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Abstract

The application of a speckle pattern to the surface of a structure is usually
required for Digital Image Correlation (DIC)-based displacement identifica-
tion. A speckle pattern generally requires the modification (e.g., painting)
of the structure’s surface.

An improved method of laser-light speckle formation for DIC measure-
ment of relatively large structures is proposed, where the speckle pattern is
formed by laser-light interference as a consequence of the surface roughness
and the laser illumination, leaving the surface of the object untouched. The
interference phenomena caused by the light reflecting from the rough surface
create bright spots that move with the observed structure. The size of the
speckles depends on the surface roughness, the experimental setup and the
optical system. The proposed method is researched using three experimen-
tal cases: two rigid-body motion measurements and a full-field operating-
deflection-shape measurement. The experiments show that motion can be
identified even when the amplitudes of the oscillation are as low as 0.1 ym
(on a scale of 1/1000 of a pixel).

While the laser speckle accuracy is promising, it was found to be less
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accurate than painted speckle-pattern measurements, but with further de-
velopment it could become a viable alternative.

Keywords: laser speckle, paint speckle, DIC, full-field vibration
identification

1. Introduction

For measurements with a high spatial density, a large number of acceler-
ation transducers is impractical and can corrupt the measurement by adding
mass. Full-field, non-contact techniques can be used, such as Scanning Laser
Doppler Vibrometry (SLDV) [1, 2], Holographic Interferometry [3], Elec-
tronic Speckle-Pattern Interferometry (ESPI) [4] and in the last decade,
high-speed imaging, see, e.g., Helfick et al. [5] and Wang et al. [6]. With
high-speed imaging, Digital Image Correlation [7, 8], Gradient-Based meth-
ods (DIC) [9, 10] and Phase-Based methods [11, 12] are often used to identify
the displacements. While the correlation accuracy is at the level of 1/100
of a pixel [13], for harmonic motion, much better amplitude accuracy can
be achieved. With a hybrid method (camera + accelerometer) amplitudes
of oscillation close to 1/100000 of a pixel are possible [14, 15]. The use of
high-speed imaging is also heavily researched for structural health monitoring
(16, 17, 18].

Imaging methods are usually based on feature tracking on the structure,
e.g., line patterns [19, 20]. For the DIC algorithm, a speckle pattern with
a high gradient in multiple directions is preferred [13]. That allows the dis-
placement identification in the horizontal and vertical directions, as well as
the rotation and deformation identification of the subset. For more details
on the different pattern shapes and the methods for the identification of the
pattern quality, see, e.g., [21, 22].

In addition to pattern quality, the pattern application to the surface is
also important. While the application method plays no role in the accu-
racy of the identified displacements (given equivalent pattern quality), it is;
however, important from the surface preparation point of view. For differ-
ent surface types, objects, and environments, different application methods
are appropriate. Dong et al. [23] reviewed multiple application techniques,
including airbrushing and spraying, spin coating, lithography, focused ion
beam and scratching and abrading. In all cases, the surface of the object
needed to be modified. This is not always possible and also not desirable



where considerable amount of cleaning is needed to return the surface to
it’s original state or where the number of samples is large, e.g., end-of-line
control.

The interference pattern produced by the coherent light reflected from a
rough surface [24] or by interference in the illuminating multi-mode optical
fiber [25, 26| is usually an unwanted phenomenon in motion detection ap-
plications, for example vibrometry [27, 28], where a laser reflection from a
moving target is interfered with the reference beam. The detected intensity
change on the photodetector is directly related to the target translation and
therefore the speckle intensity fluctuation represents an unwanted noise. It
was shown; however, that the interference can be successfully used to iden-
tify the sub-micron-scale surface textures [29]. Additionally, the laser-speckle
displacement can be directly associated with the rigid displacement of the
object: Martin et al. [30] researched small objects (up to a diameter of 600
pum) for displacement identification on different surfaces. Further, Takai et
al. [31] showed that an object’s displacement perpendicular to the illumina-
tion direction can be identified when a fiber-coupled argon laser is used as
a speckle source. In [31] a light interference in the multi-mode fiber caused
a speckle pattern that interacted with the surface under investigation and
served for the displacement identification. For small objects, up to 30 mm,
the full-field laser speckle was researched for static deformation identifica-
tion at room [32, 33| and elevated temperatures [34, 35]. The use of the laser
speckle in the current applications is limited to a small area (30 mm) and
mainly static deformations of the observed surface are measured.

