time series from a continuously
sweeping trajectory covering the same surface area that would traditionally be covered by a
set of fixed-point measurements, each of which spans a range of frequencies. The CSLDV
approach compresses both the temporal oscillation and the spatial distribution of the
deflection shape into one LDV output-modulated signal, whereby the harmonic oscillation
and the spatial distribution across a swept area were now defined by a central response har-
monic and its sidebands. This change of perspective in vibration measurements from the
conventional stepped-scan method to the continuous-scan approach allowed several
researchers to exploit and expand the potential of the scanning vibrometer further than
its initial design specifications. This paper starts with the raison d’être, with a brief historical
account of how vibration measurements have developed over the past decades, and then
moves to the theoretical background and applications of the CSLDV approach. Finally, the
paper presents a philosophical and technical account of the research work carried out by
several colleagues over the past thirty years and aims to provide a chronological order to
the various advancements that CSLDV techniques offer in engineering structural dynamics.
� 2021 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY

license (http://creativecommons.org/licenses/by/4.0/).
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1. Introduction

To those who might be interested in vibration measurements by scanning laser Doppler vibrometer (SLDV), this is a
review about Continuous Scanning LDV measurement method and applications. Before we shall proceed, the authors wish
to point interested readers to Rothberg et al.’s most recent review paper on the SLDV measurement technology [1].

The following paragraph will recall the significant steps in the development and use of the SLDV system. Optical measure-
ments based on laser light and the Doppler frequency shift principle were seen for the first time in the late 60ies [2] when it
was developed as a single point laser measurement. It took several years before the Laser Doppler velocimeter was then built
as scanning laser Doppler vibrometer known as SOVAS [3] for vibration testing. The major innovation was a set of two scan-
ning mirrors introduced in front of the laser head to divert the laser beam in both X- and Y directions on the target measure-
ment point. The integration of a video camera augmented the system’s capacity to create a measurement grid on a target test
structure. The measurement points of a generated grid are not measured at once, but one after another by stepping them in
an order optimized for the X-Y scanning mirrors (one can notice this while the SLDV performs a test). The laser light of the
LDVs is a Helium-Neon laser, with the modern versions using a new infrared laser light which improves the Signal-To-Noise
Ratio; the lasers are eye-safe and, therefore, pose no health hazard. The SLDV can scan a nearly endless number of measure-
ment points providing a high-definition spatial resolution of the deflection shape without creating mass loading, which the
same number of accelerometers would have had on the structure system response. The SLDV is not the only non-contact
optical-based method, and some references are also provided for alternative optical methods such as shearography [4],
holography [5] and Electronic Speckle Pattern Interferometry (ESPI) [6–10] whichwere also used for vibrationmeasurements.
2
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Those methods are complementary to the SLDV technology and some times more advantageous than the SLDV technology
when dealing with transient response analysis because the whole target surface can be measured at once.

The SLDV also presented some limitations as the noise caused by speckle interference, optical access and curvature of the
geometry because of the LDV measures along the line of sight of the laser beam. Some of those limitations were eventually
overcome using the infrared laser light and the adoption of two other scanning heads to achieve the three-dimension scan-
ning LDV system. This short briefing shall not discuss the pros and cons of the SLDV, but the authors suggest the following
references [11–13] which report details about developments, method and applications very extensively. Furthermore, some
useful insights about how the SLDV performs against another optical technique known as Digital Image Correlation (DIC) can
be found in [14,15].

The SLDV measurement system has definitively provided a tool for investigating vibration responses in the field of engi-
neering and several other ones. The scanning mirrors can be considered the primary enabler of the LDV measurement sys-
tem’s success, which could be further developed when the laser beam was scanned continuously rather than in stepped
mode.

� How is the continuous scanning achieved as opposed to the stepped method?

In both cases, the scanning mirrors are driven by voltages which can be either constant (DC) or alternating (AC) ampli-
tudes. The DC input to the scanner moves the mirrors to a specific and fixed location. The AC input is a continuous sinewave
which oscillates the mirrors between a maximum and minimum, the same sinewave to the X-Y mirrors creates a 45-degree
angle straight-line [16].

� Why is continuous scanning a‘‘more elegant” measurement technique than the stepped method?

We shall use this simple example. Assume that one performs the so-called Fast-scan ODS measurement, which is the
acquisition of a deflection shape at the excitation force’s tone. The deflection shape spatial resolution depends on the number
of acquisition points, and so the more the points, the better the definition. However, by performing a crude FFT analysis of
the deflection shape, one would immediately recognize that no matter the number of acquisition points, there is always a
unique set of measurement points required to define a deflection shape. The number of FFT coefficients can be related to
the minimum number of measurement points necessary to measure that shape. The challenge is that no one knows how
many measurement points make a set of references and where those measurement points should be on the test structure,
thus resulting in acquisition waste of time.

The basic principle explained in the paragraph above was an intuition researched in [17–19], where Hanagud, Sriram and
Craig worked early experiments on the Continuous Scanning method applied to structural dynamics. In particular, Sriram
explained very well the convenience and elegance of the method in the following statement ‘‘When the LDV sensor is scanned
over the line of interest, the spatial variation of velocity is transformed into a temporal variation of the velocity signal, depending on
the form of the scan. It is convenient to analyse the velocity signal v tð Þ in the frequency domain [18]”. Both spatial (as shape) and
temporal (as oscillation) data conjugate in one single time series that can be processed at once.

Although the early reference attributes the novelty of the method to Hanagud et al., we shall also remember that the past
Mr A.B Stanbridge, who worked at Rolls-Royce until late 800s, attempted the measurement of the vibration modes of bladed
discs by using contactless microphones. The microphone, set up on a gramophone, continuously scanned a circle over a
vibrating disc (stationary) and measured an amplitude modulated time history. That response signal could be resolved in
two frequency sidebands the spacing of which identified the nodal diameter mode of the disc. Stanbridge was not interested
in any publication at the time he worked at Rolls-Royce, and private conversation revealed his early attempts on this matter.
Stanbridge et al. also authored a review on CSLDV at ISMA conference [20].

To conclude, the continuous scanning LDV method allowed finding the polynomial coefficients describing a deflection
shape in a matter of seconds because the laser beam continuously scans the target surface while the acquisition system
records an amplitude-modulated LDV output signal. The change of perspective using the SLDV from stepped to continuous
was initially considered very useful in the modal analysis research context. One could obtain resonances and shapes in a
shorter time than ever done before with accelerometers, thus enabling, for instance, better model validation/updating pro-
cesses. This manuscript is built in two parts: a ‘‘raison d’être” and a review exclusively focused on the developments carried
out on the Continuous Scanning methods and its applications. The first part shall suit better young practitioners to under-
stand how (i) the SLDV improved vibration measurements and (ii) the CSLDV created straightforward access to shape order
from a single LDV time history. The second part shall provide a chronological account of the theory, methods and applica-
tions developed over the past two decades by many authors on the CSLDV research topic.
2. A brief history of vibration measurements (1960–2020) and the raison d’être of vibration measurements today

There has always been a need for measuring the vibration of engineering structures, primarily because of the deleterious
effects of vibration on their integrity. In the early days, a measurement was the only option to understand how structures
were vibrating in service. Simple analytical models began to be used in the 1960s, but detailed measurements were still
3
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required to complement these models where they were inadequate. This was the era of mechanical impedance (experimen-
tal) and receptance (analytical) methods which were the precursors to the FRFs (Frequency Response Function) and modal
analysis techniques of today. These were the earliest applications of combining experimental and theoretical vibration data
and the realisation that not only was the accuracy of measured data an important feature but so also was the correct choice
of which quantities had to be measured: early signs of awareness of epistemic as well as aleatoric uncertainty in
measurements.

In the early 1970s, the introduction and widespread availability of the FFT-based Fourier analysis capabilities transformed
vibration measurement capabilities by providing easy access to relatively large amounts of data. This, in turn, led on to the
current technologies of modal testing and analysis. Parallel to these experimental developments, finite element modelling
was becoming much more accessible and powerful, but it was already realised that, as these models improved, so also
did expectations rise and so recourse was routinely made to measurements for confirmation of the ‘correct’ values for the
vibration characteristics of greatest interest. This approach evolved through the 1980s to the 1990s and led to the develop-
ment of systematic procedures for model validation using a combination of analytical models and experimental measure-
ments to validate models for design optimisation. These models could also be used for structural monitoring and
diagnostics so that both Test and Analysis played equal roles in managing both design and in-service vibration conditions.
Indeed, today we talk of a Fusion of Test and Analysis [21] as being the most powerful approach to assuring Structural Per-
formance which matches the Functional Performance of most advanced structures, vehicle and machines. This means that
there is an enduring future for the most accurate and cost-effective vibration measurement technologies. This paper explores
the significant role which Continuous Scanning Laser Doppler Vibrometry can play in this arena.
2.1. What types of vibration measurement are required/possible?

2.1.1. Vibration parameters
In structural dynamics, the parameters which are used to describe the vibration characteristics in both spatial and tem-

poral domains include:

a) spatial properties of mass, stiffness and damping distributions in space
b) modal properties of natural frequencies, mode shapes and damping factors
c) temporal response levels generated by external excitation forces.

The most important of these, from the perspective of the immediate consequences for the integrity of the vibrating struc-
ture, are the response levels (deflections, stresses. . ..) as they are the most closely linked to structural performance. Next are
the spatial properties because it is these that we need to be able to modify to change the design in order to achieve accept-
able levels of response. The intermediate modal parameters are very useful to explain how and why the response levels are
what they are, and to indicate what spatial parameter changes might be most effective to reduce vibration response levels.
They provide a means for the two physical models to communicate with each other.
2.1.2. The alternative data sets
It is useful to consider the size of the data sets which are associated with each of these three categories of information.

