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Part II: Selected applications
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Electronic Speckle Pattern Interferometry (ESPI) is an important tool used in non-
destructive testing, experimental mechanics and material property studies, medicine, etc.
In the first part of this paper the system with extended measurement capabilities using
fiber optics and frequency modulated semiconductor laser was presented. In this part
representative applications of the system in experimental mechanics.: long term measure-
ments of out-of-plane displacements, vibration amplitude and phase analysis, in-plane
displacement derivative measurements and contouring are described.

1. Introduction

This second part of our paper describes selected
applications of Electronic Speckle Pattern Inter-
ferometer with frequency modulated laser diode which
was developed at our laboratory. The applications are
devided into two parts confining statically and dynami-
cally loaded (vibrating) objects to show the versatility
of a fiber optics based system for laboratory as well as
industry works.

2. Static measurements

2.1. Out-of-plane displacement
measurements

One of the most frequent applications of ESPI sys-
tems is the measurement of out-of-plane displacements.
Usually the decorrelation of speckle fields due to object

*# corresponding author: Krzysztof Patorski, Warsaw Univer-
sity of Technology, Department of Mechatronics, Institute of
Micromechanics and Photonics, 8 Chodkiewicza Str. 02-525 War-
saw, Poland.

82 Opto-Electr. Rev., 5, no. 2, 1997

rotations and translations can be kept reasonably small
resulting in good modulation fringes. This feature is
difficult to obtain in in-plane displacement arrange-
ments. The phase shifting methods are also easy to
realize by introducing a PZT device or by wavelength
modulation of the laser source. Many interferometers for
static out-of-plane displacement studies were reported in
the literature. The first fiber optic systems were built by
Davies [1] using "conventional" lasers. In 1990s semi-
conductor lasers have been applied in ESPI systems.
Out-of-plane displacement sensitive interferometers for
static displacement measurements differ from the arran-
gements for out-of-plane vibration measurements and
contouring using the wavelength change only by the data
evaluation software and possible laser diode wavelength
modulation capabilities. Therefore, it is difficult to dis-
tinguish among them. Examples of such systems incor-
porating semiconductor lasers and based on optical fiber
components are presented in [2, 3, 4, 5].

In this Section an example of application of out-of-
plane sensitive ESPI configuration for investigations
of long term stress relaxation in small components is
presented. It is also an example of hybrid approach in
solving problems in experimental mechanics.
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2.1.1. Hybrid methodology

The analyzes of today’s designs are mainly done
using the Finite Element Method (FEM). Often this is
the only way to obtain results without the help of an
experiment. The accuracy of computational solutions
greatly relies on the agreement of model assumptions
including real load levels and constraints put on the
component under design. Determination of material
properties such as Young’s modulus, or relaxation con-
stant, is essential for obtaining accurate results. They
can be found in the literature usually as approximate
values for particular material types. Often, however, it
is required to conduct an experiment to obtain exact
values of material constants.

These problems can be successfully solved by the
combination of non-invasive optical methods with the
FEM modeling to form a hybrid solution system.
Speckle interferometry can supply information for
quantitative calculation of material properties. Fringe
images acquired during the test runs give the location
of stress concentrations and can indicate areas where
the modeling mesh must be denser. Values of stresses
and displacements rendered from the optical setup can
be used to specify boundary conditions, to update
material data banks, or to supply designers with data
where they are not available.

2.1.2. Relaxation process

The stress relaxation process relates to the decrease
of stress due to rearrangements in the material. A
typical stress relaxation curve is shown in Fig. 1.
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Fig. 1. A typical stress relaxation curve.

Following application of the load (¢ = 0) the internal
structure of the material changes resulting in a decrease
of stress while the strain is held constant. The time
dependent stress behavior can be approximated by a
logarithmic curve. Determination of the time rate of
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stress changes is important for predicting long term
behavior of the material. Usually the time of the full
relaxation of the stress is of the order of hundreds of
hours and depends on the environmental conditions,
mostly the temperature. ESPI can be used to monitor
the changes of the shape of the sample and the results
obtained in this way can be used to determine the shape
of the long term stress relaxation curve.

