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Abstract: A Michelson interferometer based ESPI system for static and vibration out of plane displacement measurements is presented.
The aim of the article is to demonstrate the usability of ESPI non-contact measurement method in the field of machining. The correlation
fringe patterns were visualized using custom software. The accuracy of ESPI interferometer was verified by the comparison
with measurement results collected using industrial XL-80 laser system. The efficacy in vibration analysis was tested by studying the mode
shapes and resonant frequencies of the transverse vibrations of square plates. The measurement methodology was used to determine
natural frequencies and the shapes of vibrational modes of NFTe 100x1.2/64-II circular slitting saw. As a result the values of rotational

speed that should be avoided during machining were determined.
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1. INTRODUCTION

Advanced optical measurement methods, due to their high
sensitivity and non-contact character, have been widely accepted
both in scientific research and industry as a tool for displacement
and vibrations analysis. Electronic speckle pattern interferometry
(ESPI) is the most sensitive and accurate optical method for full-
field three-dimensional (3D) displacement assessment (Fu and
Moosa, 2002; Hild and Roux, 2006; Yang et al., 2014). In experi-
mental non-contact vibration analysis time-averaged amplitude
fluctuation (AF)-ESPI is the most widely used optical method. The
advantage of AF-ESPI method is that both resonant frequencies
and the corresponding mode shapes for transverse (out of plane)
modes can be obtained. Experimentally revealed correlation fringe
patterns of AF-ESPI correspond to the natural vibrational modes.
So far, several different ESPI systems have been commercialized
(Dantec Dynamics, Laser Technology Inc.), nevertheless due to
significant progress made in corresponding fields of modern tech-
nology: laser sources, computer equipment and high resolution
CCD and CMOS detector arrays, a variety of robust custom con-
structions of ESPI systems have been worked out by different
research groups (Augulis et al., 2004; Quin et al., 2016). ESPI has
been applied to experimentally verify the analytical and numerical
models of applied mechanics (Halama et al., 2016), vibration
theory (Chi-Hung et al., 2004), in automotive industry (Beeck and
Hentschel, 2000; Ven der Auweraer et al., 2002), materials engi-
neering (Richardson et al., 1998), biomedical area (Yang et al.,
2014), micro-electro-mechanical systems (MEMS) (Foitzik et al.,
2003) and in many other fields of science and engineering.

A field in which knowledge of frequencies of natural vibrations
and natural vibrational modes plays a significant role is mechani-

cal engineering and the engineering of cutting tools (Rothberg and
Bell, 2004; Tatar and Gren, 2008). Vibrations of tools and compo-
nents of cutting machines directly affect machining accuracy,
geometric structure of the product surface and the noise generat-
ed during machining. Until now relatively little attention has been
paid to experimental research of vibrations of cutting tools using
AF-ESPI. In the present study a Michelson interferometer based
ESPI system for static and vibration out of plane displacement
measurements is presented. The instrument was built using com-
ponents actually available as standard. Custom software was
worked out to visualize the correlation fringe patterns. The accu-
racy of the device was verified by the comparison with measure-
ment results collected using industrial laser interferometer and the
efficacy in vibration analysis was tested by studying the mode
shapes and resonant frequencies of the transverse vibrations of
square plates. A usefulness of the measurement methodology in
the field of machining was revealed by the determination of natu-
ral frequencies and the shapes of vibrational modes of a circular
slitting saw. The results may help to select the appropriate pa-
rameters of machining in order to minimize tool vibrations affect-
ing roughness of the machined surface and noise generated
during machining.