In this research, a non-contact, multi-mode, laser-speckle-based measure-
ment method is introduced for the operating-deflection-shape identification
of structures much larger then previously (e.g., [30, 35]) and at frequencies
in the range of kHz; this was possible with a special experimental setup, as
presented later. The method is researched for rigid-body motion and for the
identification of the deflection shapes of a relatively large, flat-surface body.

This manuscript is organized as follows. Section 2 presents the theoretical
background with respect to the displacement identification and laser speckle-
pattern formation. In Section 3 the proposed method is presented. In Section
4 the experimental validation on three experimental setups is researched and
Section 5 draws the conclusions.



2. Theoretical background

2.1. Obtaining the frequency response function from image data

Digital Image Correlation (DIC) [36] is the best-known method for dis-
placement identification using sequential images. DIC is based on an opti-
mization procedure that employs the minimization of the difference between
the image at a specific time and a reference image. Generally, the differ-
ence between the subsets (pixels surrounding the observed point) of pixels
is minimized, rather then the difference between the entire images. To in-
crease spatial resolution, the subsets can overlap; however, if the overlap
is larger than one third of the subset size, the resolution does not improve
further [37]. Different cost functions can be chosen [8, 36], e.g., the sum of
squared differences:

SSD =Y (f(u,v) — g(¢(u,v. 1)) (1)

where f is the reference image, ¢ is the current image, ((u, v, t) is a function
that transforms the image at a specific time to the reference image and t is
an array of a vertical and horizontal displacement. Different transformation
functions ((u,v,t) can be used, a commonly used is the affine transforma-
tion, that includes rotation and distortion of the subset. A simplified and
numerically more efficient transformation function is used in this research,
where only rigid translations are identified:

cwnn=f i ®)

t:{ﬁg} 3)

Ax and Ay are the displacements of interest and are optimized during the
procedure. To successfully identify the displacements, the intensity pattern
on the surface must translate along with the observed object. The informa-
tion on the image is discretized to the grid of pixels and an interpolation
is performed to identify the non-integer displacements. While DIC is most
known for displacement identification (and will also be used in this research),
it is worth noting that for oscillatory motion at the sub-pixel level, the sim-
plified optical flow method is significantly faster, while having comparable

where:



accuracy [10].
During a vibration measurement, the excitation force is measured to es-
timate the Frequency Response Function (FRF):

I:Il — ) (4)

where Spx(w) and Spp(w) are the cross and auto-spectra estimates, respec-
tively [38]. The subscript pp refers to the auto-spectrum of the force mea-
surement and the subscript px refers to cross-spectrum of the force and the
response measurement. Here, only the H, estimate is presented, as aver-
aging of spectra will not be used in this research, making the H; and H,
estimates identical. The measured spectra are arrays at a single frequency,
since Single-Input Multiple-Output (SIMO) methodology is used in this re-
search. The estimated FRF is therefore also an array, indicated by the bold
font in Eq. (4).

Based on the measured FRFs the modal identification is used to estimate
the natural frequencies, modal shapes and damping [39, 40]. Dedicated, full-
field modal identification methods for high-speed imaging were researched
(14, 41, 42, 43, 44]. In the scope of this research, only the force normalized
responses of the structure at the specific frequency points will be observed.
These responses do not represent the structure’s modal shapes, but are re-
ferred to as operating deflection shapes [45].

2.2. Forming a laser speckle pattern

The laser speckle pattern in illumination applications is the result of an
interference pattern that is formed when the coherent light is scattered from
an optically rough surface and/or propagates in the multi-mode optical fiber
[25]. The acquired phase difference, due to the rough surface or the fiber
length, forms a random-looking pattern of bright and dark spots on a screen,
called speckle. Two types of speckle pattern are distinguished, namely, the
subjective and objective [46].