2.1.3. Experimental procedure

The arrangement used in the experiment was an
out-of-plane sensitive configuration ESPI presented in
Fig. 3 of Part I of this paper. In this particular experi-
ment the phase shifting was realized by a PZT drum
with a wrapped fiber, controlled directly from the com-
puter by means of a data acquisition board. Images
grabbed during the experiment were transferred to the
host computer memory for the computation of the
phase map and stored in a specialized data base. Then,
based on the phase maps, displacements were deter-
mined and transferred to FEM software in order to
compute stress changes in the specimen due to the
relaxation process.

There is no theoretical formulation for the quantita-
tive analysis of the relaxation problem. Therefore
modeling must be based on the experimental data. The
out-of-plane arrangement described in Part I of this
paper was used to determine time-dependent behavior
of a cantilever beam made of brass. Determination of
the stress relaxation of materials which are used to
manufacture microelectronic connectors is essential
for the design of reliable electrical interconnections.
The test sample was rigidly fixed at the lower end and
loaded with a constant displacement in the z direction
applied at the upper end. The displacement was calcu-
lated so that the maximum stress induced in the beam
was approximately 10% of the yield point of the
material. The cantilever beam was illuminated by a
parallel beam of laser light normal to the surface to
ensure the sensitivity of the system only in the out-of-
plane direction. The load was applied at time ¢ = 0.
Immediately after loading of the sample, the reference
image was taken and stored in the computer. Consecu-
tive series of images were taken at specific time inter-
vals in order to calculate time-dependent deformation
of the cantilever beam due to the relaxation process.

2.1.4. The FEM model

For the FEM modeling of the displacements and
stresses of the beam, a commercial software package
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COSMOS/M was used. The stresses induced in the
beam were in the elastic response range of the material,
so a linear static analysis was used. The beam was
modeled by means of solid linear 8-nodded elements.
A brass cantilever beam of dimensions 20 mm x 1.25
mm X 0.25 mm was used. The modulus of elasticity of
the material used for the test samples was 110 GPa. In
the model developed the boundary conditions at the
bottom of the beam were represented by setting all six
degrees of freedom to zero. The beam was loaded at
the free end with a known displacement in the z direc-
tion. Representative results of the modeling are shown
in Fig 2.
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Fig. 2. FEM determined displacements and stresses in the
cantilever beam test sample subjected to pure bending.

For the data evaluation the phase map obtained by
the phase stepping method from ESPI must be trans-
ferred to the FEM package. Since the coordinates of
the nodes usually do not coincide with coordinates of
locations of pixels on the object, an interpolated dis-
placement value must be calculated. In the software
used in this study a bilinear interpolation scheme was
employed to obtain the data between the pixels. The
geometry transformation from the screen coordinates
of the ESPI system into the FEM domain was calcu-
lated using the markers painted on the object surface.
The file with results from ESPI, converted into the
proper format, was transferred to the FEM package to
correct the values of displacements obtained from
modeling and to recalculate stresses inside the sample.

2.1.5. Results

A series of experiments was conducted in order to
obtain the time dependent characteristics of the relaxa-
tion process of the test samples. These samples were
observed over the period of 120 hours. Series of
speckle interferograms were taken at the specific time
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Fig. 3. a) Maximum displacement of the test sample during
the relaxation process; b) Maximum of stress in the cantilever

beam FEM model based on the interferometric data.

intervals. The time between acquisition of images
varied from 15 min after the samples loading up to 4
hours at the end of the observation period.

In the case of a cantilever beam its maximum defor-
mation from the "original" shape before applying the
load was assumed as a descriptive parameter of the
relaxation process. The time plot of displacement with
fitted exponential curve is shown in Fig. 3a.