The spatial data set is usually very large because in most cases it is based on a finite element model which will typically have
N DOFs (N, typically, being in the 1000s or millions) and will consist of 2 NxN matrices1 containing the individual mass, stiff-
ness and damping elements. The response data set will consist of a family of response plots, invariably measured as time his-
tories but usually presented as frequency spectra, and often as frequency response functions (which are ratios of two spectra). A
full set of these will be contained in an NxN matrix of FRFs. However, unlike the spatial property matrices, each element in the
FRF response matrix will be defined at a (large) number of individual frequencies – typically, 2000 or 4000 different frequencies.
Thus, the response property data set will contain many more individual items of data than the spatial data set. The reason for
this is that the FRF data sets are heavily overdetermined. The modal data set is, in theory, the same size as the spatial infor-
mation – i.e. contained in 2 NxN matrices - but there is an important characteristic which applies in most practical situations
and which allows the modal data set to be drastically reduced in quantity while incurring negligible errors in the relevant infor-
mation about the structures vibration behaviour in practice. This useful characteristic is the fact that many – if not most - of the
modes of vibration will have natural frequencies that are higher than the working frequency range (i.e. the range in which there
exist excitation forces). As a result, these high modes cannot be excited in practice and so can be eliminated from the data set.
This means that the spatial data set is by far the most economical of the three alternatives.

However, in practice, we have little choice over which format we shall use in measurements because the only option is
response. We cannot measure mass and stiffness distributions, and we cannot measure modes explicitly. All we can measure
is response time histories and/or frequency spectra, and we must find ways to transform these data into the more
1 It should be noted that this simple explanation does not mention the considerable complications of including damping, but suffice it to say that in the
undamped cases all the data are real; when damping is included, the data become complex.

4
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economical modal format. This is routinely undertaken throughmodal analysis – where we extract the properties of the indi-
vidual modes, by determining their individual contributions to the total response.

2.1.3. Vibration measurement strategies
We are always looking for improved vibration measurement methods to provide us with the information we need, and

that includes the modal properties in many situations. Here we explore the prospects of a relatively new measurement tech-
nique using the Continuous Scanning Laser Doppler Vibrometer device, and we shall seek to devise highly effective measure-
ment procedures for determining the key vibration properties of practical structures. We shall, in particular, devise
particularly efficient methods which means finding ways of measuring the minimum amount of data necessary to deliver
the information that is required. This is a change from traditional practice where it is often the case that we measure many
1000s of times more data than are strictly necessary, taking into account the underlying order of other vibration behaviour
characteristics.

2.1.4. Response data
We know that if we measure FRF data, we can readily derive the underlying modal properties by analysing the FRF data

directly. In general, we can derive the eigenvalue properties from one single FRF using curve-fitting on measured FRF data-
sets. Typically, with modern instrumentation, we shall measure the FRF (frequency, modulus, phase) at – say � 4000 indi-
vidual frequencies, involving 12,000 items of data. We can then extract the four modal parameters (modulus, phase,
frequency, damping) for each of the – say � 50 visible modes in the frequency range, and this comprises 200 items of data.
With these modal data, we can reconstruct or regenerate the FRF curve of interest using the set of 200 modal parameters – a
reduction of 60x in the quantity of data compared to those which constitute the original FRF data set.

It is worth noting here that the methods of curve-fitting measured FRFs to extract modal properties date back to days
when measured data had somewhat lower accuracy than is the case today and so averaging using 10 or 20 points in the
FRF curve per resonance was desirable. However, it is theoretically possible to extract the essential modal properties (4 data
items) from just 2 FRF points near each resonance (6 data items). In practice, today, it is realistic to use just 3–5 FRF data
points per resonance, and a significant reduction in the measured data required is achieved by applying this philosophy
(1000 data items instead of 12000).

2.1.5. Mode shape data
In order to determine the rest of the modal data set – the eigenvectors, or mode shapes - we normally make one addi-

tional FRF measurement for each of the DOFs to be included in the mode shape description: typically - say � 500 DOFs. With
a target data set of our measured modal properties of 50 modes, each depicted at 500 Degrees of Freedom (DoFs), we seek to
define these 25,000 modal properties from a set of 500 FRFs. The quantity of the actually-measured data items for this pro-
cess is considerable: 500 � 12000 (6,000,000 items of data) for FRF data. Meanwhile, the Modal data set = 6,000,000:25,000
or a ratio of 240x. Clearly, the modal data set is dramatically more efficient than the response data set, which is the only set
we can measure.

In practice, one way of reducing the volume of data used to describe the mode shape features is simply to reduce the den-
sity of points (DOFs) so that the coverage is sparse. For example, if every other point is dropped, then there would be 4�
fewer data to describe a 2-dimensional mode shape. However, it is important that this reduction is not so great that other-
wise, distinctly-different modes can no longer be differentiated from each other. In order to determine an acceptable reduc-
tion in density of mode shape descriptions, it is possible to curve-fit the full mode shape data set and from that determine the
underlying ‘spatial order’ of the mode shape. If a particular mode shape has the form of a parabola along a given section, such
a curve-fit process will establish that only three parameters are necessary to describe the shape in full detail even when
defined at 200 DOFs. Hence, it is important to be able to establish the ‘order’ of any given mode shape because that order
indicates the maximum number of parameters (data items) that are essential to define the shape completely, and in suffi-
cient detail to distinguish it from any other modes in the range of interest. In a practical context, it is well known that if there
are - say � 30 modes of interest on a particular structure, then it is necessary to measure at a minimum of 30 DOFs to guar-
antee this mode–mode differentiation. However, in this case, it is critical that the 30 DOFs be very carefully selected. In prac-
tice, it may be wise to measure at 50 or 60 DOFs to be sure, but that is still a dramatic reduction from the notional 500 DOFs
at the outset.

This feature of the order of individual mode shapes is a key characteristic in modern model validation exercises. It is a
feature which the CSLDV vibration measurement method is ideally suited to address in a way that no other method can.

2.2. SLDV methodology for modal testing.

2.2.1. Step scanning
The SLDV instrument has long been used to measure FRF data in the conventional way, providing a non-contacting trans-

ducer to measure velocity response, rather than acceleration or strain, both of which require attached transducers. The basic
approach is (i) to choose a reference DOF on the test structure and place an excitation source at that DOF; (ii) to excite the
structure with a controlled and measured excitation signal; (iii) to direct the laser beam at a specific DOF of interest and to
measure the excitation force and the velocimeter signals and perform whatever spectral analysis is necessary to measure an
5
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FRF (narrow-band filtering for sinusoidal excitation; DFT analysis for periodic and transient excitation; PSD analysis for ran-
dom excitation). Similar measurements can then be made at each of any number and choice of other DOFs of interest,
thereby amassing the requisite set of FRFs for conventional modal analysis.

With an SLDV measuring the response, step (iii) above can be replaced as follows. From the first FRF measurement, iden-
tify the resonance regions and select a narrow frequency band around each. Accurate primary FRF data are then measured at
only a few (3–5) frequency points in each of those bands. At each chosen frequency in the narrow band, excite the structure
with a steady single frequency excitation and measure the amplitude at each DoF by stepping the laser from one measure-
ment DOF to the next. This process measures an ODS at each frequency, acquiring the individual points sequentially in a step
scan. This takes a certain length of time to acquire the full set of selected DOFs, but it still offers a distinct time advantage
over conventional alternatives.

2.2.2. Continuous scanning
It is also possible to use an SLDV in a continuous scan mode, using the same physical test setup, but when acquiring the

data required to extract the mode shapes, the measurement point (where the laser is targeted) is scanned continuously over
the whole area of the test structure, rather than stepping over the area in a step-scan mode described above.

The resulting LDV signal is no longer a steady sinusoid, but a modulated sinusoid where the modulations are governed by
the steady-state amplitude at every point on the structure as the LDV beam traverses the target area. The amplitude mod-
ulation of the LDV time history is transformed in the frequency domain as a set of sidebands which are regularly spaced, and
the frequency separation between them is a multiple of the specific scanning rate. The actual deflection shape can then be
reconstructed from a simple polynomial expression whose coefficients are determined by the sidebands themselves and, as a
result, are relatively few in number. The resulting formula is a polynomial description of the deflection shape. The saving in
data storing allowed by the CSLDV with respect to the step scanning LDV is illustrated in Fig. 1.

2.2.3. The importance of the deflection shape order
A distinct advantage of this approach is that the essential output from the analysed time history is the order of the mode

shape section along the scanned line. If there are just n non-trivial sidebands, the mode shape is defined by an nth order
polynomial, and that limits the number of individual DOFs at which it needs to be defined in order to capture its essential
shape. This is a dramatic advantage over the alternative approach discussed in Section 6.1 of measuring perhaps 100s of
DOFs and then reducing their number, step by step, until the order of the mode shape polynomial becomes clear. In the Con-
tinuous Scanning approach, the order of the mode shapes is the primary output.

2.2.4. The final advantage: Mode shapes from ODSs
In the previous paragraph, we have just talked of measuring an ODS. This is not a mode shape because the actual deflec-

tion shape, we have observed includes contributions not only from the mode whose natural frequency is just close to the
excitation frequency, but also from neighbouring modes. The true mode shape can be obtained by performing a modal anal-
ysis on the set of measured ODS deflection shapes (or shapes, because these need to be measured at 3–5 frequencies near
each resonance) at each of the measured DOFs. However, in the CSLDV case, we only need to perform the modal analysis
on the 120 significant spectral coefficients and not all 10,000 individual measurement DOFs. Once again, the CSLDV method
has a distinct advantage of efficiency as well as elegance in delivering the vibration information required by the user in a
uniquely effective way.