Fig. 1 shows the scheme of the laser speckle forming on the objective O
and subjective S planes of the imaging path after the laser light is scattered
from an optically rough surface. Fig. 1 also shows the typical subjective
speckle pattern produced after the illumination of the rough aluminium sur-
face with the laser light.
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Figure 1: Illumination setup for the laser-speckles formation in the plane O for the objec-
tive pattern and in the plane S for the subjective pattern.

On one hand, when no lens system is used, the objective speckle pattern
is formed. The laser light at wavelength A is reflected from the surface area
with the circular diameter D and average surface height variation d and falls
on a screen or sensor at a distance p (plane O), see Fig. 1. The average
objective speckle diameter is defined as [47]

2.4 )\
00 = —5 P (5)

On the other hand, when imaging the illuminated surface through a lens sys-
tem, the subjective speckle pattern is formed. The lens system with aperture
Dy is placed at distance p from the surface and the pattern is formed on the
sensor at distance p + ¢, see Fig. 1. The subjective speckle diameter is de-
fined by the diffraction and it holds that two spots cannot be distinguished,
one from another, if the distance between them is less than og:

2.4 A
o5 =5 (©)

The distance og can also be expressed as:
05 =24 (14+M) X fu, (7)

where M is the magnification of the lens system and f4 is the aperture
number defined as: f

f#:FL’ (8>

where f is the focal length of the system. The subjective speckle is therefore



always present when a lens system is used and is, in most cases, dominant.
By reducing the size of the subjective speckle (its size depends on the chosen
aperture number and magnification, as seen in Eq. (7)), the dominance of
objective speckle is achieved in this research.

For DIC-based displacement identification, a high gradient (i.e., contrast)
in the speckle pattern is required. The contrast C' of the speckles, generated
using the laser light with the central wavelength A and bandwidth A\, is

proportional to [48]:
1
AN 2
C x <2d ) (9)

The spectrum bandwidth AX must be narrow enough for the speckle to
be well defined and have a high contrast. This is not difficult to achieve
when working with a single-mode illumination laser source, as the full-width
at half-maximum (FWHM) of the emitted light spectrum is well below 1
nm. On the other hand, using multi-mode laser diodes, where the output
spectrum can change and move with the driving current and its FWHM can
exceed 3 nm, the spectral characteristic of the multi-mode light must be
carefully controlled to achieve a speckle pattern with good contrast.

3. Laser-speckle formation for a relatively large area

In developing a full-field optical method for identifying the deflection
shapes we must take into account several factors: speckle size, speckle con-
trast, speckle stability and the size of the illuminated field. The speckle size
on the camera sensor, larger than the size of a sensor pixel, is crucial for accu-
rate displacement identification [13]. The speckle size significantly depends
on the aperture of the camera’s lens system. The most common type is the
subjective speckle and it works well in displacement identification [35] on a
small observed region (typically 25 mm in diameter) and for cameras with
small pixel sizes (typical 6 ym). For example, using Eq. (7) with a generic
objective with a fixed focal length of f=50 mm, an illuminating wavelength
of A=976 nm and a magnification of M=0.2, we can calculate that the av-
erage speckle size is greater than ocg=8 um for apertures as large as 17 mm
(f-number of £/2.8). From this example it is clear that subjective speckles
larger than the pixel size can be achieved with relatively large apertures and
consequently more light is transmitted to the sensor.

The method of using the subjective speckle conceptualized according to



Fig. 1 is used in this research to verify the displacement measurement of the
aluminum plate (small observed region of 20 mmx20mm) and an industrial
camera (Basler A102f) with a pixel size of 6.45 yum, additionally, a high-speed
camera (Photron FastCam SA-Z) with a pixel size of 20 ym was researched.
For an experiment using a larger observed region (250 mm x250 mm) with a
high-speed camera and a camera objective (AF-S VR Micro-Nikkor 105mm
f/2.8G) the calculation of the subjective speckle size and the transmitted
optical power is shown in Fig. 2. It is clear that with a decreasing aperture
size the subjective speckle size og increases; at the size of the pixel, the
transmitted power falls to less than 20%. Combining the low transmitted
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Figure 2: Subjective speckle size og (left axis) and transmitted power (right axis) with
the dependence on the lens aperture Dy,

power with the short exposure times (less then 100 us) a limit is achieved
for the size of the illuminated field that can be observed and still have well-
defined, large subjective speckles with good contrast. To some extent this
can be addressed with an increase in the laser-illumination power.