Coefficients of the fitted curve can be used for
modeling of time dependent phenomena by the FEM
software. The highest time rate change of displacement
due to stress relaxation was observed immediately fol-
lowing application of the load. The rate decreased
monotonically until 20 hours after the loading. Then,
the rate changed nearly linearly at approximately
13- for the rest of the test sequence.

hour

Based on the data obtained from the ESPI system,
stress distribution in the FEM model of the test sample
was recalculated. The time plot of the maximum stress
induced in the cantilever beam is shown in Fig. 3b. The
interferometric data were used to update the displace-
ments of the cantilever beam model using the method
described in Section 2.1.4 and the stress distribution
was then recalculated. According to Fig. 3a, the change
in displacement due to stress relaxation was 5% of the
displacement applied to the beam at the instant of the

© 1997 COSiW SEP, Warsaw



loading. This change in the displacement has led to
10% stress decrease as compared with the initial stress
level at the instant of loading, Fig. 3b, during 120 hours
long test sequence.

The accuracy of measurements was mainly deter-
mined by the phase step error and the camera noise.
The phase step calibration was done with the accuracy
of fringe/20 which corresponds to 20 nm. The camera
noise was estimated to be the least significant bit and
was about 1.5% for the modulation of 128 gray levels.
The total error of measurements was smaller than 5%.
Although the calculated changes are of the order of
estimated error for the FEM method, a well behaved
time characteristic was observed.

2.2, Displacement derivative
measurements

Speckle pattern shearing interferometry (ESPSI) is
an optical method for determining the derivatives or
their approximate values of surface displacements. It
was developed independently by Leendertz and But-
ters [6] and Hung and Taylor [7]. The principle is to
interfere two mutually laterally displaced images of the
same object. When two speckle patterns corresponding
to two different object states (for example, before and
after applying the load) are compared by subtraction,
the correlation fringes connecting the points of equal
displacement gradients are formed. The direction of
displacement (shear) between the two speckle patterns
determines the direction of the partial derivative
averaged over the shear distance. In practice rather
large shear values in comparison with smallest object
deformations are used to increase the sensitivity of the
method. Hence it is difficult to talk about generating
the displacement derivatives required for strain meas-
urements. However, the application in non-destructive
testing is very promising.

The advantages of ESPSI over the conventional
ESPI using a reference beam are the reduced suscep-
tibility to vibrations and the compensation of tilts in the
shear direction. Nevertheless, rigid body motions and
rotations must be under control to avoid decorrelation
effects [8]. The ESPSI method has found main ap-
plication in non-destructive testing of industrial
products and materials, rather than in strain measure-
ments. The reason is that strain concentrations are
mapped as local disturbances in fringe patterns, which
can be readily detected and used for global object as-
sessment. This fact might be the reason that almost all
studies presented up to now have concerned the detec-
tion of out-of-plane displacements.
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2.2.1. Digital in-plane electronic speckle
pattern shearing interferometry — principle

Below, as an example, we describe a novel im-
plementation of the ESPSI working in the in-plane dis-
placement configuration to produce maps of in-plane
and out-of-plane displacement derivatives. The principle
of the method [9, 10, 11] is to individually shear the two
wavefronts that would otherwise produce a conventional
in-plane displacement electronic speckle interfero-
gram/correlogram. In this way two lateral shear inter-
ferograms are sequentially produced and recorded. The
phases are calculated and their subtraction or addition is
performed by software to yield the derivatives of in-
plane and out-of-plane displacements, respectively.

At this moment it is worthy to mention another
recently proposed approach to determine the partial
derivative of out-of-plane displacement in the
modified in-plane ESPI configuration [12]. The infor-
mation required is again obtained by software subtrac-
tion of phase functions calculated, this time, from dif-
ferent two primary interferograms: a conventional in-
plane displacement interferogram and one with object
speckle fields laterally displaced in the image plane.
Very good coincidence between the theoretical and
experimental results has been obtained. Two channel
configuration enables simultaneous recording of the
component speckle fields.