3. CSLDV methods and applications

The first part of this paper explained the raison d’être of the Continuous Scanning philosophy. From here on, the manu-
script will present the technical aspects of methods and applications that were developed by several authors during the past
two decades.

The next sections are described as follows:

� Section 4 will provide theoretical background which will be focussed on the polynomial, the demodulation and the lifting
methods.

� Sections 5 and 6 of the paper will go through the applications of the CSLDV methods both in stationary and rotating con-
ditions for modal analysis, diagnostics and inverse methods.

� Section 7 will present some useful recommendations in terms of usability of the CSLDV methods before
� Section 8 will draw conclusions about this manuscript.

4. Theoretical background

Continuous Scanning measurements can be achieved at best by any non-contact sensors. However, the peculiarity of laser
light is in its small laser spot, for Helium-Neon red laser approx. 1 mm2, making it a point-sensor. Therefore, the use of scan-
ning laser enables accurate scans which can be both short and long; see Tables 1 and 2. In both cases, the spectral informa-
6



Fig. 1. Stepped and continuous scans.
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tion is similar, spectral sidebands, but the short scan can measure rotational and translational rigid body motions, and the
long scans can measure the deflection shapes of vibration modes. For the first time, both scan lengths were presented by
Stanbridge et al. in [22], where both Cartesian and Polar scanning methods on two-dimensional structures are attempted
and described. The research investigation and exploitation of the Continuous Scanning was carried out further than Sriram
et al. did in their precursor paper. During the same years, the late nineties, Bucher in [23] reports a study on Continuous
Scanning method for a two-dimensional plate structure.

An inherent issue of laser-based measurements, as most cited in the literature, is the speckle noise. Perhaps, it might be
less problematic in the newly infrared laser light-based systems than in the older red light Helium-Neon. Nevertheless, the
7



Table 1
Short scans [16].

Mirror driver signals Scan type Application

One sinewave Line scan Translational and one angular vibration
recovering

Two sinewaves at the same
frequency

Circular scan Translational and two angular vibrations

Conical scan (by co-focal
lens)

Three translational vibrations

Table 2
Long scans [16].

Mirror driver signals Scan type Application

One sinewave or triangular wave Line scan One-dimensional
structures (beams)
Raster scans across a
plate

Two sinewaves at the same frequency Circular scan 2-D structures:
Circular scan on a plate
or a disc

Two sinewaves at different frequencies not fractionally related Area scan
(LLLLissajous
trajectory)

2-D structures (plates)

Two triangular waves at different frequencies not fractionally
related

Area scan 2-D structures (plates)

A triangular wave and a sinewave at different frequencies not
fractionally related in polar coordinates

Circular area scan 2-D structures (discs)
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speckle noise is related to signal drops-out occurring at the LDV decoder and which turn into pseudo-vibration spectral lines.
More clearly, when a coherent laser beam is incident on a surface that has roughness comparable with or larger than the
laser wavelength (from 633 nm for the red HeNe laser to 1500 nm for an infra-red laser), the component wavelets of the
scattered light become dephased. These dephased, but still coherent, wavelets interfere constructively and destructively,
thus resulting in a chaotic distribution in backscatter of high and low intensities, referred to as a ‘‘speckle pattern”. When
speckle patterns are stationary, measurements are usually straightforward, though small adjustments in the position of
the incident beam are sometimes necessary to avoid low signal amplitude from the collection of predominantly dark speck-
les on the photodetector. When the surface moves, however, the speckles change too, in a manner that combines translation
with some more general change to the pattern itself known descriptively as boiling [24]. The photodetector now collects a
continuously changing population of speckles, and this can cause two problems. The first is short duration loss of signal
8
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amplitude, known as signal drop-out, caused mainly by sampling darker regions of speckle pattern [25] while the second is a
phase noise as speckles leave the photodetector active area to be replaced by new speckles [26,27]. Both noises are generally
indistinguishable from the vibration measurements of interest. While signal dropouts can be mitigated to some extent by
introduction of higher power (invisible) infrared lasers in more recent instrument designs, phase noise occurs even for
healthy signal amplitude.

In CSLDV, the continuous and large amplitude of motion of the laser beam across the surface causes changes to the
speckle pattern on the photodetector, and consequently, relatively high output noise is observed. This noise is seen at the
scan frequency and its harmonics, and it is not directly related to the excitation frequency of the surface [28]. This common
characteristic of speckle noise is the consequence of both signal drop-out (evident as spikes in the output) and phase noise
(evident as random noise in the output) contributing broadband noise that repeats (as long as the scan path repeats) with
every pass of the laser beam along or around the same path on the target surface. The output noise is therefore pseudo-
random, with an associated spectrum comprising peaks at scan frequency and integer multiples as observed. While problem-
atic in many LDV applications, CSLDV methods allow excitation and scan frequencies to be chosen such that spectral peaks
associated with speckle noise can easily be distinguished from vibration response in the frequency domain. However, when
the CSLDV is applied as done by Sracic et al. in [29], who developed the so-called ‘‘lifting method”, the speckle noise biased
sample data collected for generating an FRF, as will be discussed in Section 5.4.

4.1. Short scan method

The short scan method was developed to measure the translational and rotational rigid body motion of the scanned area,
which implies a central frequency at the excitation frequency and two sidebands at ± the scanning frequency. The short scan
method did not progress as much as the long scan ones, possibly because the applications to exploit this technique were not
available for industrial applications. The underlying theory is available at these references [16,30,31] where the equations for
deriving the three translations and the three rotations were presented. Experimental validations were successfully yielded
on the three translations and two rotations, but one in-plane rotational degree of freedom was missed because of a co-focal
lens used in the measurements.

The last degree of freedom that is the in-plane rotation could not be achieved by using such a lens because the laser beam
was not addressed to the vibrating target with the correct angle of incidence (the lens creates a 90-degree angle with the
rotational axis). The laser beam required an angle of incidence with respect to the rotation direction, which had to be
achieved by a unique scanner design. The single point laser beam was directed through a hollow shaft to a mirror fixed
on it (mirror 1) which deflected the beam to another mirror (mirror 2) which, in turn, reflected the laser beam on the rotating
surface with the correct angle of incidence, as showed in Fig. 2.

The scanner was built, and the experimental validation of the in-plane rotation was carried out [32]. Eq. (1) represents the
in-plane rotation Hz0, that can be recovered from the CSLDV output signal:
Hz0 ¼ Ampx þ Vz0 cos uð Þ
RsinðuÞ ð1Þ
where Ampx is the peak amplitude at the central frequency, R is the scan radius, u is the beam angle with respect to the
surface normal, see Fig. 2, and Vz0 is the out-of-plane vibration which is required to be known a priori. This scanner design
proved to be suitable for the measurement of the six degrees of freedom, but it was impractical for any application. The next
generation of the six-DOF scanner was a more compact design, which was eventually used to measure vibrations in the three
Fig. 2. Scanner sketch from AB Stanbridge.
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directions in space at once for every measurement point on a beam of square section which was bended in X, Y and Z direc-
tions . The research focussed on the ability to exploit a single point LDV to 3D scanning measurements [33].

4.2. Long scan method

As opposed to the short scan method, the long one is aimed at measuring deflection shapes of vibration modes, and it has
been widely applied since its first use. The principle of the modulated output signal and its spectral sidebands still holds, but
the processing to yield a deflection shape may vary according to the technique employed.

This section will briefly recall the basic principles of Polynomial, Demodulation, Lifting methods, Mode/Pattern matching
and Inverse method.

4.3. Polynomial method

Generally, most of the Continuous Scanning techniques employed in ODS recovering involves sinusoidal excitation of the
structure: experimental structures are excited by sinusoidal input forcing so that the response at any point, measured at any
direction, is also sinusoidal at the same frequency, assuming the vibration response to be linear.

Hereafter an important statement, as reported in [16], about the ODS ‘‘. . .by directly applying these techniques, ODSs
can be determined, these being forced vibration patterns of the structure and not natural or ‘‘normal” mode shapes. In fact,
ODSs have contributions from more than one natural mode, each with a different mode shape and phase-shift between
the motions in all the measurement locations. A perfectly real ODS is normally produced on undamped structures, in
the case of damped structures, it is possible to generate a real ODS if a multiple-input normal mode test is made. However,
in practice, lightly-damped structures, vibrating at a frequency close to the natural frequency, assume nearly real ODSs
which are normally the same as the undamped natural mode shapes. In other cases, particularly if there are close natural
frequencies, or with heavily-damped structures, an ODS may be markedly complex. If frequency responses are available,
modal analysis may be applied, a process which eliminates the contributions from extraneous modes, extracting the nat-
ural mode shapes”.