2. MATERIALS AND METHODS

2.1. Michelson ESPI interferometer construction

A schematic diagram of the setup of a Michelson interferome-
ter based ESPI system is shown in Fig. 1. The subassemblies
of the system were fixed to a massive cast iron frame to minimize
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the magnitude of eventual vibrational noise affecting the meas-
urement accuracy. A light beam of He-Ne laser source 1 (12 mW,
A =632.8 nm) was diverged by a glass lens 2 and fell on a beam
splitter 3. The beam was divided into two equal intensity coherent
beams, which illuminated two surfaces: S, (object surface 4) and
S, (reference surface 5). The surfaces were coated with thin (0.05
mm thickness) white color light diffusive self-adhesive foil. Speck-
le patterns were generated by these surfaces. The speckle pat-
terns after passing through a beam splitter and the camera 6 lens
met and interfered with each other in the image plane of a CCD
sensor of the camera (1/3” SONY EXview HAD CCD II). The
aperture of the camera lens was fitted to adjust the size of the
speckle to the size of a pixel of the CCD array. The average size
of a speckle was slightly greater than the diagonal length
of a pixel of the sensor. The relative intensities of the two beams
were adjusted by the arrangement of S, and S,. surface position.
The exposure time of the camera was adjusted to acquire an
image without saturating the CCD sensor. Bitmap files of 768x576
resolution were acquired by a video capture card installed in a PC.
Deformations were applied to S, surface with S, undisturbed
surface serving as a reference. An initial speckle pattern image
was acquired when no extortion was applied to S, surface. Sub-
traction of an actual speckle pattern image from the initial speckle
pattern image was accomplished by a custom software. The
resulting correlation fringes were displayed on a PC monitor
screen and transferred to the hard disc of PC with 40 Hz frequen-
cy. For a static deformation of S, surface a stationary correlation
fringe pattern was obtained as a result of an actual from the initial
speckle images subtraction. In a case of natural vibration analysis
a loudspeaker driven by a function generator and an acoustic
amplifier was used as the source of an excitation wave. When a
vibrating frequency was in the neighborhood of the resonant
frequency of object surface S, stationary correlation fringes were
observed. The fringes became the most clear and intensive as the
resonant frequency was approached. The resonant frequencies
and corresponding mode shapes could be determined at the
same time.

Fig. 1. Schematic diagram of ESPI setup: 1 - He-Ne laser, 2 - lens,
3 - beam splitter, 4 — object surface S,, 5— reference surface
S,, 6— CCD camera, 7 — PC with a video capture card
and a custom software for speckle patterns processing
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2.2. Basic principle of ESPI out of plane displacement
measurements

The wavefronts of the object (U,) and reference (U,.) beam
reflected from S, and S, surfaces (Fig. 1), respectively, can be
expressed as (Yang et al., 2014):

Uy = agsin(wt + @) W)
U, = a,sin(wt + ¢,) (2)
where a, and a, are amplitudes of electric field strength, w is an
angular frequency of a light wave, ¢, and ¢,. represent the phase
of the object beam and the reference beam, respectively (Yang et
al., 2014). U, and U, are functions of plane x, y coordinates.
Intensity I of the speckle pattern image acquired by the CCD
sensor can be written as:

I'= a3+ a? + 2a9a,c08(¢ — ;) )

The argument in parentheses in Eq. (3) can be described as
a phase difference:

0 =9o— o )
Eqg. (3) can be written as:
[ =1,(1 4+ ycos0) (5)
where:
Iy = a3 + a? (6)
is the background intensity and
= ™

is the contrast. When surface S, is deformed (with S, surface
undisturbed), the intensity of the speckle pattern becomes:

I =1,(1+ ycos(® + 4)) (8)

where A represents the phase difference shift of the speckle
pattern before and after S, deformation:

A=¢'s— o 9)
For a Michelson-type interferometer the relationship between

phase change A and displacement w of surface S, can be written
as:

_4
4="w (10)

For A = 2m which corresponds to transition between the cen-
ters of two adjacent fringes of order i and (i + 1) in a correlation
image, from Eq. (10) one can obtain:
w=-= (11)

2

Eq. (11) defines a basic sensitivity of the correlation fringe pat-
tern ESPI system. For a wavelength 1=632 nm (He-Ne laser
source) the basic sensitivity equals to 316 nm.

2.3. Basic expressions for natural frequencies
of vibrating plates

The equation of free motion for small out of plane defor-
mations w of a flat uniform elastic plate of density p, in x, y
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Cartesian coordinates has the form (Blevins, 2016):

ER3  [(3*w *w *w %w

i (ot * 25z 58) FY 5E =0 (12)
where: E — modulus of elasticity of plate material, v — Poisson’s
ratio, h — plate thickness, t — time, y — mass per unit area of the
plate (y = ph).

Using a separation of variables solution for Eq. (12) allows to
obtain the associated formulas of natural frequencies and mode
shapes for rectangular and annular plates (Blevins, 2016). Natural
frequency f;; is expressed in a form:

A [ ER3 3
fij = Zmiz [12(1—1;2)] Hz (13)
where: i — number of half-waves in mode shape along x axis
(rectangular plate) or number of nodal diameters (round and
annular plate), j — number of half-waves in mode shape along y
axis (rectangular plate) or number of nodal circles (round and
annular plate), A;; - dimensionless frequency parameter,
a — linear dimension of the plate (length of a rectangular plate
or outer radius of round or annular plate).

The mode shapes of rectangular plates are combinations
of sinusoidal and hyperbolic functions. The mode shapes of circu-
lar plates are Bessel functions.