2.2.2. Experimental work

The principle [9, 10 11] can be implemented in an
optical path imbalanced Michelson interferometer,
used as a shearing device in front of the CCD camera,
see Figs. 7 and 8 of Part I. The automatic fringe pattern
analysis for retrieving the phases uses the temporal
phase stepping approach realized by tuning the light

(a) (b)

Fig. 4. a) Schematic of loading of the cantilever beam used
in the experiment. F, the loading force, K? and K’E ilumination
directions. The shear applied was in K| — K2 plane. b)
In-plane displacement fringes obtained in setup a).
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wavelength of the laser diode [13]. In this way
mechanical adjustments and nonlinearities of inter-
ferometer elements are avoided.

In the setup the angle of incidence of beams was
45°, the shear Ax in the object plane was set to 2.5
mm and the used wavelength was 782 nm (laser diode
Hitachi 7851G), yielding the distance between the
28?:‘[6 =535 nm, and
fringes

displacement fringes equal to

for the derivative

A
2Axsin®
object with the interferometer was placed on the an-
tivibrational table and insulated in a styrofoam cham-
ber from the environment to avoid the influence of air
convection. The data acquisition time (grabbing im-
ages and transferring to the host computer) was about
6s. Due to little output light available the summarized
measurement error was limited by the camera noise
and decorrelation of speckle fields. Object under in-
vestigation was a cantilever beam, 25 mm high, 25
mm thick and 150 mm long, made of a stiff epoxy
polymer loaded with a force perpendicular to the
shear and the observation directions, Fig. 4. Another
investigated object was a disk in compression with a
hole and horizontal cut, Fig. 5.

The measurements were done with the accuracy of
about fringe/20 which corresponds to strain value of
0.1 - 102%. After unwrapping the phase maps were
treated twice with averaging filter 9 x 9 pixels to
remove the spike noise from remaining bad pixels. For
smoothly varying phase maps, as in the experiments,
this was not a limiting factor. However, in some cases
the size of the averaging window should be reduced to
avoid the decrease of accuracy.

equal to

=2.2-1072%. During the measurements the

2.3. Contouring

Remote shape measurement is one of the most im-
portant issues in modern experimental mechanics.
Hybrid methodology is making its way to industrial and
research laboratories and integration of various special-
ized design packages. For example, rapid prototyping,
FEM, FBM, CAM/CAD, require precise information
about the 3-dimensional shape of the object.

The ESPI contouring method by wavelength
modulation originated from holographic inter-
ferometry and was demonstrated to work successfully
with ESPI systems [14]. However, its use was limited
because of the lack of easily tunable laser source. Com-
mercial availability of tunable semiconductor lasers
sources changed the situation and ESPI systems were
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Fig. 5. Measurement results for a cut disk in compression. A)
loading schematics, B) illustrative derivative fringes (inter-
val 2.2 - 102%), C) the in-plane derivative obtained by
subtraction of phase maps from two channels, and D) the
out-ol-plane derivative, respectively.

applied to contouring using the wavelength change, as
well. Two-wavelength contouring was introduced in
holographic interferometry [15] but soon reports on
ESPI systems based on using this approach were
reported [16]. Atcha [17] and Huang [5] reported all
fiber systems based on a laser diode working in con-
touring mode for measurements of the surface profile
and slope, respectively. In this Section the system
presented in Part I will be demonstrated to work as a
contouring device. The results of measurements of test
objects will be presented.

2.3.1. The experimental setup and procedure

The interferometer employed for the experiments
was configured as for the out-of-plane displacement
measurements (see Fig. 3 of Part I). The illumination
direction was coincident with the observation direction
in order to maximize the system sensitivity. The four-
step phase shifting method was employed for measure-
ments. A reference frame of an object under test was
acquired prior the wavelength change and stored in the
frame grabber operational memory. The wavelength
emitted by the laser can be changed by altering the
temperature of the junction or the driving current. The
frames coming from the CCD camera were subtracted
in real time from the reference frame and displayed on
the system monitor. In order to achieve the best results
the adjustments of the system sensitivity could be
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made in real time by conlinuous observation of the
amount of the wavelength change.