What it is commonly referred to as the Polynomial method is a technique based on the extraction of the Chebyshev poly-
nomial coefficients. These can describe the terms of the oscillatory LDV output signal, as first presented by Sriram et al. [19].
The equation representing the velocity distribution of a unitary length beam between 0 � x � 1 is:
v x; tð Þ ¼ g xð Þ þ£ xð Þsin xbtð Þ þ w xð Þcos xbtð Þ ð2Þ

where
g xð Þ ¼ C0 þ
P1

1 Cicosðicos�1xÞ
£ xð Þ ¼ A0 þ

P1
1 Ai cos icos�1x

� �
w xð Þ ¼ B0 þ

P1
1 Bicosðicos�1xÞ

ð3Þ
and which are, by letting Ti xð Þ ¼ cos icos�1x
� �

, Chebyshev series expansions for g xð Þ, £ xð Þ and w xð Þ. One can notice that such
a definition describes the ODS in terms of Chebyshev coefficients. However, it missed developing a transformation matrix
which enabled the amplitudes of the sidebands to be transformed into polynomial coefficients. The generalization of the
polynomial method was achieved by Stanbridge in [34], where one will also appreciate the use of the polar coordinate sys-
tem for scanning at a uniform rate a cantilever plate. Although a squared shape structure is better scanned in Cartesian coor-
dinates, Stanbridge showed that the ODS reconstruction could be achieved by circular scanning. The equation describing the
response velocity along the scanned circular path s is:
vz s; tð Þ ¼ VR sð Þcos xtð Þ þ VI sð Þsin xtð Þ ð4Þ

which transforms to the following after the substitution of the sine and cosine function driving the mirrors
vz tð Þ ¼ VR0cos xtð Þ þ VI0sin xtð Þ þ
Xp

n¼1

VRn þ VIn

2
cos x� nXð Þt þ VRn � VIn

2
cos xþ nXð Þt

� �
ð5Þ
Stanbridge expanded his case studies to several scanning paths, reporting here the general case represented by the two-
dimension scan in the Cartesian coordinate system. The scanning mirrors, in X- and Y-direction, are driven by two sinewaves
the rates of which are not multiples of each other to avoid tracing the same scan path after some number of scan cycles. The
LDV output signal is a modulated waveform, the frequency content of which is made up of sidebands around the excitation
frequency related to X- and Y-scan rates. Therefore, the vibration response of a structure scanned in Cartesian coordinates is
the following one:
vz tð Þ ¼
Xp;q

n;m¼0
ARn;mcos x� nXx �mXy

� �
t

� �þXp;q

n;m¼0
AIn;msin x� nXx �mXy

� �
t

� � ð6Þ
where the amplitudes of the sidebands can be converted in the polynomial coefficients by the following relationships:
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VRf g ¼ T½ � ARf g T½ �T
VIf g ¼ T½ � AIf g T½ �T

ð7Þ
where [T] is the transformation matrix from spectral to spatial coefficients. The same relationship holds for the case of a line
scan, instead of area scan, where one scan rate is used for either the X- or Y-axis or both to achieve a diagonal line. The trans-
formation matrix [T] allows the frequency spectral lines to become polynomial coefficients and the other way around. More
details about the polynomial method are available in Martarelli PhD thesis [16].

4.4. Demodulation

The demodulation method differs from the polynomial one for two main reasons. One, it is a very slow scan as opposed to
the polynomial method, which allows much faster rates in both directions, X and Y. The other one is the reconstruction of the
deflection shape, which is no longer based on spectral sidebands. It is based on signal demodulation because the ODS is the
envelope of the modulated signal. Therefore, very slow scan rates are required for measuring at least a few vibration cycles at
a point before the laser moves to the next infinitesimal adjacent point. The demodulation process is highly dependent on the
data quality as a deflection shape depends on the envelope of the LDV modulated vibration signal. The mathematical process
is simple, by starting from Eq. (4) and multiplying by sine and cosine of the excitation frequency one will get the following
two equations:
VRðtÞcos2xt þ VIðtÞsinxtcosxt ¼ 1
2
VRðtÞ þ 1

2
VRðtÞcos2xt þ 1

2
VIðtÞsin2xt ð8Þ

VRðtÞsinxtcosxt þ VIðtÞsin2xt ¼ 1
2
VIðtÞ þ 1

2
VRðtÞsin2xt � 1

2
VIðtÞcos2xt ð9Þ
To obtain the envelope of the LDVmodulated signal, it is just necessary to apply a low pass filter, definitely lower than the
excitation frequency. Note that the vibration envelope has got an oscillatory rate smaller than the excitation frequency (the
ODS frequency) which is the carrier.

The demodulation method is sensitive to the Signal to Noise Ratio (SNR) of the LDV signal, which means noisy data might
result in noisy deflection shapes. However, when the SNR of the LDV is excellent, the ODS reconstruction can be used for
damage detection as will be presented in the application methods.

4.5. Lifting method

In the limit of high scan frequencies, one can treat the system as a Linear Time Periodic (LTP) system, a system in which
the natural frequencies are constant, but the mode vectors can be periodic functions of time. Allen et al. proposed a variety of
CSLDV methods for this case for impact excitation [35], and because it is possible to estimate transfer functions between the
input and response in this framework [36] many traditional concepts could be applied. For example, one can mass normalize
the mode shapes obtained by CSLDV [37] or perform output-only CSLDV measurements using traditional power-spectra
based approaches [38].

One advantageous feature of this method is that the measurements are transformed or ‘‘lifted” into a new space in which
it is as if one has a measurement from a fixed sensor at many different points on the structure. For example, if the scan fre-
quency is 100 Hz and the sample rate is 20 kHz, then one obtains 200 time histories sampled at 100 Hz that are identical to
what would be obtained from 200 independent lasers except that there is a known phase delay between points. Hence, curve
fitting can be done using traditional methods, and the mode shapes are readily found at each point on the structure. Such
measurement requires that the sample rate is integer related to the scan frequency, and this is generally achieved by sam-
pling at a high rate and resampling the measurements after measuring the scan frequency very precisely (i.e. to one part in a
million typically), as was explored in detail in [39] and [40]. An example of this is shown in Figure 4 below for CSLDV applied
to a free-free aluminium beam.

The approaches based on LTP system theory are only applicable if the scan pattern is a closed Lissajous figure, which is
more restrictive than the conditions required for the polynomial approach. These approaches were compared in [41].

4.6. Mode/pattern matching method

Mode/pattern matching was developed with the ambition to apply CSLDV methods in all those applications where vibra-
tion shape patterns are expected, for instance, vibration tests of cantilever blades. The pattern matching approach is based on
the idea that selected mode shapes, forming the CSLDV signal, can act as filters of the CSLDV data measured during the
experiment. Therefore, such a modal filter verifies ‘‘if” and ‘‘at which frequency” that mode occurs. A new approach in pro-
cessing of data from a Continuous Scanning test was presented in [42]. The idea is to use a priori knowledge, coming from
theory or previous experiments, of a specific structure’s mode shapes as a way of filtering data obtained by CSLDV. That tech-
nique is based on modal analysis principles which are the identification of the mode shapes on the basis of their nodal lines
position, i.e. first, second bending and/or torsional. The expected mode shape is now used as a filter to associate to an LDV
11



Fig. 3. Scanner developed for the in-plane rotation.
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modulated output signal its characteristic deflection shapes. This process can be performed both in the time domain [43] and
in the frequency domain [42]. In the time domain, the iterative procedure consists of synthesizing the vibration data from
one or more known mode shapes followed by maximisation of the correlation between measured and simulated data in
order to extract natural frequency, relative amplitude (called mode gain) and phase of each mode. In this approach, the
set of unknowns are the identification of each mode shape presence and its natural frequency, mode gain and phase. The
a priori knowledge makes it possible to reduce the number of unknowns, and then to be faster, or more robust to the noise
level. The technique proposed overcomes both the requirement of polynomial hypothesis and the need for time resampling
by exploiting the a priori knowledge of the ODS, no matter how many of them are excited.

The procedure follows a series of steps listed hereafter:

1. Data collection.
2. Selection of a set of candidate mode shapes.
3. Synthetic CSLDV signal calculation (in time domain or frequency domain).
4. ODS contribution separation (in time domain or frequency domain).
5. The data collection is performed as in the CSLDV standard approach.

The pattern of these sidebands (kernel) identifies a unique mode shape, and therefore it can be exploited as a template for
a pattern-matching procedure (like that used, e.g., in image processing) that aims at identifying the presence of that mode in
the spectrum of the CSLDV vibration signal. The method is based on the sliding window approach, that is a typical brute force
method in Time-series Subsequence Matching. This approach makes the procedure less sensitive to noise. Fig. 5 shows the
simulated ODS and their respective sidebands, whereas Fig. 6 shows the measured spectral sidebands and their error with
the matching modes.

4.7. Inverse method

The inverse method technique is advantageous in all testing conditions involving high modal density in narrow frequency
ranges. Closely spaced resonances can affect the sidebands which might coalesce and therefore becomed unhelpful for the
deflection shape reconstruction. The change of scanning frequency to allow all sidebands to be distinguished from each other
might not always be possible, and so the inverse method can be used for recovering data that otherwise would be of no use.
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Fig. 4. (a) FFT of CSLDV Signal when scanning at 51 Hz, showing multiple harmonic components due to modulation between vibration modes and the scan
frequency, (b) Spectrum after lifting the signal to create 402 pseudo-FRFs and then computing the complex mode indicator function from the 402 FRFs. (c)
Sample mode shapes at 402 points for the noisiest (most weakly excited) modes, adapted from [35].
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The inverse approach [44] is based on the solution, in the least squares sense, of a set of linear equations defining the rela-
tions between the contributions of each cluster of frequencies (central frequency and sidebands) thus defining the spectral
pattern of a certain ODS in the complex spectrum measured. Fig. 6 shows a numerical example when the sidebands coalesce
together forming a new one which cannot be directly taken for ODS analysis. The sideband (see red circle in Fig. 7) bears the
vibration contributions from two nearby modes and, therefore, it needs to be decoupled in their individual components.

