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ABSTRACT

Electronic speckle pattern interferometry (ESPI) has been im-
plemented for investigation of the vibrational behavior of the
Brazilian cuica. An advanced filtering and processing of time-
averaging ESPI data has been applied to a friction drum, which
has not been studied by means of laser interferometry before.
Asymmetry in the operating deflection shapes of the cuica has
been observed and discussed. The obtained results were com-
pared to finite element method computer simulations and single-
point laser Doppler vibrometer deformation measurements. Vi-
brational shapes of the cuica occurring under harmonic exci-
tation are presented along with corresponding simulated mode
shapes followed by the discussion of irregular patterns. The re-
sults of ESPI show an agreement with simulations and provide
quantitative data on absolute values of the deformation ampli-
tude.

1. INTRODUCTION

Drums are generally played by striking with hands or sticks.
However, some percussion instruments, such as the cuica, the
lion’s roar and the buhai, are excited by friction, which is ap-
plied on a wooden stick or a string, attached to the center of a
membrane which is stretched on one open end of a cylindrical
body. The playing principle of friction drums can be compared
to violin bowing as it involves the stick-slip process which oc-
curs when one object is sliding relative to another. This com-
prises continuous and transient actions, resulting in a complex
and nonlinear response [1]. However, at low excitation ampli-
tudes it is possible to describe the operating deflection shapes of
the membrane with relation to normal modes, whereas at large
amplitude they may show distinctly nonlinear or chaotic behav-
ior.

The acoustical properties of the cuica have been covered in
a limited number of works and require more advanced examina-
tion, which can be given by non-contact optical methods, such
as electronic speckle pattern interferometry (ESPI) and laser
Doppler vibrometry (LDV), widely used in non-destructive in-
vestigation of vibrating objects [2]. Both techniques have been
applied to musical instruments [3—6] and show high agreement
with theoretical predictions on modal shapes, allowing full-field
contactless measurements without special preparation of instru-
ments. LDV uses the Doppler effect of a shifted frequency
which occurs when light is reflected from the moving object.
ESPI is an interferometric technique based on coherence prop-
erties of light diffracted from a rough surface. Microscopic vari-
ations in surface height produce scattered light in all directions
and, due to high coherence of the laser, the amplitudes of the
waves sum up. Imaging results in a granular pattern with spatial
distribution of the intensity which solely depends on the diffrac-
tion limit of the camera [7]. Though speckles carry information
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on object movement, they reduce image quality and create ‘salt
and pepper’ noise, so the main challenge is to retrieve the defor-
mation phase change, which is highly affected by random phase
distribution.

Time-averaging ESPI has evolved from holographic inter-
ferometry and provides fast and quantitative analysis on vibra-
tions and small displacements of the whole object. It is a well-
known optical method for non-contact deformation analysis with
a conventional camera and a low-power continuous laser, which
makes acquisition easy and does not require any specific condi-
tions [7, 8]. The term “time-averaging” comes from the cap-
turing procedure, since the acquisition time of a conventional
detector is much higher than the period of vibration of the ob-
ject under investigation.

The principal aim of this study was to investigate the vibra-
tion modes of a nonlinear friction drum under harmonic excita-
tion with a simple low-cost experimental setup based on time-
averaging speckle interferometry and supplemented with exten-
sional advanced data processing.

2. cuicAa

The cuica is a Brazilian friction drum, brought from Africa
and widely used in samba music as a rhythm and solo instru-
ment [9]. The modern cuica, shown in Figure 1, is made of an
aluminum tube with ribs and a single drumhead made of animal
skin.
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Figure 1: Modern cuica, produced by Meinl Percussion. The
photo is taken from the manufacturer’s website.