After serting the contour interval, four phase shifted
frames were acquired and sent to the host PC for fur-
ther processing. The phase shift was realized by the
current induced wavelength modulation orusing a PZT
phase shifter introduced in the reference beam. If the
current modulation is used for phase shifting the inten-
sity of acquired images changes introducing errors in
the retrieved phase [18]. Normalization of the image
intensity must be used or the six-step phase shifting
algorithm proposed by Ishii [19] must be applied w
avoid this influence. Another problem arises from the
fact that during the wavelength induced phase shift the
difference in registering wavelengths hetween the ref-
erence and measurement images changes during the
phase shifting process. It causes differences in conlour
mterval values between the acquired frames, In this
case an additional phase step resulting from the phase
shift must be taken into account. [t can be compensated
for using the standard Carré algorithm providing the
intensity images are normalized. In measurements with

2 : m
the PZT phase shifter the standard four-frame, | phase

shift algorithm was used to extract the phase. To ensure
that contour surfaces were plane the object was 1l-
luminated by plane wavefront produced by a collimat-
g lens.

2.3.2. Experimental results

As the test ohjects a corner of a cube and a roof with

8 . i
- angle were chosen, A serics of measurements was

conducted with the described setup for different chan-
ges of the junction temperature ranging from 0.1°C Lo
2.0°C. For the time of measurements the object and the
interferometer were placed on a vibration isolating
table in an insulating chamber made of styrofoam,
Both objects were covered with a thin layer of ttaniom
dioxide for better light reflectivity.

The temperature-wavelength and current-
wavelength coefficients determined for the laser dinde
used in the measurements were 0,092 + 0.003% = and

e
0.0068 + [J.Uﬂ[]ﬁ:;:;, respectively. However, it should

be noted that for both phenomena the wavelength ¢
acteristics can be regarded as lincar only for the parts
between the mode hops. Identification of the current
and temperature values for which the mode hops occur
can be done using a high resolution spectrometer. For

1=
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the dinde used in the setup there were no mode hops
phserved in the range of used current and temperature.
The method of interferometer calibration described n
[20] can be also used 1o assess both the wavelength-
current coefficient and to localize the mode hops on the
laser characteristics.

The non-planar illumination errors are removed by
subtracting the phase measured for a plane perpen-
dicular to the observation direction, placed at the dis-
tance cqual to the distance to the object,

A set of test measurements for different wavelength
changes was performed, Representative measurcments
results are shown in Figs. 6 through 9.

Fig. 6. Represcntative results of remote contouring by
wavelength change: corner cube measurements. a) wrapped
phase showing contours, b) unwrapped phase. The fringe
interval is 12 mm, it corresponds to the temperature change
of 0.35°C.

The observed range of contour intervil was several
millimeters to 0.7 mm and depended on the magnitude
of the temperature changes. In Fig. 6 the extracted
phase map (wrapped and unwrapped) for a cube,
isomelric view, is shown. Contour interval was 12 mm
(the temperature change was 0.55°C) which cor-
responds to the wavelength change of (0L03 nm. In
Fig. 7 a 3-D-plot of the recovered shape is presented.
Similar results for a roof are shown in Figs. 8 through
9. In this case the contouring interval was 5.6 mm
corresponding 1o the junction temperature change ot
1.19°C and the wavelength change of 0011 nm. Fig-
ure § shows the wrapped and unwrapped phase images
and Fig. 9 shows a 3-D view of the recovered shape.

The achieved contouring sensitivity wias ranging
from several millimeters to (.7 mm, Temperature chan-
aes of the laser junction by 0.1° through 8.5°C produced
wavelength changes of the laser light of up to 0.8 nm,
Ohserved correlograms had good contrast which slightly
decreased with the increase of the wavelength dil-
ference. The correlation fringes can be obscrved i real
time on the monitor screen and allow continuous adjust-
ments of the [ringe interval. For current induced phase
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i ST ¢ [rim]
el
Fiz. 7. Representalive resulls of remole contouring by
wirvelength change: 3D plot of the shape of the cormer cube
under test.