The problem, for a single scan frequency combination, can be formulated as a linear system in Eq. (10)
AsX ¼ Bs ð10Þ

where Bs is a vector representing the complex spectrum (estimated over nspectral lines) of the CSLDV vibration velocity sig-
nal (each row element bkcorresponds to a spectral line), X is the matrix of unknowns and As is a coefficient matrix. Matrices X
and As are block matrices defined as in equations (11) and (12), where m represents the number of sidebands considered for
the complete set of ODSs and, therefore, the polynomial order of the ODSs.
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Fig. 5. Mode shapes and related sidebands spectra.

Fig. 6. Euclidean distance trend for Signal 1 (left) and Signal 2 (right).
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X ¼ Xhð Þh ¼ 1; � � � ;n
xhþl 2 Xhl ¼ �m; � � � ;m

�
ð11Þ

As ¼ As;ab
� �

a ¼ 1; . . . ;n ; b ¼ 1; . . . ;2mþ 1
aij
� �

s;ab 2 As;ab

aij
� �

s;ab ¼
1 if xk ¼ xhþl

0 otherwise

�
8>>>><
>>>>:

ð12Þ
In order to solve for xs;hþl it is important to consider multiple scan frequencies ns, which implies to reformulate the prob-
lem in equation (10) as a block matrices system
A ¼ XB

A ¼ Asð Þs ¼ 1; ::;ns

B ¼ Bsð Þ

8><
>: ð13Þ
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Fig. 7. Spectrum obtained during the experiment and equation system preparation.
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Such a system can then be solved in a least-squares sense, thus obtaining the coefficients of each cluster of frequencies
(central frequency and related sidebands) that are needed to identify the related ODS. Indeed, once such coefficients are esti-
mated, the ODS can be recovered exploiting the classical polynomial approach proposed by Stanbridge et al. in [22].

As a matter of example, a cantilever beam was modelled by having closely spaced resonances, and a multi-sine excitation
test has been simulated. The excitation frequencies considered, 10, 11 and 13 Hz, correspond to the virtual resonance fre-
quencies of the first three modes of the beam. The CSLDV output spectrum obtained when the laser beam virtually scans
over a straight line along the beam at the frequency of 1 Hz is shown in Fig. 8. The overlapping of the sidebands belonging
to the three different clusters (one for each mode involved) is evident, and the characteristic sideband spectral patterns at
the different central frequencies are unrecognizable. A classical peak peaking approach would not make it possible a correct
estimation of the ODSs excited.

The inverse approach makes it possible to recover the three ODSs properly, as shown in Fig. 9, where the ODSs obtained
from the virtual continuous scan test are compared with the ODSs extracted from a simulated step scan test, the latter con-
stituting the reference test (See Fig. 9).
5. Applications of CSLDV methods

The Continuous Scanning enabled acquisition at an incredibly fast rate with high spatial coverage. Although most of the
research was carried out with structures which were planar or low curvature, the Continuous Scanning can be extended to
more complex geometries by using three scanning laser heads. The next sections will cover the applications across different
subject areas in both stationary and rotating conditions. The authors hope to have collected all the papers so far produced in
literature and faithfully reproduced hereafter.

5.1. Modal testing and analysis

Modal testing and analysis is the process that extracts four modal parameters. These are the natural frequency, damping,
Real and Imaginary part of the modal constant from frequency response functions, which are acquired at several locations on
the structure. The spatial representation of the mode shapes is reconstructed by the number of points measured and the
more measurement points the better the shape resolution. As already pointed out in section 2.1.5 Mode Shape data, tradi-
tional modal testing based on contact sensors such as accelerometers acquired many spectral lines at fewer locations. The
CSLDV approach allowed Stanbridge and Ewins to reverse this by augmenting the spatial resolution of the deflection shape
without adding measurement points and, at the same time, by reducing the number of spectral lines required to extract the
natural frequency and damping. Martarelli in [16] showed the simple process of stepping-through resonances by sine
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Fig. 9. ODSs extracted from the virtual multi-sine excitation test: comparison between simulated CSLDV and step scan (reference) results.

Fig. 8. Simulated CSLDV output spectrum: amplitude (left) and phase (right) data.
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excitation and used the central spectral sidebands (response at the excitation frequency) for constructing a frequency
response function to be processed by modal analysis. A similar approach was used in [45,46] where Di Maio et al. exploited
the use of multi-harmonic excitation to measure at once the spectral sidebands which would be required for extracting the
modal parameters. The benefit was to excite at once the system response in the region of resonance rather than stepping-
through it. The use of random excitation was first attempted by Vanlanduit in [47] and later re-proposed in [48]. The signif-
icant difference is about the SNR between the sinusoidal excitation, which delivers the vibration energy to a single harmonic
and the random excitation which spreads the vibration energy across a broader range of frequencies. Another limitation of
the random excitation is the selection of the scanning rates. The random excitation excites sidebands (spaced by the scan
rate) for every spectral line which makes the frequency spectrum very dense with sidebands coalescing on each other, as
shown in Fig. 10. It is, therefore, necessary to use the right scan rate to reconstruct an FRF from the CSLDV measurements
as well indicated by Vanlanduit in [47]. However, such a limitation could be lifted with the introduction of two newmethods
by Castellini et al. and explained in Sections 4.6 Mode/pattern matching method and 4.7 Inverse method.

Alternatively, the use of modal hammer allowed to exploit the CSLDV methods in the modal analysis, as shown in [49,50].
The transient response of a structure excited by an impulsive force, measured at a given point, is a summation of
exponentially-decaying harmonic functions. If the transducer scans continuously over the test object during its transient free
response, the signal acquired is further modulated by the mode shapes of the structure:
vðx; tÞ ¼
XN

r¼1
VrðxÞ � cosðxdr tÞ � expð�nrxrtÞ ð14Þ
where VrðxÞ is the mode shape, xdr and xr , are the damped and undamped natural frequencies and nr is the damping factor
of the rthmode of an N degrees-of-freedom structure, while x is a harmonic function of frequencyX. As a matter of example,
we report the area scan carried out of a bladed disc where a single blade was scanned while the laser beam is scanning it, see
Fig. 11. The most relevant aspect of this exercise was to demonstrate that a 50 seconds scan (in Fig. 11a) allowed to measure
the dynamics of a single blade by identifying its modal parameters (Fig. 11b) and reproduce the mode shape of the single
blade as modelled in the FE in Fig. 11c & d. This example shows the level of information compressed in a single time record
measured by CSLDV area scan method.

As already proposed and discussed in the Section 4.5 Lifting method, Allen et al. exploited the Continuous Scanning capac-
ity of measuring an ‘‘infinite” number of measurement points and performed modal analysis on recollected response fre-
quency lines which could be organized in frequency response functions; the excitation was by a modal hammer. Even in
this case, despite the different data processing, one can appreciate howmuch dynamics can be retrieved by a single LDV out-
put time history.

An area that is yet relatively unexplored by the CSLDV methods is the nonlinear modal testing. There are a few publica-
tions presented by Ehrardt et al. in [51,52] where the Continuous Scanning is applied for high vibration response amplitudes
and typically in the nonlinear range. Amongst the several technical aspects which readers can find in the cited papers, it is
interesting to highlight how CSLDV can detect and measure the vibration super-harmonics leak into higher-order modes.
This leakage is known as parasitic excitation in modal testing. However, as the CSLDV scans the whole surface, it can readily
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Fig. 10. CSLDV response to Pseudo-Random vibration for a cantilever beam [48]

Fig. 11. A set of pictures showing the CSLDV applied to a bladed disc [49,50]
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identify which vibration modes are actually excited from such leaked spectral energy caused by the nonlinearity. Finally, we
shall conclude this section with a matter about large deflections and SLDV measurements. Castellini et al. [53] investigated
the large vibrations using the laser beam set at fixed locations on a beam subjected to large deflections. The paper reports
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how the large deflections enable a small CSLDV scan around the target measurement point leading to the same modulate
LDV time history achieved by an active scanning laser beam, rather than stationary.

5.2. Model updating

As we learnt, the Continuous Scanning enables measuring high spatial density deflection shapes which is an important
parameter in model updating and which has seen some attempts by Zang and Schwingshackl in [54–56]. Schwingshackl
reports in [55] the application of constant continuous scan to measure vibrations of an aero-engine combustion chamber.
The technique, in this case, does not rely on the X-Y scanner of the SLDV system to scan but a single point laser that is shone
against a 45-degree angle mirror which is attached to an electric motor driven by constant DC voltage. The laser beam scans
the inner side of the chamber at a uniform constant low scan rate to measure the LDV signal amplitude modulation. The
post-processing of the signal is carried out by demodulation. The results of the ODS are of high quality, and the paper inno-
vates on new capability to measure cylindrical structures. Early attempts on axisymmetric structure were carried out by
Stanbridge and Ind in [57,58] where ODS of cylindrical and conical structures were investigated. The novelty of those
researches was on the setup created for performing the Continuous Scanning. Either cylinder or conical structures could
be mounted on a rotary table which was actuated by a motor enabling an oscillatory rotation of a specific period. A contin-
uous straight-line scan was then performed along the longitudinal axis of the axisymmetric structure which coupled with
the oscillatory motion of the table yielded a continuous area scan.

5.3. Diagnostics and health monitoring

The subject areas where the CSLDV methods could thrive the most were in diagnostics and structural health monitoring,
where, as one expects, the high spatial density of the ODS offered the best foundation for monitoring structural changes. The
first paper reported was by Khan et al. [59] where damaged beams, presenting a crack, were studied by CSLDV methods. The
paper shows that the higher spatial density of ODS from CSLDV can be used for detecting damage in both a metal plate and a
concrete beam. A kink in the ODS profile identified the damage, and this local ODS change is associated with a higher number
of sidebands caused by local increased curvature in the crack region. It became clear that derivation of the deflection shape
would lead to deformation, and this derivation process could be directly carried out on the polynomial function. It was
attempted by Stanbridge et al. in [60] where deflection shape derivation was carried out by performing a straight-line scan
on a freely suspended beam. The results were encouraging but, unfortunately, the deformation was not as accurate as
expected because the strain was unreliable at the extremes of the beam, which required higher-order sidebands typically
in the noise floor and therefore unusable. As strain measurements are more suitable for damage identification, the strain
method based on CSLDV approach had to mature for another decade before producing the expected results for damage
monitoring.

