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Abstract: Scanning laser–Doppler vibrometry (SLDV) can localize and visualize damages in
mechanical structures. In order to enable scanning, it is necessary to repeat the vibration. Therefore,
this technique is not suited to detect emerging hazards in working machinery that change the
vibration behavior. A common technique for such cases is monitoring the vibration excited by
machine operation with accelerometers. This technique requires mechanical coupling between
sensors and the measurement object, which influences the high-frequency vibration responses.
However, in the low-frequency range, local damages do not shift resonances or distort operational
deflection shapes (ODS) significantly. These alterations in the vibration behavior are tiny and hard to
detect. This paper shows that multipoint laservibrometry (MPV) with laser excitation can measure
these effects efficiently, and it further demonstrates that damages influence ODSs at frequencies above
20 kHz much stronger than at frequencies below 20 kHz. In addition, ODS-based damage indices
are discussed; these are highly sensitive to minute visible changes of the ODSs. In order to enhance
the sensitivity of hazard detection, the response vector assurance criterion value is computed and
evaluated during operation. The capabilities and limitations of the methodology on the example of a
cantilever with manually emerging damage are demonstrated.
Keywords: damage detection; multipoint laser-Doppler vibrometer; structural health monitoring;
operational condition; operational deflection shape; laser ablation; non-destructive testing;
laser–Doppler vibrometry

1. Introduction
Structural damages in mechanical systems triggered by material fatigue have an essential influence
on live time and performance. Different non-destructive methods are widely applied for damage
detection, such as ultra-sound, X-rays, or eddy current. These methods are used to detect damages
during maintenance. Vibration-based damage detection techniques can be applied directly to working
machinery; therefore, these techniques are attractive for structural health-monitoring (SHM) [1–3].
Damage occurrence changes physical dynamic properties (like mass, damping, and stiffness) of a
structure. These kinds of changes are visible in the form of natural frequency shifts and influence the
associated operational deflection shapes (ODS) or mode shapes. Thus, vibration-detection techniques
can provide means to detect damages.
In the last few decades, vibration-based damage detection techniques under laboratory conditions
have been extensively studied. The influence from the environment is in such cases negligible and the
structure is reproducibly excited, for example, by a modal shaker with a predefined signal. Damage
detection under normal machinery operational conditions is still a challenge for research because
influences from the operation and the environment are generally not negligible and lead to changes in
dynamic properties of the structure as well. Investigations show that post-processing methods based
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on singular value decomposition (SVD) increase the accuracy and the robustness against measurement
uncertainties [4–6] of the damage detection results. However, the vibration excited by working
machinery is much more complicated.
Furthermore, damage discovery in the very early stage of a local damage occurrence is still an
aspired goal of all the detection techniques, especially for SHM. Commonly, the ODSs are measured
simultaneously by acceleration sensor arrays. The useful frequency range of an acceleration sensor
is limited by its mounted resonance frequency [7]. The typical frequency range of most commercial
(piezo) acceleration sensors used for vibration testing is at a few 10 kHz [8]. In the low-frequency range,
the environmental or operational influences, such as those from a rotating machine, are relatively
strong. This can make damage detection difficult. In the frequency region above 20 kHz, the amplitude
of machine operation is normally much smaller than in the region below 20 kHz [9]. In addition,
changes of dynamic properties due to local damages are much more sensitive in frequency regions
with higher order ODSs, which are often above 20 kHz. Thus, wide frequency-range measurements
with information over 20 kHz can increase sensitivity of the detection. In the high-frequency range,
the ultrasonic field may be disturbed due to the mechanical coupling between the acceleration sensor
and the test object. The vibration response measured by an acceleration sensor is generally dependent
on the efficiency of the mechanical coupling [7,10]. Variations in the coupling conditions may cause
significant degrees of uncertainty to the ODS measurements by acceleration sensor arrays in the high
frequency range. This limitation can be avoided by non-contact measurement techniques. Scanning
laser-Doppler vibrometry (SLDV) has been introduced to local damage detection in the last few
decades [11]. A laser-Doppler vibrometrer (LDV) has a flat frequency response in a frequency range,
only limited by the electronics and data processing. Frequency ranges are even possible up to the
MHz range [12–15]. Research results show that small local damages can be effectively detected by
SLDV especially at the frequency region above 20 kHz [16,17]. However, the SLDV is not applicable
for damage detection under operation because the vibration has to be repeated to enable scanning.
The vibration from working machinery is generally not repeatable.
This paper shows an optimized non-contact measurement methodology for damage detection
under normal machinery operational conditions. ODSs are measured by a multipoint vibrometer
(MPV) [18–20]. The MPV allows simultaneous vibration measurements with 48 channels. In order to
increase the sensitivity of the detection, all the resonances of the structure in the entire measurement
frequency range should be taken into account. The resonances are commonly not all sufficiently excited
by normal machine operation. Therefore, a nanosecond laser is utilized to introduce very broadband
vibration excitations (i.e., significantly over 100 kHz) by laser ablation [21–24], additionally to the
operational excitation. The frequencies of resonances are estimated by using the frequency domain
decomposition method, which is successfully deployed in operational modal analysis [25]. It estimates
the corresponding dominant modes at a frequency by evaluating singular value decompositions (SVD)
of the spectral density matrix. The spectral density matrix is received from the vibration response
data. It is important to use such output only methods because it is quite difficult to measure the actual
excitation mechanisms in working machinery accurately. The ODSs of the intact structure are then
compared to that of the damaged structure, at the resonance frequencies in the entire measurement
frequency range. To compare the ODSs, we use the response vector assurance criterion (RVAC) to
measure the correlation between the ODS pairs [26]. By taking the mean value from RVAC values over
all selected frequency points, the relative damage quantification indicator (DRQ) can be calculated to
describe the damage state with a single value [27].
We demonstrate the capabilities and limitations of our methodology on an example of a cantilever
beam in three damage levels. The damage levels are introduced by varying the depth of a blind hole on
the cantilever. In order to simulate the operational condition, a small metal wheel driven by an electric
motor grinds the cantilever slightly. The results show that all three damage levels are detectable under
operational condition directly. Finally, we compare the results from our method with the detection
result from a constructed SLDV measurement to illustrate the advantage of our methodology.
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2. Methods
2.1. Damage Index
A damaged structure has a different dynamic behavior and therefore a different ODS compared to
its intact state. There is a simple and widely used way to check if the structure is damaged. Namely, to
calculate the correlation between the ODSs of the structure under two different states: the potentially
damaged state and its intact state. If the structure is undamaged, the two ODSs will be correlated and
the correlation is then one. The degree of correlation decreases if the damage grows. The correlation at
every frequency point ω with RVAC can be calculated by [26]
RVAC(ω) = P h
N d
i=1
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h(ω) is the response vector of the intact or reference structure, its element hi is the response at the
degree of freedom i, such as a measurement point in one measurement direction. N is the number
of degree of freedoms, and d h (ω) is the response vector of the damaged structure, respectively. The
index superscript d on the left stands for damaged state. The index superscript H means Hermitian
transpose, and k·k stands for Euclidean norm. The response vectors can be calculated values, such
as frequency response functions from a finite element model, or directly measured values, such as
velocities—for example measured by an LDV. If the modal vector instead of the response vector is
used at the corresponding resonance frequency point, then the RVAC value will be the well-known
modal assurance criterion [28]. This criterion is usually applied to find the corresponding mode shapes
between an experiment and a finite element model by finite element model updating problems [29–32].
For damage detection, it is practical to use one scalar value to describe the damage state of the structure.
In order to achieve this request, the mean value of the RVAC can simply be used. This is defined as the
detection and relative damage quantification indicator (DRQ) [26,27]:
DRQ =