To overcome the speckle-size / laser-power limitations, this research in-
troduces the high-power, fiber-coupled, multi-mode, laser-diodes approach.
The multi-mode laser sources are normally used for pumping fiber lasers and
offer high reliability and have the potential to be used in direct industrial
applications. Typical powers per module start at 10 W and can be found in
compact packages up to 400 W. Further, the power scaling can be achieved
by using fiber laser components such as fiber combiners that make possible
combining the outputs of several laser diodes in a single fiber channel.



In the proposed laser illumination, a fiber coupled multi-mode laser diode
with a nominal output power of 30 W at A=976 nm and a spectral bandwidth
under AN =3nm (II-VI, BMU30) was spliced to the larger double clad de-
livery fiber with a numerical aperture of N A=0.44. The larger fiber could in
practice allow for the coupling of several 30 W modules in order to increase
the illumination power, but for the proof of concept the method was tested
with a single module up to 30 W of power for the larger observed region.

Another benefit of using the fiber-coupled laser source with a narrow
spectral bandwidth is the formation of the speckles at the guiding fibre output
and projecting such light onto the inspected surface where the interference
pattern forms objective speckles. The concept of using objective speckles for
a displacement measurement is shown in Fig. 3, where [ is the illumination
plane and L; marks the collimating lens that collects the light onto the desired
region. In this configuration the imaging lens aperture D; must be large
enough so that, according to the Fig. 2, the size of the subjective speckles
fall under the pixel size of the camera (20 ym for the Photron FastCam SA-Z).
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Figure 3: Setup for large field-of-view measurement employing objective speckles.

Using Eq. (5), the average size of the speckle on the object is 4 mm
(wavelength A =976 nm, p; = 45 cm and fiber diameter of 125 pm imaged by
lens L to diameter D=250 pm). This result is comparable to the experiment
shown in Fig. 4b. Fig. 4 is showing the comparison of the objective and
subjective speckle setups for the large observed region (250 mmx250 mm).
The validation of the objective speckles shown in Fig. 4b for the displacement
identification is shown in Sec. 4.3. The poor contrast of the objective speckle



in Fig. 4b is a consequence of a low surface height variation of the cymbal
(smooth surface) and a larger laser-light bandwidth (larger than 1nm) that
was used to provide enough light reaching the camera sensor.

Figure 4: Comparison of a a) subjective and b) objective speckle size. Size of a speckle is
indicated on a) and b).

In addition to the large observed region (large illumination field) a fur-
ther requirement for the high-power illumination comes from the alignment
of the measuring setup in a way that the direct reflection is eliminated and
only the diffuse reflection forms the speckle-pattern on the sensor. Elimi-
nating the direct reflection helps to avoid the local saturation of the image
(where the speckles are consequently not visible) and provides the uniformity
of the illuminated field when inspecting the curved and machined surfaces.
This is especially true for the latter, which can have larger periodic surface
features in addition to the smaller surface imperfections that are needed to
form distinguishable, localized speckle pattern. The large periodic structures
behave like the grating, forming a dominating interference pattern in a line
perpendicular to the period of the structures with the intensity much larger
than the speckle pattern from the whole surface. The difference is usually
so large that the camera is locally saturated, which results in a loss of the
movement-identification capability. For this reason the laser illumination,
the camera and the inspected surface in the experiments are positioned in a
way that eliminates direct reflection (the local or global saturation of the im-
age is not present). Thus a homogeneous speckle pattern on complex surfaces
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is achieved at a cost of less optical power reaching the camera’s sensor.