The use of mode shapes was often attempted in diagnostics and health monitoring but with scarce success, if not for some
specific case studies. A brief observation about shortfalls can be given by saying that a mode shape might be insensitive to
small local damage, which would require shapes from very high frequencies but those tend to be biased by noise or low spa-
tial density. Some attempts were made on a damaged plate by exploiting the ODS properties, where the damage was created
by permanent magnets [61,62]. The results showed that by scanning a wide range of frequency and retrieving the ODS from
all those spectral lines, one would observe that some ODSs presented a deviation from their pristine shape. Following that
observation, the research carried on by focusing on the spectral sidebands as indicators of structural modification over an
incremental damage accumulation because the ODS recovery was seen unnecessary. The work was carried out both on
numerical and experimental cases as reported in [63–65].

In [66,67] CSLDV was used to detect delamination in composite structures, by applying capabilities of Multi-Level
wavelet-based processing. The processing procedure, schematically presented in Fig. 12, consists in a multi-step approach,
with the selection of the optimal mother-wavelet that maximizes the Energy to Shannon Entropy Ratio and a pruning oper-
ation aiming at identifying the best combination of nodes inside the full-binary tree given by Wavelet Packet Decomposition
(WPD). A combination of the point pattern distributions provided by each node of the ensemble node set from the pruning
algorithm allows for setting a Damage Reliability Index associated with the final damage map. The effectiveness of the whole
approach is proven on both simulated and real test cases. A sensitivity analysis to noise on the CSLDV signal is also discussed.

The demodulation method, already introduced in section 4.4 Demodulation, was used for damage detection with success
in spite of the noise affecting the demodulation process. Hence, CSLDV methods were used in [68–70] to rapidly obtain spa-
tially dense operating deflection shapes (ODSs) of beams under sinusoidal excitation. A curvature damage index (CDI) was
proposed to identify the damage region based on curvature differences of the ODSs between damaged (yd) and undamaged
(yp) beams:
dCDIbeam xð Þ ¼ y
0 0
d xð Þ � y

0 0
p xð Þ

h i2
ð15Þ
Structural damage can be identified in neighbourhoods with consistently high values of CDIs. An auxiliary CDI obtained
by averaging normalized CDIs at different excitation frequencies was given in [69] and [70] to reduce measurement noise
and improve damage detection results.
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Fig. 12. Damage identification procedure.
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The demodulation method presented above was used to obtain ODSs of the damaged beams. The polynomial method was
used in [68] to obtain ODSs of a damaged beam from CSLDV measurement data, which can be considered as ODSs of the
associated undamaged beam. A polynomial fitting method was proposed in [69] and [70] to fit the ODSs from the demod-
ulation method, which can be considered as ODSs of the associated undamaged beam. No baseline information about the
undamaged beams is needed. For damage detection purposes, Chen et al. [68] modified the demodulation method by intro-
ducing a phase variable h. The steady-state velocity response of a structure under sinusoidal excitation, measured by a line
scanning CSLDV, can be expressed as
vd x; tð Þ ¼ Vd xð Þcos xt � a� hð Þ
¼ VI;d xð Þcos xtð Þ þ VQ ;d xð Þsin xtð Þ ð16Þ
where x is the location of the laser spot along the scan line, x is the excitation frequency, Vd xð Þ is the ODS of the structure
along the scan line, and a is the phase variable related to excitation and mirror feedback signals; h adjusts amplitudes of the
in-phase ODS component VI;d xð Þ ¼ Vd xð Þ cos aþ hð Þ and quadrature component VQ ;d xð Þ ¼ Vd xð Þ sin aþ hð Þ to obtain their
maximum and minimum values.

A convergence index was defined in [68] to determine a proper order to be used in the polynomial method; the conver-
gence index can be expressed as
con mð Þ ¼ RMS £mf gð Þ
RMS £mf gð Þ þ RMS £mf g � £mþ1f gð Þ ð17Þ
where RMS �ð Þ denotes the Root Mean Square of a vector and £mf g denotes the ODS vector obtained from the m-th order
polynomial. If con mð Þ ¼ 100% , £mf g is completely convergent. It was proposed that the proper value of m be two plus
the least value of m with which con mð Þ is above 90% since the curvature of an ODS (CODS) was used. A modal assurance cri-
terion (MAC) was given in [69] to determine the proper order of the polynomial to be used in the polynomial fitting method.

Experiments on a beam with damage in the form of machined thickness reduction were conducted in [68]. The damage
region can be successfully identified with consistently high CDI values, as shown in Fig. 13, and CDIs based on ODSs of the
damaged beam from the demodulation method and polynomial method are good enough for damage detection, as compared
with CDIs based on ODSs of the damaged and undamaged beams from the demodulation method.

Use of CODSs of high-order modes with high quality makes it easier to identify the damage than the use of the CODS of
the first mode. Experiments on multi-damaged beams in [70] under sinusoidal excitation also showed the effectiveness of
the use of the proposed CDI for damage detection, as shown in Fig. 14. Effects of different types of damage, such as different
widths and depths, were also investigated in [70].

A new constant-speed scan algorithm was proposed in [71] for a CSLDV to create a two-dimensional (2D) scan trajectory.
A new method was proposed in [72] to calculate the pose of an SLDV with respect to a specified measurement coordinate
system, which is applicable to a 2D structure. The demodulation method and polynomial fitting method for obtaining ODSs
and CODSs were extended from one-dimension beam structures in [68–70] to two-dimensional plate structures in [71]. The
CDI introduced in Eq. (15) for beams was extended to that for plates (See Fig. 15):
dCDIplate x; yð Þ ¼ V
0 0
d x; yð Þ � V

0 0
p x; yð Þ

h i2
ð18Þ
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Fig. 14. CDIs of multi-damaged beams under sinusoidal excitation with excitation frequencies of (a) 72 Hz and (b) 453 Hz [70].

Fig. 13. (a) CODSs of the damaged beam, (b) CODSs associated with the ODSs in (a), (c) CDIs based on the CODSs of the damaged and undamaged beams,
and (d) CDIs based on the CODSs of the damaged beam from the demodulation method and those from the polynomial method [1]. Locations of damage
ends are indicated by two vertical dashed lines.
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To reduce effects of spurious boundary anomalies of CODSs on damage identification due to signal processing, CODSs in
the ranges [1%, 10%] and [90%, 100%] of each scan line in a scan area were disregarded. Experiments on a damaged plate
under different sinusoidal excitation frequencies were conducted. As shown in Fig. 16, the damaged area of the plate can
be successfully identified in neighbourhoods with consistently high values of CDIs at different excitation frequencies.

A CSLDV was used in [73] for identification of delamination in laminated composite plates. A novel wavelet-based method
that uses continuous wavelet transforms of ODSs was proposed for damage detection. A wavelet transformation along a scan
line was defined as
20



Fig. 15. CDIs for the damaged plate under sinusoidal excitation with excitation frequencies of (a) 98 Hz and (b) 163 Hz [71].

D. Di Maio, P. Castellini, M. Martarelli et al. Mechanical Systems and Signal Processing 156 (2021) 107573
Wwz u; sð Þ ¼
Z þ1

�1
z xð Þ 1ffiffi

s
p w

x� u
s

	 

dx ð19Þ
where w xð Þ is a wavelet function, and u and s are spatial and scale parameters. A wavelet damage index (WDI) d was defined
as
dWDI
plate u; sð Þ ¼ Wg2zxx u; sð Þ�� ��2 ¼ 1

s2
Wg4z u; sð Þ

����
����
2

ð20Þ
where gp xð Þ ¼ �1ð Þn dpg0 xð Þ
dxp , in which g0 xð Þ ¼ 2

p

� �1
4e�x2 , is the p-th order Gaussian wavelet function. An auxiliary WDI was pro-

posed in [5] based on average values of normalized WDIs associated with different ODSs of a structure. An auxiliary CDI was
also proposed based on average values of normalized CDIs from Eq. (18). Numerical and experimental investigations on a
laminated composite plate were conducted in [73] with their results shown in Figs 15 and 16, respectively. Positions and
lengths of delamination edges are accurately and completely identified based on local anomalies with high WDI and CDI val-
ues caused by delamination.

A comprehensive study by use of a CSLDV to detect hidden damage in a composite plate was conducted in [74]. The work
was related to a round-robin study sponsored by the Society of Experimental Mechanics. No information about damaged
locations of the composite plate was known since the plate was provided by the organizer, Dr Di Maio, of the round-
robin study. Experimental results show that different CODSs have different sensitivities to local anomalies induced by the
damage, and only two of the first seven CODSs from the corresponding ODSs of the plate can be used to detect locations
of the hidden damage, as shown in Figs. 18 and 19. Finally, the estimated locations and sizes of the two damage are in good
agreement with their prescribed locations and sizes.