Nω
1 X
RVAC(ωi ),
Nω

(3)

i=1

where Nω is the number of used frequencies ωi .
The ODSs measured under operational conditions could be noisy. One possibility to increase
the noise robustness of ODS-based damage detection is to apply SVD-based methods. We chose the
frequency domain decomposition method, which was developed to estimate modal parameters in
operational modal analysis. It calculates the dominate modes at a frequency point by applying SVD on
the spectral density matrix Gh (ω) of the measured time response vector h(t) [33]
Gh (ω) = U S UH with U =

h

u1 (ω)

u2 (ω)

···

un (ω)

i

,

(4)

where S is a diagonal matrix with the singular values (diagonal elements) s21 (ω) > s22 (ω) > · · · > s2n (ω)
sorted in descending order. The corresponding singular vectors u1 (ω) to un (ω) can be interpreted as
the sub-components of the ODS at the corresponding frequency point ω. Their participations in the
ODS are sorted by their corresponding singular values s21 (ω) to s2n (ω). This means that u1 (ω) is the
most dominant sub-component of the ODS at frequency ω because its corresponding singular value
s21 (ω) is the biggest singular value [5]. The singular values s21 (ω) can be plotted over the frequency,
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i.e., the singular value spectrum. Every peak in this spectrum indicates a possible resonance at this
frequency region. The signal-to-noise ratio (SNR) of measured ODSs in this frequency region is
much better than the region between two adjacent resonances, especially in the anti-resonance region.
Therefore, we use the peaks in the singular value spectrum of s21 (ω) to define the frequency points
ωi in Equation (3), and take u1 (ω) from the intact structure and d u 1 (ω) from the damaged structure,
instead of h(ω) and d h (ω) in Equation (1) for each ωi to calculate the DRQ. Consequently, it is more
robust against noises than the DRQ calculated directly by measured ODSs. The main steps of the DRQ
calculation are shown in the following:
Step1: Measure the velocities at the measurement points on the intact and damaged structure by the
MPV. These are the time response vectors h (t) and d h (t).
Step 2: Calculate the spectral density matrices G h (ω) and d G h (ω) of the time response vectors h (t)
and d h (t). Use Equation (4) to calculate the singular value spectrum of the intact structure s21 (ω), the
damaged structure d s 21 (ω), and their corresponding singular vectors u1 (ω) and d u 1 (ω).
Step 3: Find the peaks in the singular value spectrum s21 (ω) and their corresponding frequency points
ωi . Then, calculate the RVAC values at each frequency point ωi by using u1 (ω) and d u 1 (ω) instead of
h(ω) and d h (ω) in Equation (1):
2