3. EXPERIMENTAL

3.1. Verification of ESPI interferometer accuracy for static
out of plane displacement measurement

A general view of the experimental stand is shown in Fig. 2.
A front surface of a rectangular 2 mm thick aluminum plate
of dimensions 9x10 ¢cm2 (width and height, respectively) clamped
at its bottom edge was used as S, surface (Fig. 3). A surface of
15 mm thick aluminum rectangular plate was used as a reference
S, surface. At the upper edge of the back (opposite to S, surface)
side of the plate, a retroreflector of Renishaw XL-80 laser measur-
ing system was attached. A laser head and the interferometer
of the XL-80 system were placed in front of the retroreflector.
Slowly increasing load force was applied at the middle of the
upper edge of the plate using a tensioned spring. A laser beam
reflected from the retroreflector was used by the XL-80 measuring
system to evaluate the displacement of the retroreflector. Slight
bending of the plate resulted in a decrease of a distance of S, to
alaser head of XL-80 system and increase of a distance to S,
surface. In this way a measurement of out of plane displacement
of a central point of the retroreflector and the corresponding point
of S, surface was possible at the same time using XL-80 system
and ESPI interferometer, respectively. Due to Eq. (11) out of
plane displacements w; gsp; Of the points located at the center of
a dark correlation fringe of i-th order can be expressed as:
Wi Esp1 = i% (14)

ESPI correlation fringes of increasing order i, w; gsp; meas-
urement results determined using Eq. (14) for A =632 nm and the
corresponding values of XL-80 system point displacement meas-
urement results wy; g, for a central point of a retroreflector (“+”
mark) for increasing deflection of the plate are shown in Fig. 4.
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Fig. 2. A general view of the experimental setup: 1 — laser head of XL-80
system, 2 - ESPI interferometer, 3 — anti vibration table

1 - reference plate, 2 — object plate, 3 - beam splitter,
4 - retroreflector of XL-80 system, 5 — optics of XL-80 system

3.2. Experimental determination of natural frequencies
and mode shapes of a vibrating square plate

Resonant frequencies and corresponding mode shapes of the
transverse vibrations were experimentally determined for square
9x9 cm? aluminum 2 mm thick plate. The plate was clamped at the
bottom edge. Vibrations of the plate were excited by a louder
driven by an amplifier and a sine wave function generator. The
louder was located a short distance from the back side of the
plate. When the frequency of vibration was equal to the resonant
frequency, stationary and clear correlation fringe patterns were
observed. The mode shapes for corresponding resonant frequen-
cies are shown in Fig. 5. Dark correlation fringes represent nodal
lines of mode shapes in the pictures.

3.3. Experimental determination of natural frequencies
and mode shapes of a vibrating circular slitting saw

Resonant frequencies and corresponding mode shapes of the
transverse vibrations of a circular slitting saw (NFTe 100x1.2/64-
I) were determined using a method described in Section 3.2.
Asslitting saw of 100 mm diameter and 1.2 mm thickness was
used in the experiment (Fig. 6). The tool was clamped at the sides
of a socket (30 mm diameter). The mode shapes for correspond-
ing resonant frequencies are shown in Fig. 7.
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Fig. 4. ESPI correlation fringes for out of plane static displacements w
of a rectangular Al plate; the numbers at the left side of the picture
represent the order i of dark ESPI correlation fringes; “+” mark
represents the position of a center of XL-80 system retroreflector
used to measure wx.-s0 point displacement; ESPI and correspond-
ing XL-80 measurement results: a) w1_espi=0.316 um, wx.80=0.313
pm, b) wa_esp=0.632 um, wx.80=0.627 pm, c) wa_espi=1.266 pm,
wx.80=1.266 um, d) we_espi=1.896 um, wxcso=1.945 pm

Fig. 5. Mode shapes of vibrations of a square Al plate at resonant fre-
quencies: a) =532 Hz, b) =390 Hz

4. RESULTS AND DISCUSSION

Linear measurement accuracy of XL-80 laser system is +0.5
ppm due to a stabilised laser source and accurate environmental
compensation (Brochure: XL-80 laser measurement system). In
the experiment the distance between the retroreflector and the
interferometer optics was 0.1 m, therefore the static displacement
of S, surface was measured with about 50 nm accuracy, which
was higher than the basic sensitivity of the ESPI system described
by Eq. (11). For the correlation fringes shown in Fig. 4. the dark
fringes can be easily distinguished from the bright ones, therefore
it seems that the accuracy of about A/4 (158 nm for He-Ne laser
source) may be assumed for ESPI measurements in this case.
The results of ESPI measurements show good agreement with
XL-80 assessment results, which may serve as the calibration
data for the speckle interferometer.
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Fig. 6. NFTe 100x1.2/64-I1 circular slitting saw

a) b)