4. Experimental research

To validate the proposed method, three experiments were conducted.
First, a linear displacement of a small object was observed and images were
taken after each incremental displacement to validate the identification of
the linear translation. Second, a high-speed camera was used to identify the
rigid translations of the object mounted on an electrodynamic shaker, to val-
idate the method for harmonic-motion identification. Third, the method was
researched on a larger, flexible structure to test the validity of the method for
full-field operating-deflection-shape identification on a relatively large scale.

4.1. Experiment 1: sequential images of linear displacement

An aluminium plate with a face of 20 mmx20 mm was used in the exper-
iment (Fig. 5). The plate was mounted on a Thorlabs MAX300 positioning
table and was moved horizontally by various increments in the range from
5pum to 100 um. A Basler A102f camera was used to record sequential images
of the plate’s surface illuminated by multi-mode laser with a central wave-
length A=915nm and a nominal bandwidth AA=3nm. Due to the camera
having an objective with a focal length of f=50mm and a maximum aper-
ture of D;=18 mm subjective speckles were dominant in the displacement
identification. Twenty-five different subsets (51 pxx51 px) were generated in
a grid pattern, where the grid step was determined by the subset size. Their
centre points are indicated in Fig. 5. The displacements were identified for
all subsets using the DIC algorithm, implemented in an open-source pylIDI
python package [49], where only rigid translations were tracked (2). In addi-
tion to observing the milled aluminium surface, a grade-200 and grade-800
abrading paper were used to randomize the surface pattern, resulting in ap-
proximate arithmetic average roughness profiles (R,) of 30 pum and 10 pm,
respectively. Abrading was used to compare the influence of surface rough-
ness on displacement identification using laser-formed speckle pattern. The
average speckle size was 35 pum, the size of a pixel on the camera sensor was
6.45 pm and the magnification was M=0.23.

To convert the identified displacements from pixels to meters, a known
distance on the image was measured in pixels and was used to compute
the size of a single pixel. To calibrate any further displacements that were
in pixels, the displacement was multiplied with the size of a pixel. This
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Figure 5: Experimental setup with positioning table.

can only be done under the assumption that the observed displacements are
perpendicular to the optical axis of the camera and that the difference in
scale (size of a pixel) between different points on the surface is negligible.
This assumption was made for all three experiments in this research.

The identified displacements for all 25 points (Fig. 5) and for three dif-
ferent surfaces are plotted against the true displacements in Fig. 6. The
standard deviation of the measurements at each position is presented on the
secondary y-axis. It can be seen that the relationship between the identified
and the true displacements is linear, the linear approximations (orange line
in Fig. 6) having slopes of 1.0068, 1.00386 and 0.9967 for Figs. 6a, 6b and 6c,
respectively. If different surfaces are compared, then the average standard
deviation of the measurement scatter was 0.69 pym, 0.62 pum, 0.82 pm, for
the milled, 200-grade-abraded and 800-grade-abraded surfaces, respectively.
The largest error, found for the smoothest surface, can be attributed to the
non-diffuse reflection of the laser light, which causes local saturation on the
sensor, for details see Sec. 3. It is worth noting that, when sequential dis-
placements are relatively small, the final displacement amplitude is not a
limiting factor, as long as the laser-illumination conditions of the observed
area remain constant.

4.2. Experiment 2: harmonic excitation

In this experiment the 200-grade-abraded aluminium plate (20 mm x 20 mm)
from experiment 1 was attached to the PCB CAL 200 electrodynamic shaker /calibrator,
see Fig. 7. The calibrator has a built-in reference accelerometer that serves
for the closed-loop control. A Photron FastCam SA-Z at 10000 frames per
second was used for the image acquisition. Again, the multi-mode laser il-
lumination source was used (A=915 nm, AA=3nm). The aperture of the
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Figure 6: Identified displacements with respect to the true displacements (blue dots) and
the standard deviation of the displacements on the secondary y-axis (red) for three different
surfaces (top image).
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camera’s objective (AF-S VR Micro-Nikkor 105mm f{/2.8G) was closed, so
that the subjective speckles were dominant. The average speckle size on the
camera sensor was 64 um, the pixel size was 20 pym and the magnification
was M=0.6.