(ωi )d u 1 (ωi )k
kuH
1
.

RVAC(ωi ) = 
(ωi )d u 1 (ωi )
(ωi )u1 (ωi ) d u H
uH
1
1

(5)

Step 4: Calculate the DRQ value by using Equation (3).
2.2. Measurement Setup
The accuracy of the damage detection results depends largely on the quality of the measured
ODSs. In case the vibration is not repeatable, which is generally true for the SHM, the ODS has to be
simultaneously measured. High sensitivity to local damage requires high spatial resolution and wide
frequency range. These two goals are very difficult to achieve at the same time because both of them
increase requirements for data acquisition performance drastically. Therefore, compromises have to be
made. We use our MPV system MPV-800 (Polytec GmbH, Waldbronn, Germany, Figure 1) to measure
ODSs [34]. This system is capable of performing up to 48 measurements at the same time. Every
measurement channel has a bandwidth from 0 to 100 kHz. In order to obtain 3D vibration information
at one measurement point, measurements by three laser beams (i.e., three channels of MPV) from three
different directions are measured. The 3D vibration measurements of the MPV and the SLDV work on
the same principle. The 3D velocity vector is calculated by a coordinate transformation [35,36]. The
transformation matrix contains Euler angles of the directions of the laser beams. MPV-800 employs 3D
Disto (Leica Geosystems GmbH, Munich, Germany) to measure the Euler angles (Figure 1) [37].
To increase the detection sensitivity, the full detection frequency range of the MPV should be
exploited, i.e., from 0 to 100 kHz. Therefore, we excite the structure externally with extremely short
laser pulses. We utilize a neodymium-doped yttrium aluminum garnet (Nd:YAG) laser (Quantel
Brilliant EaZy, Lumibird Group, Les Ulis Cedex, France) with a wavelength of 1064 nm, pulse duration
of 5 ns, and pulse energy of 300 mJ. The Nd:YAG laser provides different modes of laser emission: the
single shot mode and repetitive shot mode with variable repetition rate (up to 10 Hz). In repetitive shot
mode, the Nd:YAG laser emits light pulses spaced in time due to a pre-set repetition rate. The pulse
width and peak power do not change for different repetition frequencies. Higher repetition rate allows
more averaging. Therefore, we operated the Nd:YAG laser at the maximum repetition rate of 10 Hz.
The Nd:YAG laser provides a transistor-transistor logic (TTL) signal, which is synchronized to the laser
pulses. After starting the measurement in the MPV-software, the MPV measurement is synchronized
to the next TTL signal (which corresponds to the start of the next laser pulse). The Nd:YAG laser
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To increase the detection sensitivity, the full detection frequency range of the MPV should be
exploited, i.e., from 0 to 100 kHz. Therefore, we excite the structure externally with extremely short
laser pulses. We utilize a neodymium-doped yttrium aluminum garnet (Nd:YAG) laser (Quantel
Brilliant EaZy, Lumibird Group, Les Ulis Cedex, France) with a wavelength of 1064 nm, pulse
duration of 5 ns, and pulse energy of 300 mJ. The Nd:YAG laser provides different modes of laser
emission: the single shot mode and repetitive shot mode with variable repetition rate (up to 10 Hz).
In repetitive shot mode, the Nd:YAG laser emits light pulses spaced in time due to a pre-set repetition
rate. The pulse width and peak power do not change for different repetition frequencies. Higher
repetition rate allows more averaging. Therefore, we operated the Nd:YAG laser at the maximum
repetition rate of 10 Hz. The Nd:YAG laser provides a transistor-transistor logic (TTL) signal, which
is synchronized to the laser pulses. After starting the measurement in the MPV-software, the MPV
measurement is synchronized to the next TTL signal (which corresponds to the start of the next laser
pulse). The Nd:YAG laser excitation is suitable for investigations of plate-like structures on running
test benches. For large structures, laser pulses with much more energy may be required [23].
Alternatively, piezoelectric shakers or lead zirconate titanate (PZT) patches can be used to achieve
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An aluminum cantilever beam is studied to prove the capability of our method. A blind hole is
2.3. Experiment
drilled on the back side of the cantilever beam (Figure 2). We define three damage levels with different
An aluminum cantilever beam is studied to prove the capability of our method. A blind hole is
depths of the blind hole for this experiment. The data on the blind hole at three damage levels are
drilled on the back side of the cantilever beam (Figure 2). We define three damage levels with
listed in Table
1. depths of the blind hole for this experiment. The data on the blind hole at three damage
different
levels are listed in Table 1.