A CSLDV was used in [75] to obtain a new type of vibration shape called Free Response Shape (FRS). An analytical
response solution of a linear time-invariant Euler-Bernoulli beam with a uniform cross-section under a single impulse exci-
tation was derived:
y x; tð Þ ¼
X1
h¼1

£h x; tð Þ cos 2pf h;dt � ch
� � ð21Þ
where £h x; tð Þ ¼ AhYh xð Þe�2pfhf ht is the h-th FRS of the beam along a scan line, in which Ah is determined by initial conditions
of the impulse to the beam, fh is the h-th modal damping ratio, and Yh xð Þ and f h are the h-th mode shape and natural fre-
quency of the corresponding undamped beam, respectively, and f h;d and ch are the h-th damped natural frequency and phase
angle, respectively. The short time Fourier transform of the response was used to find decay times of FRSs and obtain non-
zero FRSs. The demodulation method was extended for calculation of the FRSs based on equation (21). A new type of Free
Response Damage Index (FRDI), based on curvature differences of the FRSs from the demodulation method and polynomial
fitting method, can be defined as
dFRDIh;beam xð Þ ¼ £
0 0
h;d xð Þ �£

0 0
h;p xð Þ

h i2
ð22Þ
The damage region of the beam is successfully identified near neighbourhoods with consistently high values of FRDIs
associated with different modes. A new modal parameter estimation method using free response measured by a CSLDV sys-
tem is proposed in [76] to estimate modal parameters of a structure, including natural frequencies, modal damping ratios,
and mode shapes based on the concept of free response shapes.
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Fig. 16. (a) Auxiliary WDIs associated with the second and fourth modes of the composite plate from its finite element model, and (b) auxiliary CDIs
associated with the second and fourth modes of the composite plate from its finite element model [73].

Fig. 17. (a) Auxiliary WDIs associated with mode shapes of the composite plate with excitation frequencies of 89 Hz and 150 Hz, and (b) auxiliary CDIs
associated with mode shapes of the composite plate with excitation frequencies of 89 Hz and 150 Hz [73].

Fig. 18. Partial CDIs for scan areas (a) 1 and (b) 2 at the excitation frequency of 199.22 Hz [6].
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A new Operational Modal Analysis (OMA) method based on the lifting method (see Section 4.5), which is a data process-
ing method for CSLDV measurements of a structure under white-noise excitation, was proposed in [77]. A CDI associated
with curvature differences of estimated mode shapes from the OMA method and polynomial fitting method was given.
The lifting method transforms raw CSLDV measurements into measurements at individual virtual measurement points, as
if the latter measurements were made by use of an ordinary SLDV in a step-wise manner. Them-th measurement on a virtual
point k along a scan line can be expressed as zLk mTscð Þ ¼ z k� 1ð ÞDt þ m� 1ð ÞTsc½ �, where Dt ¼ 1

Fsa
, in which Fsa is the sampling
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Fig. 19. Partial CDIs for scan areas (a) 1 and (b) 2 at the excitation frequency of 563.67 Hz [6].
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frequency, and Tsc is the scan period. A correlation function with non-negative time delays between any two virtual points k1
and k2 on a beam, chosen as reference and measurement points, respectively, with white-noise excitation at an excitation
point was derived:
R
	
k1k2q Tð Þ ¼ Re

Xn
j¼1

A
	
j£j;k2e

�fjxjþixj;dð Þ k2�k1ð ÞDte �fjxjþixj;dð ÞT
" #

ð23Þ
where T ¼ mk2 �mk1

� �
Tsc is the time delay variable, in which mk1 and mk2 are measurement numbers of points k1 and k2,

respectively, A
	
j is a complex scale factor that depends on the reference and excitation points,xj is the j-th undamped natural

frequency of the beam, £j;k2 is the value of the j-th undamped mode shape function of the beam at point k2, and xj;d and fj

are the j-th damped natural frequency and damping ratio, respectively. Note that xj;d, fj, and A
	
j£j;k2e

�fjxjþixj;dð Þ k2�k1ð ÞDt can be
estimated as the j-th damped natural frequency, damping ratio, and mode shape by applying a standard OMA algorithm to
power spectra associated with correlation functions, respectively. Experiments on a damaged beam were conducted in [77]
using the above OMA method, noting that if the scanning frequency of a CSLDV was lower than twice the largest natural
frequency of modes of interest, an unaliasing procedure was used to calculate the true natural frequency of the beam. As
shown in Fig. 20, experimental results were in good agreement with results from the numerical investigation.

Recently, two publications from Huang [78,79] exploit the rotational degree of freedom as a means for damage detection.
Both numerical and experimental verification of a damaged cantilever plate showed a successful approach. Besides using a
single SLDV to measure vibration along the laser line-of-sight direction, an investigation using a single SLDV to obtain 3D
vibration measurement of a structure at a specified measurement coordinate system was conducted in [72]. The authors
in [72] proposed an improved method to calculate the pose of the SLDV with respect to the coordinate measurement system.

5.4. Rotating machinery dynamic characterization

In the late nineties, the SLDV was used to measure under rotating conditions by synchronizing the scanning mirrors to a
rotating object. The waveforms designed to drive the mirrors and allow the laser beam to track a single point were the same
as the ones for achieving a circle by continuous scanning. The laser spot is fixed at a point on a rotating target in a non-
stationary frame of reference. Strictly speaking, point tracking should not be classified as Continuous Scanning, but this sec-
tion encompasses a series of techniques related to tracking methods because it acted as a precursor for extending the Con-
tinuous Scanning to moving objects. The point tracking is simply achieved by performing a circular scan, the rate of which is
synchronized with the rotational speed of the target point. Most of the tracking techniques were applied to either rotating
solid discs and bladed discs. In point tracking, one can make a further distinction between synchronous, that is when the
laser was fixed at a point, and asynchronous methods, that is when the laser point had a relative speed with the moving
object. In the asynchronous point tracking method in [16,80] the laser beam scans a circular path on a rotating solid disc
and measures two sidebands which indicate that the nodal diameter mode excited while the disc was rotating. The relative
amplitude difference of those two sidebands also identifies if the vibration wave travelled in- or out-of-phase with respect to
the rotating direction. The synchronous tracking techniques exploiting the circular scan method are available in [81–84].

The tracking measurements showed great sensitivity to misalignment between the scanning mirrors and the rotational
axis of the rotating target, and therefore, the alignment procedure had to be carried out very carefully. Sever et al. presented
in [85] a method which was very useful and it is shown in Fig. 21. The alignment could be verified by point tracking per-
formed at very slow rotation on a reflective patch of dimensions 5 � 5 mm where the laser beam was addressed, and the
area outside the patch was coloured black to create drop-outs in the decoder signal level. An adequate alignment was
assured if the laser spot did not go out the reflective patch during one revolution and, for high rotational speed, the signal
level from the decoder had to show the maximum signal at all time.

Residual misalignments contribute measured velocity components primarily at the target rotation frequency while the
geometry of the dual mirror configuration contributes to a measured velocity component primarily at twice the rotation fre-
quency [86,87]. These have to be distinguished from genuine vibration in the frequency domain. In the case of the compo-
nents associated with misalignment, best practice is first to minimise the misalignment using an experimental approach
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Fig. 20. (a) First, (b) second, (c) third, and (d) fourth curvature mode shapes of the damaged and undamaged beams from the OMA method and their finite
element models [8]. Locations of damage ends are indicated by two dotted lines.
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developed for the specific purpose [86,88]. For the component associated with the dual mirror geometry, exact prediction
can be made to aid data interpretation. Sensitivity to misalignments and the appearance of other artefacts in measurements
has been explored comprehensively [89] for a variety of tracking systems including the standard dual mirror head, a Dove
Prism derotator and the self-tracking system of [85]. This brief introduction to point tracking highlights set-up and measure-
ment challenges to be addressed before progressing to the continuous scan over a moving target. A simple trial and error
adjustment of the X- and Y- waveform magnitudes is enough to minimize that distortion by verifying the circle symmetry
against the edge of a disc which needs to be tracked. The primary issue of misalignment is to create a pseudo-vibration
caused by the apparent oscillation the laser detects in one revolution because of the non constant distance of the target from
the laser head. The pseudo-vibrations can be detected from the frequency spectrum and neglected, but the most challenging
issue was the over-ranging of the decoder. The true vibration response would build on top of the pseudo-vibration which
might be truncated by the decoder over-range, hence misalignment had to be minimized at the outset of the tracking mea-
surements. This brief introduction about point track helps to understand which set-up and measurement challenges have to
be addressed before attempting the laser beam to continuously scanning over a moving target.

The natural extension from point tracking is to scan continuously along a line or across an area under rotating conditions,
and this was first shown by Halkon et al. [86] who attempted a continuous linear scan on a simple 4-bladed rotor. The wave-
form for a linear scan under rotating conditions requires that two trajectories, here rotation and translation, have to be
superimposed. As one would expect, misalignment between optical and rotor axes is a critical factor affecting the vibration
measured because the desired scan path, such as from top to bottom of the blade, will not be correctly followed. This initial
attempt was then developed and extended [90–92]. Di Maio et al. applied the Continuous Scanning to bladed discs to inves-
tigate a problem about frequency veering in a mistuned bladed disc. The frequency veering happens when two families of
modes, for instance, the second flap-wise and first torsional modes, come very close because of the stiffening effect caused on
flap-wise modes by the centrifugal load and then veer apart. A few measurement points per blade cannot capture the mode
shape accurately and therefore, one cannot calculate the mode shape coupling in the veering region, and more points would
mean longer measurement time. The use of Continuous Scanning shortened the measurement process because any ODS
could be measured at once at any excitation frequency and any rotational speed. After all, the research in [90] developed
a rotating exciter which enabled asynchronous excitation instead of the engine order type achieved by DC magnets.