l 1k

Fio. # Representative resulls of remate contouring by
wavelength change: straight edge measurements. a) wrapped
phase showing comours, b) unwrapped phase. The Iringe
interval 15 3.0 mon and corres ponds to the lemperature change
ol 1LI9°C. A phase unwrapper failure is visible,

shifting the error compensating algorithm must be used.
Both processes are fully automated, The phase shift was
calibrated with the aceuracy of fringe/20. The modula-
tion of comelation images was oplimized by adjusting
the intensity ratio of the reference to the object beams,

3. Dynamic measurements

3.1. Vibration amplitude measurements
by the time average method

Heterodyning is 2 widely used interferometric tech-
nigue for recovering the amplitude of a vibrating ob-
ject, In "conventional" ESPI arrangements the
<inusoidal modulation of the optical phase in the refer-
ence beam is introduced by vibrating mirrors on PZT
transducers [21, 22, 23], In fiber optic systems, lhe
fiber wrapped PZT wansducers were reported in [3,
24]. Atcha and Tatam in [25] have presented a sctup
emploving the wavelength modulation of a semicon-
ductor laser to introduce a sinusoidal signal in the

Ba Oplo-Elgetr, Rev,, 5, no. 2, 19497
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Fig. 9. Representative results of remote contouring by
wavelength change: 313 plot of a roaf,

reference beam. The visualization of vibrations was
achieved by subtraction of consecutive TV frames. In
this method 1t shift between the frames was introduced
by a standard PZT phase shifting device,

In this Section the attention is focused on the ESPL
system  in which modulation of the laser diode emis-
sion is used for simullaneous realization of the
heterodyning process and phase shifting by 1 between
consecutive [rames for visualization of high contrast
vibralion [ringes.

The fiber optics ESPI system using a semiconduc-
tor laser was configured for out-of-plane displacement
investigations as described in Part 1 (Fig. 3). In the
{ime-average method the intensity pattern resulting
from the interference between the beam reflected Trom
the vibrating object and the reference beam is in-
tegrated within duration of one TV frame and
registered by a CCD camera.

For the experiment an aluminum plate was chosen
with dimensions of 100 % 65 x I[mm]. The plate was
rigidly fixed at one of the shorter edges and excited by
a piezoceramic transducer mounted at the back side.
The object was painted while [or better reflectivity.
Sinnsoidal variable phase generator was used to
generate heterodyning signal and drive the PZT at-
tuched to the test object. First the resonant lrequencies
of the aluminum plate were found by scanning from ()
to 1.3 kHz. There are three first resonant frequencies in
this range corresponding to the first and sccond bend-
ing and torsion modes. At these frequencies the meas-
urements of vibration amplitude were done.

The locus of the O-th order fringe was adjusted by
changing the amplitude and phase of the reference sig-
nal. The m signal amplitude was found by observing the
maximum intensity of the object image at rest. Il cor-
responded to the changes of laser diode current of
0.7mA, For the purpose of this experiment the imfluence
of intensity changes caused by laser driving current
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changes was neglected. However, it can be compensated
by normalizing the image intensity using the PIN
readout of the laser. For each measurement a set of three
®
2
phase maps were calculated using image processing sys-
tem developed at Optical Engineering Division.

The accuracy of the phase shift was fringe/20. The
total accuracy of the measurements was limited by the
noise of the CCD camera and amounted to 5% due to
the low modulation of correlation images. To suppress
the spike noise and smooth the results the phase images
were treated twice with 5 X 5 averaging filter.

images with mutual phase shift of — was acquired and

3.2. Small vibration amplitude and phase
measurements

The state of a harmonically vibrating object is
described by the vibration amplitude and phase dis-
tributions. The technique employed in this Section is
applied to measurements of small amplitude vibrations
up to about 40 nm, which is often sufficient to analyze
the behavior of the object. The method presented in
this Section was first introduced by Hggmoen and
Lokberg [26] and extended by others [27, 28, 29]. The
literature reports successful applications for measure-
ments of loudspeaker behavior, human ear drum,
mechanical components, etc. For the measurements of
amplitude and phase of high amplitude vibrations the
stroboscopic method can be used [30].