The body can be also made of a gourd (folk cuica), wood
or fiberglass. A thin bamboo stick is bound to the center of the
membrane, and the sound is produced by gentle rubbing of the
stick with a piece of damp cloth in one hand, while the other
hand alters the pitch by pressing against the center of the drum.
If the second hand is not touching the drumhead, this results in
an open tone [10]. In the sitting position the drum is horizon-
tally placed on a knee of a performer, while for standing it is
held at chest height, carried with a strap. The cuica produces
a high pitched sound recalling an animal voice with large dy-
namic range.
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In the present paper, a 15cm diameter cuica drum from
Meinl Percussion is investigated. The membrane is made of
goat skin, approximately 0.3 mm thick. Harmonic excitation at
low amplitudes does not reflect real playing conditions, yet it
helps to visualize mode shapes and avoid excessive nonlineari-
ties.

3. TIME-AVERAGING ESPI

Among various experimental techniques of ESPI, a reference-
updating method was chosen because of its simplicity in imple-
mentation and higher intensity contrast compared to classical
time-averaging interferometry [11]. An induced linear decor-
relation of speckle phases between frames is introduced and
subsequent images are being subtracted, revealing correlation
fringes, which express levels of equal displacement of the ob-
ject between two captures. This subtraction procedure elimi-
nates decorrelation noise which generally occurs when the time
between two compared frames increases. The output images
can be displayed on the screen in real time and the shape of
correlation fringes gives information about operating deflection
shapes of the object at different frequencies.

3.1. Theory

Consider two interfering coherent light beams with spatially
random phases, and a phase difference ¢o. One beam is re-
flected from an object, and another one is a reference beam orig-
inating from the same source. Due to the imaging system both
beams are speckled and, in order to simplify the equations, a
single pixel index is assumed. Assuming a linear phase shift in
the reference beam and the external excitation of the object, the
phase variation ¢ due to harmonic motion at frequency wo can
be temporally described as:

o(t) = ¢o + vt + & sin(wot), €))

where 7 is a coefficient directly linked to the velocity of the
object due to the introduced linear movement and £ describes
harmonic motion and contains information about the vibration
amplitude of the object A:
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where A is the wavelength of light. The time-averaged intensity
of the n-th frame in a series of images measured by the detector

is [11]:
(I.) = Io + Ir + B{cos(pn + 7t + Esinwot)), (3)

where Io and I are intensities of two interfering beams, [ is in-
tensity modulation, and ¢,, is a random phase defined for every
pixel. It is assumed that if the time between two consecutive ex-
posures is relatively short, the random phase changes only due
to the linear shift. When two subsequent images taken during
vibration are being subtracted, the resulting output intensity is:

1 tcxp .
Isub(g) = B i / COS[(b" + ’Y(tcam + t) + 5511’1 WOt] dt
exp Jo
texp
_ tl / cos[pn + 7yt + € sinwot] dt‘ .
exp Jo

C))
Generally, the exposure time tey, and the time between two
captures tcam are not equivalent, so they are distinguished from
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each other. Equation (4) does not have a general analytic solu-
tion. However, it can be approximated by:

L () = (1B Jo(£)]; )

where the coefficient p depends only on parameters given by
the linear movement and camera characteristics:

sin(%tcam) Sin( L tep) sin(%(texp + team) + &) -

2
(6)

The random phase ¢,, immensely affects intensity and over-
all image quality. Low-pass filtering does not solve the problem,
since it reduces fringe contrast. However, there are other ways
to improve the images. The speckle size is given by the illu-
mination wavelength and camera characteristics which can be
adjusted so that each pixel accumulates several speckles. Im-
age quality can be further enhanced by the averaging of several
images, since the averaging of n frames decreases the speckle
noise /n times [12].

Therefore, nodes corresponding to £ = 0 give maximum
output intensity and are easily detected in an ESPI picture. Mov-
ing parts are defined by correlation fringes, given by Equa-
tion (5), with peak values rapidly decreasing as amplitude in-
creases. However, phase and deformation amplitude values can-
not be easily retrieved by taking the inverse of |Jo(§)|. The
Bessel function is quasi-periodic, so the resulting phase map
would be “wrapped”over a single interval from zero to the first
root of the Bessel function. In phase-shifting ESPI the phase un-
wrapping procedure to obtain full-field data consists of adding
integral multiples of 27 to the phase, preserving spatial conti-
nuity of the surface [13]. In reference-updating ESPI, regional
inversion of the Bessel function, involving detection of mini-
mum and maximum levels of the intensity within each side lobe
region, is more appropriate due to different peak levels of the
side lobes.