Fig. 7. Mode shapes of resonant vibrations of a circular slitting saw

at different frequencies: a) =607 Hz, b) /=840 Hz, c) f=1495 Hz,
d) 5190 Hz

c)

Resonant frequencies f;; of the vibrating aluminum (AW
1050A alloy) square plate were calculated using Eq. (13) for the
values of plate material parameters: E=70 GPa, p=2700 kg/m3,
v=0.3, a=0.09 m, h=0.002 m. The values of square of dimension-
less frequency parameter AUZ for particular vibrating modes
(Blevins, 2013) are shown in Tab. 1 and the results of calculations
are compared with the experimental data. The values of relative
error Af;; are in a range of a few percent, therefore calculated and
measured basic resonant frequencies are in good agreement.

Resonant frequencies f;; of the vibrating circular slitting saw
were calculated using Eq. (13) for the values of parameters
(SWT7M - HS6-5-2 high-speed tool steel): E=210 GPa, p=7800
kg/m3, v=0.3, a=0.010 m, a/b=0.3 (a and b are outer and inner
diameters of the tool, respectively), h=0.0012 m. The values of
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square of dimensionless frequency parameter A; jz for particular
vibrating modes (Blevins, 2013) are shown in Tab. 2 and the
results of calculations are compared with the experimental data.

Tab. 1. Analytically and experimentally determined resonant frequencies
of a square Al plate (x,y - vertical and horizontal direction,

respectively)
A Number Resonant Resonant Rela-
fora (i, ) frequency frequency tive
vibratio- of half- fja fie error
nalmode | wavesin | (analytical) | (experimental) | Af;
xand y [Hz] [Hz] [%]
direction
i=1 523 532 1.7
j=3
27.33
— i=2 410 390 5.1
j=1
2143

Tab. 2. Analytically and experimentally determined resonant frequencies
of a circular saw

AP Number Resonant Resonant Rela-
fora (i, ) frequency frequency tive
vibratio- | of nodal fia fie error
nalmode | diame- | (analytical) | (experimental) | Af;
ters and
nodal [Hz] [Hz] [%]
circles
i=1 745 607 22.7
j=0
6.33
i=2 936 840 114
j=0
7.95
i=3 1566 1495 4.7
j=0
13.30

The values of relative error Af;; are greater than in the case
of the square plate experiment, particularly for lower resonant
frequencies. For increasing values of a resonant frequency the
experimental and theoretical results are in better agreement.
In general, the analytical formula of Eq. (13) for resonant frequen-
cies of a circular plate does not strictly apply to a cutting tool
of a complex shape as a circular saw, due to differences in geom-
etry between an analytical and the real object. The thickness
of the saw used in the experiment was not uniform — it was de-
creasing radially from a value of 1.2 mm at the cutting edge to
a value of 1.0 mm near a tool socket. A variable thickness is not
included in analytical calculations. A more accurate computational
method should be applied to precisely calculate the resonant
frequency in this case. Resonance of the circular saw will occur
when the frequency of excitation of the saw vibrations is equal to
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one of the experimentally determined resonant frequencies
(Tab. 2). The frequency of excitation can be determined as the
product of the rotational speed n and the number z of tool tips.
Thus the values of rotational speed n that should be avoided
during machining using a circular saw with z=64 tips (Fig. 6) may
be easily calculated for resonant frequencies shown in Tab. 2
(n;=9.5 s, n,=13.1 s' and n3=234 s' for fi, =607 Hz,
f20 =840 Hz and f3, ,=1495 Hz, respectively).

5. SUMMARY

Detailed knowledge on a range of undesirable frequencies
resulting in high amplitude tool vibrations is an essential factor
contributing to avoid the improper machining parameters. This
issue is particularly important in a case of machining using tools
susceptible to chatter diminishing the quality of a machined sur-
face and generating excessive noise. Based on the research
carried out, it appears that ESPI gives the opportunity to precisely
determine the resonant frequencies of geometrically complex
cutting tools. The experimental procedure allows for determining
resonant frequencies with accuracy within a few Hz. The im-
portant advantage of ESPI method is its simplicity which enables
easy interpretation of the results. The conducted experiments
showed the usability of this non-contact measurement method
in a field of machining.
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