The interferometer was configured for out-of-plane
displacement measurements as described in Part I
(Fig. 3). Two consecutive images of the vibrating object
were shifted by 7 and subtracted using image processing
board placed in the host computer following the same
methodology as for the heterodyning method. As an
object a circular membrane rigidly fixed along the edge
was chosen. A PZT transducer mounted on the rear side
of the membrane was used to excite its lowest fun-
damental vibrational modes. The membrane was made
of a low carbon steel and was 135 mm in diameter and
0.33 mm thick. The front surface was covered with a thin
layer of titanium dioxide for better reflectivity. No in-
fluence of this layer on the vibrational patterns was
observed. During the experiments the amplitude and
phase of the fundamental modes of the membrane were
investigated over the range 0 to 1300 Hz.

For each measurement a set of four images, phase

shifted by g, were acquired. Additionally two images

were grabbed before the measurement cycle for the
factor calibration.
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Fig. 10. Vibrational patterns of a membrane rigidly fixed
along the circumference for fundamental frequency of 563 Hz.

The finite element modal analysis for the object
under investigation was done using FEM package
COSMOS/M. The object was modeled and analyzed
using linear model with thin 3-node shell elements.
Results obtained this way were compared with the
observed patterns to confirm the validity of the ex-
perimental technique.

Representative results are shown in Figs. 10 through
13. In Fig. 10 the phase shifted vibrational patterns are
presented, corresponding to the fundamental mode at the
frequency of 563 Hz. The extracted amplitude and phase
for the same mode are shown in Fig. 11. Figure
12 shows the theoretical results corresponding to the
case of Fig. 10 and 11. The resonant frequency calcu-
lated from the FEM analysis was 593 Hz.

The results shown in Fig. 13 were obtained for the
same object but at the frequency of 1260 Hz. Figure 14
shows the theoretical predictions of the vibrational pat-
tern for the same mode obtained by the FEM calculus.
The obtained resonant frequency was 1490 Hz. The
difference is caused by the mass of the PZT transducer
attached to the back side of the membrane. Its in-

Fig. 11. Amplitude (a) and phase (b) recovered from data
shown in Fig. 10.
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Fig, 12, Theoretical results corresponding wo the fundamental
mode, shown in Fig, 10, at 593 He

Fig. 13, Amplitude (o) and phase (b) of @ membrane rigidly
fined along the cireumlerence Tor the fundamental mode al
| 264} He

fluence is also visible as the asymmetricity of the
vibrational patterns.

The vibration phase discontinuities visible on the
plats are caused by the phase unwrapping strategy. The
phase can assume two values: 0 and n. While zero is
unwrapped properly the m value is a threshold for ad-
ding or subtracting the 2m jump. The image noise
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Fig. 14, Theoretical results corresponding to the lundamental
mede shown in Fig, 13 at 1490 He,
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makes the unwrapper Lo subtract in cerlain points and
the plots occur noisy while the phase vscillates around
the correct the value of .

The accuracy of measurements was limited by the
electronic noise of the camera due to low light level in
the ohject plane. The accuracy was estimated to be 1.5%.
This value corresponds to about 5 nm in displacement
amplitude. However, the frame averaging lowered this
error 1o fringe/20, Le., to about 2.5 nm. Phase shifting
was done with an accuracy of 257 which can be
neglected in the total accuracy considerations, Prior to
the calculations the intensity images were filtered rwice
with & 5 x 5 averaging filter. The total error of the
amplitude and phase measurements was about 10%.

4. Conclusions

In this paper we presented a number of applications of
an improved fiber optic ESPI system using diode laser.
They range from static analysis of displacements 1o
measurement of amplitude and phase of vibrations under
dynamic load. The system advantages are portabilily and
simall dimensions, powerful software and lack of acdjus-
table mechanical parts used for measurement purposes.
Achieved accuracy is comparable to other commercially
available devices of this kind with simultanecusly ex-
tended range of applications. The selected examples
show a potential of presented interferometer system as a
viable allernative to conventional technigues used in
laboratory and industrial experimental mechanics such as
speckle photography, photoelasticity or strain gauges.
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