Frame from camera
Aluminium plate High-speed camera

|

Laser illumination

Shaker

Figure 7: Experimental setup.

At the excitation frequency of 560 Hz, three sets of measurements at am-
plitudes 0.16 ym, 2.5 ym and 5 pm were made. An additional measurement at
230 Hz and amplitude of 15 um was made, to inspect the relatively larger dis-
placements. For each measurement, the displacements of 25 subsets (Fig. 5)
were identified in order to confirm the rigid movement of the plate (2) [49].
As shown in Fig. 8, an increase in the excitation amplitude resulted in a lin-
ear increase in the response amplitude. The amplitude was computed using
the frequency-domain approach, since the lower-frequency components in the
signals would make the time-domain approach difficult. From the figure, it
is clear that all the measured locations have the same response amplitude
(variation can be seen in the magnified part of Fig. 8). The slope of the ap-
proximation line indicates the scaling of the amplitude, which is 33 pm /pixel.

Additionally, different excitation frequencies of 230 Hz and 560 Hz were
tested at the excitation amplitude of 5 ym. Since the excitation frequen-
cies are well below the first natural frequency (approximately 53kHz) of
the plate, the plate behaves as a rigid body. The response should not signifi-
cantly depend on the excitation frequency. In Tab. 1, experimental results are
listed: the standard deviation between 25 measurement locations at 230 Hz
and 560 Hz is 0.0010 px and 0.0015 px. The mean amplitude of the displace-
ment of the measured locations differs by approximately 2% between the
two excitation frequencies, which is within the limits of repeatability of the
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Figure 8: Response amplitude with respect to the excitation amplitude. Excitation fre-
quency of 560 Hz was used with amplitudes 0.16 pm, 2.5 ym and 5 pm, 230 Hz with an
amplitude of 15 pm.

measurement.
The time series of the identified displacements are shown in Fig. 9. All
the displacements are shown for the same observed point on the image.

Table 1: Response amplitude and standard deviation at different frequencies with an
excitation amplitude of 5 pm.

Exc. frequency [Hz] ‘ Mean meas. amp. ‘ Meas. amp. STD
230 0.1534 px / 5.00 gm | 0.0010 px / 0.049 pm
560 0.1565 px / 5.09 um | 0.0015 px / 0.034 pm

4.8. Experiment 3: Full-field vibration measurement

To research the proposed method for a relatively large object vibration
measurement, a 250-mm-diameter cymbal was used; in previous research [10]
a similar cymbal was used with a classic sprayed speckle pattern and the
modal shapes were successfully extracted using the high-speed camera mea-
surement.
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Figure 9: Identified displacements at different amplitudes and excitation frequencies.

The experimental setup is shown in Figs. 10 and 11. Two displacement
measurements were performed: firstly, with the laser-pattern and secondly,
after the black speckles were sprayed, with LED lights illuminating the sur-
face. The two illumination sources are shown in Fig. 11 (A - LED lights
and B - laser illumination) and were not used simultaneously; before the ex-
periments, the cymbal was painted white (due to the similar mass loading).
Due to surface preparation, the cymbal was detached, which caused slight
orientation difference between laser and paint speckle experiment.

The cymbal was attached to the LDS V406 electrodynamic shaker. To
measure the force of excitation, a PCB 208C01 force transducer was inserted
between the shaker and the cymbal. A Photron FastCam SA-Z high-speed
camera was used. The angle of the camera’s optical axis with respect to
the cymbal plain was approximately 30°, while the video was captured at
20000 FPS for an image size 1024 pxx512 px. Using this experimental setup,
only the projections of the displacements to the camera plane were measured,
providing 2D displacements, only. Frequency-domain triangulation could be
used to obtain the 3D responses [50].