Figure 2. Cantilever beam.
Figure
2. Cantilever beam.
Table 1. List of damage levels.

Table 1. List of damage levels.
Damage Level 1 Damage Level 2 Damage Level 3
Diameter of the blind hole
in mm Level 10
4.30
4.30
Damage
Damage
Level 2
Damage Level 3
Depth in mm
0
2.66
4.09

Diameter of the blind
0
4.30
4.30
hole
in mm
Figure
3 shows the measurement setup schematically. Fifteen measurement points are defined
Depth
in mm beam. All measurement
0 points are marked by reflection
2.66 stickers as shown in4.09
on
the cantilever
Figure

3. The cantilever beam is fixed by a bench vice. To demonstrate the existence of machine operational
conditions, we ground the cantilever lightly by a small metal wheel. An electric motor drove the
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such friction
is not common
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marked
by reflection
stickers
as shown
working machinery.

the
The cantilever beam is fixed by a bench vice. To demonstrate the existence of machine operational
conditions, we ground the cantilever lightly by a small metal wheel. An electric motor drove the wheel
at about 2000 rpm. The surface of the metal wheel is covered with a piece of scotch tape to avoid direct
friction between these two metal surfaces because such friction is not common in working machinery.
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calculated RVAC values. We found that the velocities measured in laser beam directions, i.e., the
We found a total of 216 peaks in the singular value spectrum of the measurement 1 in the range of
0 to 100 kHz. Figure 4 gives an overview of this singular value spectrum. As examples, the peaks
in frequency ranges from 0 to 4000 Hz, and 78 kHz to 82 kHz are shown in more detail with their
peak number. The ODSs (here as the velocity data) at the corresponding frequency points are used to
calculate dominate (sub-) ODSs by Equation (4), i.e., u1 (ω), with respect to noise robustness for the
calculated RVAC values. We found that the velocities measured in laser beam directions, i.e., the raw
velocities, are more reliable than the transformed 3D vibrations for damage detection. Therefore, we
calculate RVAC values based directly on raw velocities. This will be discussed in Section 4. Figure 5
shows the RVAC values between the first measurement and the other four measurements. The
corresponding DRQ values are shown in Table 2. All RVAC curves are strongly correlated with each
other. The DRQ values are all over 0.98. The RVAC values at several frequency points are clearly
lower than the rest, for example at frequency point number 121 (Figure 5). This may indicate that the
RVAC values at these frequency points are very sensitive to operational conditions and the setup of the
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experiment. Therefore, we unselected the frequency points, at which at least one of the four RVACs is
smaller than the mean value of the four DRQ values (0.9900) in Table 2, for example the frequency
point 78. At this frequency point, only the RVAC value between measurements 1 and 2 (blue line) is
lower than 0.9900; subsequently, there are in total 143 frequency points. The damage detection is then
based on ODSs at these frequency points. Figure 6 shows the RVAC values in three different damage
levels at the selected 143 frequency points. Table 3 gives a short overview of the selected resonance
frequencies in three different frequency ranges. The green line is the reference RVAC curve (damage
level 1). It is calculated by taking the mean values from the four RVAC curves in Figure 5 at each
frequency point. The RVAC curve for damage level 2 in yellow is calculated from measurement 1 and
measurement 6, the latter of which is measured on the cantilever beam in damage level 2. The red
RVAC curve is calculated from measurement 1 and measurement 7, the latter of which is measured on
the cantilever beam in damage level 3. The RVAC values in damage level 1 (the green line) are much
higher than the rest. The difference between damage level 2 and damage level 3 becomes clearer in the
frequency range over the frequency point 41, which is about 17.100 kHz. In order to take an overview
of this, DRQ values in four different frequency ranges for the RVAC curves are shown in Figure 6.
These four cases are named C1 for 0–1500 Hz, C2 for 0–17 kHz, C3 for 0–100 kHz and C4 for 17–100
kHz. The results are shown in Figure 7. The DRQ value with selected resonance frequency points up to
17 kHz (case C1 and C2) cannot identify the difference among the three damage levels clearly. With all
selected frequency points in the entire measurement frequency range (case C3) or only above 17 kHz
(case C4), the difference is much more clear. This is the advantage of measuring in a wide frequency
range. Therefore, it can be concluded that, with our measurement methodology, a local damage due to
a blind hole on a cantilever beam can be detected under operational conditions of a rotating machine.
Sensors 2020, 20, 732
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The DRQ value gives a single value damage index as an indication of damage existence and strength.
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Figure Figure
5. RVAC