The proposed phase retrieving algorithm consists of enu-
meration of isolated contours and an order assignment of the
corresponding side lobes of the Bessel function. For each area,
maximum values are found and unwrapped. Contours of black
correlation fringes are converted to phase data in the same fash-
ion. First order regions can be processed on a pixel base, giving
higher spatial resolution. The process assumes continuity of the
object and provides no ambiguity of the side lobe order detec-
tion. Higher precision is achieved through pixel-by-pixel in-
version based on retrieved data, but needs more computational
time. The resulting absolute phase values can be easily con-
verted to deflection amplitudes, providing quantitative data on
vibration amplitude for every pixel.

H= Yiexp

3.2. Experimental setup

Consider the setup shown in Figure 2. Light from a laser source
is split in two beams, one serving as an object illumination and
a second being a reference beam. A mirror, mounted on a piezo-
electric transducer (PZT), is introduced in the reference arm
and provides an adjustable temporal optical path difference. A
ground glass placed on the path of the reference beam serves
as a diffuser which generates a scattered field and facilitates the
alignment procedure. The two beams are combined upon the
surface of the camera, therefore the average speckle size of both
beams is the same. Rotation of polarizers controls the intensity
of both beams. A continuous wave 532 nm laser operated at a
power of 0.2 W. The frame rate of the camera was 11 fps for a
resolution of 2050 % 2448 pixels.

The cuica was fixed on the same table as all optical el-
ements, and the bamboo stick was sinusoidally excited by a
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Figure 2: Setup for an ESPI measurement. Light from the laser is divided into two beams by a polarizing beamsplitter (P BS). Both
beams are expanded by lenses (L). Half-wave plates (\/2) are added to control the relative intensity of the beams. A reference beam
is passing through the ground glass (G), and then the two beams are combined by a beamsplitter (B.5) and directed to the camera. A

PZT-mirror adds a linear phase shift during image capturing.

shaker mounted behind the instrument so that the only mov-
ing parts of the instrument were the stick and the membrane.
The amplitude and frequency of the shaker were controlled by a
frequency generator. The contrast of ESPI images was adjusted
by changing the relative intensity of the beams, the amplitude
of the PZT and the number of frames recorded during each cy-
cle of the PZT. The image capturing and the PZT driving were
done using LabVIEW software.

4. RESULTS

Along with experiments, the normal modes of the cuica were
studied using the finite element method (FEM) implemented in
COMSOL Multiphysics. The investigation was done for a pre-
tensioned membrane with a radius of 75 mm, clamped along the
borders. Harmonic excitation was applied to a circular area of
5mm in diameter, shifted by 1.4 mm from the center. The pa-
rameters used for the simulation of the membrane are shown in
Table 1. They were chosen from analogous membrane materi-
als and adjusted while comparing the model to the experimental
values [14, 15].

Parameter Value
Pre-tension 4470 N/m
Young’s modulus 50 MPa
Density 1260 kg/m®
Poisson’s ratio 0.3

Table 1: Parameters for COMSOL modeling.

4.1. ESPI

Analysis has been done for excitation frequencies from 200 Hz
to 2000 Hz. An unwrapping procedure was preceded by averag-
ing, normalization and digital filtering of sequences of frames,
all performed in MATLAB. Series of images were averaged in
order to decrease speckle noise. The procedure of normaliza-
tion involved division by the averaged reference frame, taken
without any external excitation. Normalization removed unde-
sirable diffraction effects and artifacts caused by dust. Spatial
filtering was followed by localized Fourier transform filtering
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(LFF), based on the method described by Li [16]. The differ-
ence from LFF is that there is no Gaussian smoothing, and filter-
ing is performed on the inverted images which positively affects
the output contrast. The results of phase unwrapping for three
vibrational states of the cuica are presented in Figure 3 together
with FEM simulations.