As discussed in Sec. 3, on a larger object an appropriate subjective speckle
pattern is difficult to form and then retain enough intensity. According to
Fig. 2, the aperture of the camera Dy was enlarged, to have enough intensity
on the detector. As a consequence, the sizes of the subjective speckles were

16
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Figure 10: Cymbal experiment set-up (laser-speckle).

much less than one camera pixel in diameter (speckle size was 8 pym and
camera pixel size was 20 pum). For this reason, the objective speckle was
used, with the average diameter on the camera’s sensor being 2.4 mm. An
assembly consisting of a lens with a focal length of 40 mm was used and the
output from an illuminating fiber was projected on the cymbal surface.

Both the laser-speckle and the classic paint-speckle displacement identi-
fications were based on a 2-second-long high-speed video; the displacements
were identified in roughly 17000 subsets (81 pxx81 px) using DIC [49]; the
centers of subsets are shown in Fig. 12.

Prior to deflection shape measurement, the cymbal was excited at two
discrete frequencies to validate the use of objective speckle. A 1-second har-
monic excitation (72.4Hz and 144.8 Hz) of the cymbal was performed and
the displacements were identified based on the objective speckle pattern for
the location marked with orange in Fig. 12. The response of the cym-
bal is shown in Figs. 13a and 14a for both excitation frequencies. From
the frequency-domain representation it can be seen that the dominant peaks
occur at the excitation frequency, see Fig. 13b and 14b. Due to the prox-
imity of the first natural frequency (at approx. 115Hz) the motion of the
cymbal at selected frequencies is far from rigid. The objective speckle used
in the cymbal measurement is presented in Fig. 15, showing two positions
of the cymbal during a sine excitation. The position shown in Fig. 15b is
chosen at the maximum negative displacement, while Fig. 15c is chosen at
the maximum positive displacement. The maximum range of displacements
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Figure 11: Experiment set-up. A - LED lights and B - laser illumination.

was not evaluated in detail, typical values for correlation distance in such
experiments; however, are on the scale of several millimetres [31].

To identify the full-field operating-deflection-shapes, the cymbal was ex-
cited with a 2-second-long logarithmic sine-sweep from 50 Hz to 3000 Hz (ap-
prox. 3 octave/sec) with a constant amplitude.

As the triggering of the camera and the force measurement was not syn-
chronized on the same data-acquisition system, time shifting was used during
the post-processing of the recorded data in order to align the phase informa-
tion. A trigger was used to detect the start of excitation. The delay between
the camera and force measurement was used to time-shift the signals in the
frequency domain [51]. After the DIC identification, the camera-based dis-
placements were used with the force information to estimate the FRFs (4)
at close to 17000 locations. No averaging was used in the FRF identification
procedure. The obtained FRF for a single subset (marked in Fig. 12) is pre-
sented in Fig. 16. The amplitudes in the areas of the natural frequencies are
similar for both measurements. The noise was characterized for the displace-
ment measurement only, where no excitation was applied; the noise Root
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Figure 12: Centres of subsets used for the displacement identification.

Mean Square (RMS) was 2.17-107® m and 3.06-10~® m for the paint and laser
speckle, respectively. Additionally, some peaks are slightly frequency-shifted
due to the non-identical experimental setup, a result of cymbal detachment
for surface preparation and the cymbal itself not being identical due to the
black spray paint.

From the FRFs, the natural frequencies and operational deflection shapes
were identified (14 shapes were identified in the frequency range up to 1300
Hz). Additionally, a simplified, non-validated, numerical model of the cym-
bal was prepared in order to obtain numerical shapes for a comparison with
the experimental data. Five representative deflection shapes, measured us-
ing laser speckle, paint speckle and the numerical simulations are shown in
Fig. 17. As can be seen from the figure, the displacement identification of
the laser-speckle measurement for full-field identification is of lower quality
than the paint-speckle measurement. From the results it is clear that the
quality depends on the location of the displacement identification and on the
laser /camera reflection angle, e.g., central area, where the cymbal is attached
to the shaker.