curves calculated from measurements 1 to 5.
5. RVAC curves calculated from measurements 1 to 5.
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Table 2. DRQ values from the four measurement pairs in Figure 5.
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4. Discussion
As mentioned in Section 3, the 3D velocities estimated from the raw velocities are subject to
measurement uncertainty. Errors in the velocity measurement could be further amplified for the
velocities in Cartesian coordinates due to the inversion by the coordinate transformation if the condition
of the transformation matrix is not good enough [38]. Several authors attempted to find optimal Euler
angles to reduce this effect [39,40], but it is difficult to keep all the Euler angles optimal in practice,
especially if vibration is measured with a lot of channels. The raw measurement data are therefore used
as ODS (i.e., h(t)) to calculate the RVAC values because they are not influenced by the measurements
of Euler angles and are more reliable.
Before capturing the measurements on the cantilever in damage levels 2 and 3, we acquired five
measurements on the cantilever in its intact state to obtain reliable reference RVAC and DRQ values. In
addition, we used the measurements 1, 2, 3, and 5 to illustrate that simultaneous measurement is more
reliable for damage detection. We built a SLDV “measurement” from the first three measurements.
This means that the first 15 channels in the SLDV measurement are the same as the first 15 channels
in the first MPV measurement; the second 15 channels in SLDV measurement are the same as the
corresponding channels in the second MPV measurement and so on (see Figure 8 for illustration of
the SLDV “measurement” routine). Then, the RVAC values between the MPV measurement 5 and
the SLDV “measurement” are calculated. The result is shown in Figure 9. The RVAC curve between
measurements 1 and 5, as a reference, is the green line, which was also shown in Figure 5 earlier in
this paper. The RVAC curve of SLDV (red line) is extremely distorted and the DRQ value is only
0.3628. The low RVAC values in this case are results from the random transient friction between the
electric motor and the cantilever beam during the measurement. Consequently, the synchronizing
between friction excitation and measurement becomes practically impossible, and leads to a loss of the
phase relation for the scanning. Furthermore, the amplitudes of the friction excitations during different
measurements are not same, which falsify the ODSs from the “SLDV” measurement. Therefore,
scanning measurement techniques, such as SLDV, may result in low RVAC values, even if a machine
operates under practically constant rotational speed. These problems do not exist for MPV; however,
the measurement grid has a maximum of 48 1D points. The number of measurement points is much
lower than other full-field techniques like digital image correlation [41], but the detection frequency
range is much wider. In the high frequency range, a dense measurement grid is required to measure
the ODS completely because the structure-borne sound wavelength may be shorter than the distance
between two adjacent measurement points [42]. Therefore, ODSs measured by MPV in frequency
ranges over 20 kHz may be not complete, but the correlation between the measured ODSs from two
different measurements on the same structure should still be equal to one. The RVAC values give the
correlation quantitatively and are therefore sensitive to small changes in response signals. Figure 10
gives an example of two ODS pairs at two different resonance frequency points. The point circled in
blue on each ODS is the first measurement point, for example. The ODSs (a) and (b) are measured on
the cantilever in damage levels 2 and 3 at 210 Hz, respectively. Both ODSs are completely measured.
The RVAC value for this ODS pair is 0.9999. The ODSs (c) and (d) are also from damage levels 2
and 3 but at about 33.8 kHz. They seem to be not completely measured. There is a small difference
between them, which can be found by the corresponding RVAC value (0.6574) much more clearly. The
ODSs at 33.8 kHz are not excited by the machine operation, but by the Nd:YAG laser excitation. The
difference between the two ODSs at 33.8 kHz helps us to detect the structural damage earlier. Overall,
our methodology represents a compromise of all simultaneous measurement techniques.
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LDV and MPV also have limitations, which have to be considered. Acceleration sensors exist
with a better resolution as it is achieved by the laser interferometric technique. As an example,
we compared the sensitivity of our MPV system to a high-frequency acceleration sensor Type 8309
(Brüel and Kjær A/S, Nærum, Denmark). The resolution is expressed as root mean square (RMS)
background noise acceleration in the specification of the acceleration sensor Type 8309. In order
to make a fair comparison, we estimated the same value of MPV-800 approximately for the same
bandwidth
as the acceleration sensor Type 8309. The noise-limited resolution of MPV-800 at 50 kHz
p
µm
Sv ( f = 50 kHz) is 0.13 √ as per its technical specifications (frequency range: 0–100 kHz, main
s Hz