Furthermore, all blades were measured in a single time record because there was no interruption between one blade to
the next one, as is visible in Fig. 22a & b. The laser beam scan rate was also designed to be independent of the encoder sam-
pling rate, that means a constant laser scan rate was possible at any set rotational speed. Finally, Fig. 22c & d show the
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Fig. 21. Alignment method for performing Continuous Scanning and tracking [85].

(a) full length �me series (b) zoomed �me series during laser beam moving 
from one blade to the next one 

(c) Simulated ODS (d) Measured ODS 

Fig. 22. Time series of the 24-bladed disc in (a), the zoom in (b), the simulated and measured ODS in (c) and (d) [90].
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simulated and measured ODS of the 24-bladed disc. As one can gather, 360 s of acquisition enabled the recovery of a complex
deflection shape.

Recently, a new publication from Martarelli et al. in [92] presented an innovative approach to tracking methods based on
velocity coast-down or ramp-up of the bladed disc. That approach is conceptually very simple: it can be considered as the
repetition of consecutive tracking CSLDV acquisitions at different rotational speeds, taking advantage of the very short acqui-
sition time possible by CSLDV. At each acquisition, the actual rotational speed must be measured, and so the scanning laser
beam synchronized with the structure rotation. In order to follow the coast-down with adequate accuracy, an acquisition
must be recorded in the shortest duration possible so that it can be assumed the rotation speed is constant during the scan-
ning. The main issue of the tracking CSLDV is that the continuous trajectory (the Lissajous path) is built in time-basis while
25



Fig. 23. Stepped CSLDV run-up spectrogram (left) and its zoom around the III and IV blade resonances [92].
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the tracking is driven by the encoder and therefore is given in angular-basis. In order to match the two processes, the Lis-
sajous trajectory must be resampled in the angular base for the given speed by using the encoder data. At each acquisition,
then, the Lissajous path is calculated with the rotational speed measured at the beginning of the acquisition itself while the
signal driving the mirrors is generated with the clock given by the encoder following the rotational speed variation. The
tracking CSLDV signal can be processed off-line, i.e. after having collected the complete set of LDV outputs at each speed con-
sidered. The data post-processing allows calculating the ODSs at the different resonances for each speed recorded. Although
it is simple in principle, its practical implementation is far from it. Considering the coast-down is about 40 s long, in order to
take as much as possible measurements in that time, each cycle of that process, including the speed, trajectory calculation
and surface scanning, has to be as fast as possible (about 2 s). Fig. 23 shows an example of measurement in ramp-up
conditions.

Fig. 24 shows the ODSs recovered from the measurements in coast-down.
6. Transversal applications

Outside the mainstream research areas presented in the previous sections, the final part of the paper focuses on literature
developed for applications in Dynamics characterisation of arbitrarily moving structures, Bio Engineering and Land Mines.

6.1. Dynamic characterization of arbitrarily moving structures

CSLDV was not only applied to rotating structures but also to arbitrarily moving structures such as, for example, linear
motion.

In [93] authors describe the use of CSLDV as a tool for the dynamic characterisation of timing belts in IC (Internal Com-
bustion) engines (cylinder head). In this application, the experimental approach still represents an issue, because it requires
a measurement in operating conditions, since the belt mounting conditions might severely affect its dynamic behaviour, and
the belt is continuously moving during running conditions. The paper discusses how the belt in-plane speed influences
CSLDV signal and how an order-based multi-harmonic excitation might affect the recovery of ODS in a CSLDV test. A com-
parison with a standard SLDV measurement in stepwise operation is also given in order to show that a CSLDV test, if well
designed, can indeed provide the same amount of information in a drastically reduced amount of time.

6.2. Bio-engineering

There are three interesting papers of Continuous Scanning applied to the human body and reported in [94–96]. Salman
et al. in [95] applied CSLDV for active and passive elastography measurements on the human body. This fast CSLDV can
replace several fixed LDVs and is especially advantageous for sensing human body natural vibrations (typically below
100 Hz) at multiple locations (e.g., along with small muscles). In this application, it is crucial to apply contactless systems,
also to avoid to patient’s disturbance, mass artefacts and set-up time due to traditional skin-mounted sensors (e.g.,
accelerometers array). Experimental measurements were conducted using a CSLDV with a 200 Hz linear scan rate, along scan
lengths up to 5 cm, to measure low-frequency vibrations (f < 100 Hz) on gel samples which mimic human soft tissues. Val-
idations of the CSLDV measurements were done using an array of several fixed LDVs distributed along the same scan line.
Salman et al. in [96] demonstrated the use of a CSLDV for measuring in a non-contact fashion the velocity of
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Fig. 24. Blade ODSs obtained via TCSLDV in coast-down (section at average speed of 20.64 RPS) [92].
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low-frequency surface waves (f < 100 Hz) propagating over soft materials, namely here gel surfaces-mimicking human body
soft tissues-and skeletal muscles, to develop an affordable and non-invasive elastography modality. This setup was used to
measure the increase in surface wave velocity (related to the actual stiffening) over the biceps brachii muscle while volun-
tary contractions at an increasing level occur.
6.3. Land mines detection

Continuous Scanning was also applied to minesweeping because of the ability to scan a large surface rapidly. Several
authors investigated in such a matter and literature is reported in [97–102]. The SLDV together with other types of sensors
were mounted on a truck which slowly travelled across a land filled with several mock-up mines where the excitation was
produced by loudspeakers, or micro-seismic shocks, while the Continuous Scanning was performed. In such specific appli-
cation, the objective was not to recover the ODS of the land surface as the incredibly high level of speckle-noise would not
27



Fig. 25. Example of geometry with hole and nonuniform shape.
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allow it. The goal was to investigate and search signatures created by the land mines in the LDV modulated time signal and
which had some degree of success but at the cost of expensive signal processing.

7. Practical guidelines and limitations of CSLDV methods

CSLDV technology has been shown to be reliable when applied to multiple DOF vibration response measurements. How-
ever, any laser-based measurement technology presents limitations. The most notorious one is noise acquired by the photo-
detectors and such drawback is already discussed throughout the paper. This section focuses on other types of drawbacks
that might help new practitioner to avoid.

The area scan method is a valid alternative to stepped scanning LDV with the advantage of having high-spatial, mostly
unlimited resolution and of drastically reducing the testing time. The main drawback of the technique is the need to plan
accurately the scanning frequencies for different reasons: (i) in the area scan the scanning frequencies in the two directions
must not be integer multiples of each other, (ii) sidebands of one mode have not to coincide with sidebands of a consecutive
mode, and this can happen with highly damped structures. However the settings of scanning frequency can be automated by
using one of the blind methods presented in Sections 4.6 and 4.7.

Another limitation of the CSLDV is related to the intrinsic property of the laser Doppler vibrometer that measures the
velocity of the tested object in the line of sight of the laser light. If the laser and the object surface normal are not aligned
a cosine correction must be performed. This correction can be automated, as it is in commercial SLDV, only if the distance
between laser head and measurement surface is known. A correction method for CSLDV application on 3D curved surfaces
has been presented in [103].

Concerning the scanning area that a CSLDV can measure, although most applications concern plate-like structures, it has
been demonstrated that the technique works also with 2D structures with arbitrary shapes. In [103] the SLDV has been used
to measure the ODSs of an irregular plate presenting an hole as presented in Fig. 25. Similar challenges presented by cylin-
drical shape and holes were was also attempted in [55] where an aerospace structure, combustion chamber casing, was con-
tinuously scanned by a mirror set at fixed rotation speed while traversing the chamber along its longitudinal axis. The holes
could be identified by corrupted data from the reconstructed deformed shape. Already mentioned earlier in the manuscript
[58], a cylindrical structure was tested while mounted on turning table. The turning table oscillated at a frequency providing
the radial scan rate while the laser beam scanned longitudinally so as to implement an area scan on the cylinder. Another
interesting paper [104] shows how the CSLDV can be exploited for generating measuring grids, where geometrical discon-
tinuities, such as holes and edges, generate noisy LDV modulated signals which are very distinguishable from the one mea-
sured on the continuous surfaces. Therefore, the data analysis enable to carve out the area which a laser can effectively
measure.

As far as it concerns the scanning area, it is worth mentioning that optimization methods to create arbitrary scanning
pattern has been presented in [105–107].

8. Conclusions

This review paper draws on the contents of around eighty of the most relevant publications in the subject, but there
might still be others scattered in the scientific literature which could not be identified. The review focussed on the three fun-
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damental pillars which are: (i) the Raison d’être, (ii) the Theoretical Background and (iii) the Applications of CSLDV. The main
objective of the review is to provide future researchers with a document capable of reconstructing the evolution of Contin-
uous Scanning methods across various research fields. In this review, Continuous Scanning was explained through the use of
a scanning LDV system which best exploits the Continuous Scan mode. However, it should be borne in mind that any type of
non-contact sensor could possibly be used in Continuous Scanning mode for retrieving responses which are not limited to
vibration analyses but can be extended to thermal, acoustic and fluid response analyses. Within the field of vibration
response analysis, the authors believe that there is a still room for extending the potential of the Continuous Scanning phi-
losophy far beyond the actual state-of-the-art, and is not necessarily limited to deflection shape analysis. It is noted that the
spectral sidebands are the most important features of the amplitude-modulated time series from CSLDV measurements and
these sidebands encompass the most useful information from the response that can be evaluated by several means of data
analysis, including the latest one of Artificial Intelligence. The significant advantage of using a laser vibrometer instead of
alternatives such as video-based non-contact devices lies mainly in the wide frequency range and the sensitivity to low
vibration amplitudes. These two characteristics enable CSLDV techniques to interrogate the vibration energy across
higher-order harmonics, which are typically high frequencies and low amplitudes.
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