To quantitatively describe the difference between the laser speckle and
the paint speckle, the results of Fig. 17 were first aligned and the error was
computed:

. |¢laser,i - ¢paint,i

Err; - 100, (10)

| ¢paint,i |

where @jaser,i is the ith laser-speckle shape and @paing,i is the tth paint-speckle
shape. Since the paint-speckle is considered to be the more established and
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Figure 13: Identified response of the cymbal to sine excitation at 72.4 Hz. a) time domain
and b) frequency domain.
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Figure 14: Identified response of the cymbal to sine excitation at 144.8 Hz. a) time domain
and b) frequency domain.
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Figure 15: a) excitation signal and zoom in on the objective speckle in b) bottom and c)
top position.

accurate technique, this was used as a measure of laser-speckle experiment
quality. Fig. 18 shows the normalized error distribution across the cymbal
for deflection shapes, where the problematic regions are most evident. The
locations of large error are partially dependent on the observed deflection
shape, but to the most part the large error region can be observed in the
center of the cymbal. At the center of the cymbal the amplitudes of the
vibration are small and therefore the noise floor of the laser speckle is exposed;
additionally, in the central region the curvature of the cymbal is significantly
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Figure 16: FRF obtained using LED and laser illumination.
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Figure 17: Comparison of deflection shapes for laser and paint speckle (color is in scale).

Numerical results are shown as a reference (color not in scale).

different than elsewhere, which results in laser-light deflecting away from the
camera or the reflection is not diffuse. An additional area of larger error can
be observed on the right edge of the cymbal, where the laser illumination
conditions (angle of the laser, light intensity, direct reflection) contribute to

5. Conclusions

This study researches the use of laser speckle for the vibration measure-
ments of relatively large structures (e.g., diameter of approx. 250 mm). Com-
pared to the normally used sprayed speckle pattern, the laser speckle promises

to leave the observed surface untouched.
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Figure 18: Deflection shapes from paint speckle experiment (top) and normalized error
distribution of the laser and paint-speckle deflection shape (bottom).

The objective and subjective laser speckle, spectral properties of the
multi-mode laser diodes, the laser power and the surface roughness were
researched with respect to the speckle size and contrast for the digital-image-
correlation displacement identification.

The accuracy of the laser speckle was experimentally researched with
three experiments. The first experiment was a rigid-body experiment where
micrometer displacements were researched using a linear positioning table. A
small metallic plate (20 mmx20 mm) was observed, where a laser-speckle size
above one pixel was achieved using a subjective speckle. Sequential displace-
ments in range from 0 to 100 um were identified for three different surface
finishes. The difference between the real and the identified displacements was
always better than 1%. The displacements for the 200-grade-abraded surface
had the smallest standard deviation for the 25 observed locations (0.62 ym
on average), while the 800-grade-abraded surface had the largest standard
deviation (0.82 um on average).

The second experiment was for rigid-body harmonic displacement identi-
fication. The same metallic plate as in the first experiment was attached to
a shaker and researched for different excitation frequencies and amplitudes.
For the two excitation frequencies (230 Hz and 560 Hz), the amplitudes dif-
fered by at most 2%, if compared to a reference measurement.

The third experiment was for a full-field deflection-shape measurement of
a relatively large object (250 mmx250 mm). A sine-sweep was used on two
parallel experiments, namely, laser speckle and paint speckle. The identified
natural frequencies from both experiments were in agreement. If compared to
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the paint-speckle measurement, the laser-speckle approach was found to have
a higher noise RMS (2.17-10~® m for paint-speckle vs. 3.06:10~% m for laser-
speckle approach); further, the optical setup of the experiment was found
to significantly impact the measurement (e.g. due to non diffuse laser-light
reflection). To enhance the identification of the operational shapes, further
improvements of the method should be considered, such as: making the illu-
mination system more stable, testing the light source at shorter wavelengths
(less then 800nm) to increase the sensitivity of the camera and improving
the dynamic range of displacement identification by modifying the DIC al-
gorithm to seek correlation frame-to-frame rather than frame-to-reference
frame.

This research shows that the laser speckle is promising for full-field vibra-
tion analysis; however, for accurate measurements the noise floor needs to be
carefully analysed and the experimental setup well prepared (especially the
optical part).
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