cable length: 10 m). Sv ( f ) is the squared velocity spectral density of background noise at frequency
f ; Sa ( f ) and Su ( f ) are the accelerration and displacement form of it. The noise limited resolution is
defined as the signal amplitude (RMS) atpwhich the SNR is 0 dB
pand with 1 Hz spectral resolution.
Its displacement form at 50 kHz is then Su ( f = 50 kHz) =
Sv ( f = 50 kHz)/(2π)/(50 kHz) ≈
pm
0.4138 √ . Assuming that the displacement noise spectrum is flat (white noise from electronics), i.e.,
Hz
p
p
Su ( f ) = const. = Su ( f = 50 kHz), the RMS background noise acceleration of MPV-800 an,MPV can
be estimated by
R
1
2
fmax
(
)
an,MPV =
S
f
d
f
a
fmin
R
1
2
fmax
2
2
(
)
(
)
(
)
=
2π
f
2π
f
S
f
d
f
(6)
u
fmin
1
!

2 R
2
fmax 4
pm
= 16π4 0.4138 √
f
d
f
f
Hz

min

according to Parseval’s theorem [43]. fmin and fmax are the lower and upper limit of the bandwidth. The
acceleration sensor Type 8309 has an RMS background noise acceleration of 230 mm
in the frequency
s2
range from 1 Hz to 54 kHz according to its technical specifications. In the same frequency range, the
RMS background noise acceleration of MPV-800 is about 4950 mm
as per Equation (6). Increasing the
s2
power of the laser excitation may overcome this limitation. Furthermore, the measurement object has
to provide optical access for optical measurement techniques. Surface preparation on the measurement
object may be necessary to achieve optimal signal conditions. Moving measurement objects, such as a
rotating propeller, need a relevant tracking system for the vibration measurement. In cases where these
limitations are avoidable, the demonstrated method is a reliable choice to detect damage on working
machinery or test benches.
5. Conclusions
The experiments on the cantilever beam in three damage levels confirm that our measurement
methodology is capable of detecting local damage on a cantilever beam under operational influences
due to the rotating machine. The DRQ gives a quick indication for the damage existence. If the
DRQ drops continuously over the operation time, the damage grows. The machine operation should
be stopped if the damage level reaches a critical state regarding safe machine operation. Further
examinations will then be carried out under laboratory conditions by full-field techniques like SLDV.
With the measurements from SLDV, the damage will be localized by high spatial resolution-based
methods such as modal curvature [44,45] or local defect resonance [16].
The RVAC value used here is a common damage index for damage detection. Robust damage
index in post-processing is still a research topic today. Improved damage index will increase the
damage detection efficiency of our measurement setup. The laser excitation methods will be further
investigated to increase SNR of vibration signals. Better solutions to position the measurement heads
of MPV can be carried out to make more reliable ODS measurements.

Sensors 2020, 20, 732

12 of 14

Author Contributions: Conceptualization, X.C. and C.R.; methodology, X.C. and C.R.; software, X.C.; validation,
X.C.; formal analysis, X.C.; investigation, X.C.; resources, C.R.; data curation, X.C.; writing—original draft
preparation, X.C.; writing—review and editing, X.C. and C.R.; visualization, X.C.; supervision, C.R.; project
administration, X.C.; funding acquisition, X.C. and C.R. All authors have read and agreed to the published version
of the manuscript.
Funding: The large-scale equipment MPV was partly funded by the Deutsche Forschungsgemeinschaft DFG
(grant number: 406667064). The APC was funded by Open Access Publishing Fund of the Clausthal University
of Technology.
Conflicts of Interest: The authors declare no conflict of interest.

References
1.
2.
3.
4.

5.
6.
7.
8.
9.
10.
11.
12.

13.
14.
15.
16.

17.

18.