ESPI, 220Hz 220 Hz 220 Hz

ESPI, 820Hz 820 Hz 883 Hz

ESPI, 942Hz

942 Hz 942 Hz

Figure 3: Unwrapping of two ESPI patterns and comparison
to FEM predictions. Left: temporally averaged ESPI images.
Middle: unwrapped data. Right: corresponding simulations.

The simulation was performed for exact experimental val-
ues of the frequencies where it was possible, but for certain val-
ues there was a discrepancy between experimental data and cor-
responding normal modes. Therefore, the closest solutions have
been chosen. The wooden stick is connected not to the exact
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center of the membrane, which causes asymmetry of the oper-
ating deflection shapes. This asymmetry may also be reinforced
by inhomogeneity of the membrane and a slight tilt of the bam-
boo stick which changes the vector of the applied force. Thus,
operating deflection shapes which imply only circular nodes be-
come highly asymmetric with increasing excitation force. Such
an example is shown in Figure 4 for the vibration amplitude
at 872 Hz. The same result can be achieved for a totally sym-
metric object, when an additional component of the direction
of applied force is introduced in the plane of the membrane.
Such a small variation in location and direction of the applied
force drastically changes the deformation shape of the mem-
brane. Regarding the real tension of the membrane, it cannot be
easily modeled. Since goat skin is not perfectly homogeneous,
it changes along its area randomly. Simple altering of the ten-
sion in one direction did not give an effect similar to the one
observed.

©0O

(a) Experiment (b) Simulation

Figure 4: Highly asymmetrical operating deflection shape at
872 Hz and the simulated deformation at the same frequency.

Figure 5 shows asymmetry in the vibrational shapes of the
cuica at high frequencies. Processed ESPI images are com-
pared to corresponding operating deflection shapes calculated
in COMSOL. Even without unwrapping, the main modes of vi-
bration can be clearly seen in enhanced filtered images since
the side lobe peak intensity decreases with rising deformation
amplitude.

ESPI, 1360 Hz

ESPI, 1752 Hz ESPI, 1971 Hz

(0,2) 1360 Hz

(4,1) 1755 Hz

(2,2) 1975 Hz
Figure 5: Slight asymmetry in the vibration shapes and cor-

responding FEM simulations. Top: temporally averaged and
filtered ESPI images. Bottom: FEM simulations.

Such filtered ESPI images can be used for an initial modal
analysis of vibrating structures and reveal vital information on
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the operating deflection shapes of the object under study. The
presented experimental setup requires only basic infrastructure
in order to be restored. It is thus suitable for application across
a range of scientific disciplines and research institutions.

4.2. LDV verification

A single-point laser Doppler vibrometer was used in order to
verify the obtained phase values. Table 2 shows a comparison
between LDV results and unwrapped data at three single points
chosen randomly on the surface of the membrane for two differ-
ent frequencies. The average discrepancy is about 35 nm, which
is in the order of \/15.

260 Hz 750Hz
Point | ESPIL, um ‘ LDV, um | ESPL,um | LDV, um
1 0.074 0.08 0.29 0.25
2 0.176 0.2 0.17 0.2
3 0.1 0.09 0.26 0.28

Table 2: Comparison of the results of ESPI and LDV measure-
ments for two frequencies at three different points on the mem-
brane.

5. CONCLUSIONS

The vibration modes of a Brazilian cuica drum were investi-
gated under harmonic excitation between 200 Hz and 2000 Hz
by means of time-averaging ESPI followed by digital process-
ing, which gave an adequate agreement with FEM modeling and
LDV single-point results. The proposed filtering and process-
ing algorithms give high-contrast ESPI images and competent
quantitative data on absolute values of deformations due to ex-
ternal excitation. For several frequencies, the observed operat-
ing deflection shapes are similar to simple clamped membrane
normal modes. However, non-symmetry of the cuica notably
affects deformation shapes, which can be visualized on a com-
puter screen in real time while changing frequency and excita-
tion force.

Future work will involve the analysis of nonlinear behavior
and transient events by means of high-speed ESPI in order to
describe excitation processes in friction drums.
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