Doebling, S.W.; Farrar, C.R. Summary Review of Vibration-Based Damage Identification Methods. Shock Vib.
Digest 1998, 30, 91–105. [CrossRef]
Carden, E.P.; Fanning, P. Vibration Based Condition Monitoring: A Review. Struct. Health Monit. 2004, 3,
355–377. [CrossRef]
Fan, W.; Qiao, P. Vibration-based Damage Identification Methods: A Review and Comparative Study. Struct.
Health Monit. 2011, 10, 83–111. [CrossRef]
Vanlanduit, S.; Parloo, E.; Cauberghe, B.; Guillaume, P.; Verboven, P. A robust singular value decomposition
for damage detection under changing operating conditions and structural uncertainties. J. Sound Vib. 2005,
284, 1033–1050. [CrossRef]
Cao, S.; Ouyang, H. Robust structural damage detection and localization based on joint approximate
diagonalization technique in frequency domain. Smart Mate. Struct. 2016, 26, 015005. [CrossRef]
Cao, S.; Ouyang, H. Robust multi-damage localisation using common eigenvector analysis and covariance
matrix changes. Mech. Syst. Sig. Process. 2018, 111, 663–677. [CrossRef]
Serridge, M.; Licht, T. Piezoelectric Accelerometer and Vibration Preamplifier Handbook, 1st ed.; K. Larsen & Son
A/S: Glostrup, Denmark, 1987.
Elies, S. Performance Analysis of Commercial Accelerometers: A Parameter Review. Sens. Transducers 2015,
193, 179–190.
Cao, X.; Tarigan, B.; Rembe, C.; Schwarze, H. Vibrationsbasierende White-Etching-Cracks-Detektion an
Wälzlagern. tm-Tech. Mess. 2018, 85, 443–453. [CrossRef]
Scruby, C.; Drain, L. Laser Ultrasonics Techniques and Applications, 1st ed.; CRC Press: New York, NY, USA,
1990.
Vanlanduit, S.; Guillaume, P.; Schoukens, J.; Parloo, E. Linear and nonlinear damage detection using a
scanning laser vibrometer. Shock Vib. 2002, 9, 43–56. [CrossRef]
Rothberg, S.J.; Allen, M.S.; Castellini, P.; Di Maio, D.; Dirckx, J.J.J.; Ewins, D.J.; Halkon, B.J.; Muyshondt, P.;
Paone, N.; Ryan, T.; et al. An international review of laser Doppler vibrometry: Making light work of
vibration measurement. Opt. Lasers Eng. 2017, 99, 11–22. [CrossRef]
Castellini, P.; Martarelli, M.; Tomasini, E.P. Laser Doppler Vibrometry: Development of advanced solutions
answering to technology’s needs. Mech. Syst. Sig. Process. 2006, 20, 1265–1285. [CrossRef]
Dräbenstedt, A.; Cao, X.; Polom, U.; Pätzold, F.; Zeller, T.; Hecker, P.; Seyfried, V.; Rembe, C. Mobile seismic
exploration. AIP Conf. Proc. 2016, 1740, 030001.
Kowarsch, R.; Rigele, T.; Rembe, C. Laser-Doppler vibrometer microscope with variable heterodyne carrier.
J. Phys: Conf. Ser. 2018, 1149, 012016. [CrossRef]
Solodov, I.; Rahammer, M.; Gulnizkij, N. Highly-sensitive and frequency-selective imaging of defects via
local defect resonance. In Proceedings of the 11th European Conference on Non-Destructive Testing, Prague,
Czech Republic, 6–11 October 2014.
Solodov, I.; KREUTZBRUCK, M. Resonant Defects:
A New Approach to Highly-Sensitive
Ultrasound-Activated NDT Techniques. In Proceedings of the 19th World Conference on Non-Destructive
Testing, Munich, Germany, 13–17 June 2016.
Haist, T.; Lingel, C.; Osten, W.; Winter, M.; Giesen, M.; Ritter, F.; Sandfort, K.; Rembe, C.; Bendel, K. Multipoint
vibrometry with dynamic and static holograms. Rev. Sci. Instrum. 2013, 84, 121701. [CrossRef] [PubMed]

Sensors 2020, 20, 732

19.
20.

21.
22.

23.
24.

25.
26.
27.
28.
29.
30.
31.
32.
33.
34.
35.
36.

37.
38.
39.
40.

41.
42.
43.

13 of 14

MacPherson, W.N.; Reeves, M.; Towers, D.P.; Moore, A.J.; Jones, J.D.C.; Dale, M.; Edwards, C. Multipoint
laser vibrometer for modal analysis. Appl. Opt. 2007, 46, 3126–3132. [CrossRef]
Fu, Y.; Guo, M.; Phua, P.B. Acousto-optical signal processing; Interferometry; Nondestructive testing;
Vibration analysis; Detector arrays; Laser beams; Laser scattering; Laser sources; Optical components; Optical
design. Appl. Opt. 2011, 50, 1280–1288. [CrossRef]
Kajiwara, I.; Hosoya, N. Vibration testing based on impulse response excited by laser ablation. J. Sound Vib.
2011, 330, 5045–5057. [CrossRef]
Hosoya, N.; Kajiwara, I.; Hosokawa, T. Vibration testing based on impulse response excited by pulsed-laser
ablation: Measurement of frequency response function with detection-free input. J. Sound Vib. 2012, 331,
1355–1365. [CrossRef]
Philp, W.R.; Booth, D.J.; Perry, N.D. Single pulse laser excitation of structural vibration using power densities
below the surface ablation threshold. J. Sound Vib. 1995, 185, 643–654. [CrossRef]
Castellini, P.; Revel, G.M.; Scalise, L.; De Andrade, R.M. Experimental and numerical investigation on
structural effects of laser pulses for modal parameter measurement. Opt. Lasers Eng. 1999, 32, 565–581.
[CrossRef]
Brincker, R.; Zhang, L.; Andersen, P. Modal identification of output-only systems using frequency domain
decomposition. Smart Mater. Struct. 2001, 10, 441–445. [CrossRef]
Maia, N.M.M.; Almeida, R.A.B.; Urgueira, A.P.V.; Sampaio, R.P.C. Damage detection and quantification
using transmissibility. Mech. Syst. Sig. Process. 2011, 25, 2475–2483. [CrossRef]
Sampaio, R.P.C.; Maia, N.M.M. Strategies for an efficient indicator of structural damage. Mech. Syst. Sig.
Process. 2009, 23, 1855–1869. [CrossRef]
Allemang, R.J. The modal assurance criterion—twenty years of use and abuse. Sound Vib. 2003, 37, 14–23.
Mottershead, J.E.; Friswell, M.I. Model Updating In Structural Dynamics: A Survey. J. Sound Vib. 1993, 167,
347–375. [CrossRef]
Arora, V.; Singh, S.P.; Kundra, T.K. Finite element model updating with damping identification. J. Sound Vib.
2009, 324, 1111–1123. [CrossRef]
Jull, M.Ø.Ø.; Amador, S.D.R.; Skafte, A.; Hansen, J.B.; Aenlle, M.L.; Brincker, R. One-Step FE Model Updating
Using Local Correspondence and Mode Shape Orthogonality. Shock Vib. 2019, 2019, 12. [CrossRef]
Cao, X.; Backhaus, S.G.; Scheidl, R.; Rembe, C. Numerical and experimental analysis of structure-borne
sound transmission in coupled systems. AIP Conf. Proc. 2016, 1740, 070004.
Brincker, R.; Ventura, C.E. Introduction to Operational Modal Analysis, 1st ed.; WILEY: Chichester, UK, 2015.
Rembe, C.; Wörtge, M.; Dräbenstedt, A.; Braun, T. Optisches Interferometer und Vibrometer mit solch einem
optischen Interferometer. German. Patent DE102013209833A1, 27 November 2014.
O’Malley, P.; Woods, T.; Judge, J.; Vignola, J. Five-axis scanning laser vibrometry for three-dimensional
measurements of non-planar surfaces. Meas. Sci. Technol. 2009, 20, 115901. [CrossRef]
Kim, D.; Song, H.; Khalil, H.; Lee, J.; Wang, S.; Park, K. 3-D Vibration Measurement Using a Single Laser
Scanning Vibrometer by Moving to Three Different Locations. IEEE Trans. Instrume. Meas. 2014, 63,
2028–2033. [CrossRef]
Briggs, C.H. Laserscanner oder Lasernachführungsgerät mit einem Projektor.
German Patent
DE112011102995B4, 19 May 2016.
Watkins, D.S. Matrix Computations, 2nd ed.; WILEY-INTERSCIENCE: New York, NY, USA, 2002.
Khalil, H.; Kim, D.; Nam, J.; Park, K. Accuracy and noise analyses of 3D vibration measurements using laser
Doppler vibrometer. Measurement 2016, 94, 883–892. [CrossRef]
Bendel, K.; Fischer, M.; Schuessler, M. Vibrational analysis of power tools using a novel three-dimensional
scanning vibrometer. Vibrational analysis of power tools using a novel three-dimensional scanning vibrometer.
Proc. SPIE 2004, 5503. [CrossRef]
Jailin, C. Full field modal measurement with a single standard camera. Opt. Lasers Eng. 2018, 107, 265–272.
[CrossRef]
Cremer, H.; Heckl, M.; Petersson, B.A.T. Structure-Borne Sound, 3rd ed.; Springer: Berlin, Germany, 2005.
Blevins, R.D. Formulas for Dynamics, Acoustics and Vibration, 1st ed.; John Wiley & Sons Ltd.: West Sussex, UK,
2016.

Sensors 2020, 20, 732

44.
45.

14 of 14

Cao, S.; Ouyang, H.; Cheng, L. Baseline-free adaptive damage localization of plate-type structures by using
robust PCA and Gaussian smoothing. Mech. Syst. Sig. Process. 2019, 122, 232–246. [CrossRef]
Dessi, D.; Camerlengo, G. Damage identification techniques via modal curvature analysis: Overview and
comparison. Mech. Syst. Sig. Process. 2015, 52–53, 181–205. [CrossRef]
© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

