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Abstract

Electronic Speckle Pattern Interferometry (ESPI) is used to measure surface
displacements. Phase shifting can be used to obtain a fringe pattern which depicts
the phase at every point in an image. Previous studies have used algorithms such as
the 4-bucket algorithm to obtain phase maps of objects. After the object is displaced
a second phase map is obtained in the same way and by correlation the phase
difference due to the displacement can be determined. When the object is in rapid

continuous motion these algorithms cannot be used.

Toward this end a 5-frame algorithm was written, in which the calibrated phase steps
are obtained when the surface is at rest and an array of images are grabbed when the
object is in motion at high speed. Any one of these images can then be used as the
fifth image in the algorithm, thus allowing for calculation of phase change at any

pixel at any instant of the motion of the surface.

The entire process is automated using LabVIEW software, which was specifically
designed for the task. Both in-plane and out-of-plane systems were developed and
calibrated. The systems were used to generate phase maps of an object undergoing

motions at relatively high speeds.
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CHAPTER 1 INTRODUCTION

1.1 Non Destructive Testing

Techniques used to examine an object, material or system without impairing its
further usefulness are termed non destructive testing (NDT) methods'. NDT enables
the gathering of data regarding the mechanical properties of a material, by
evaluation of the deformation of the object under controlled loading
conditions. With an understanding of the observed deformation, defects can be
identified and located, and hence prevention of failure is possible, as samples with
defects or inhomogenieties will cause non-uniform deformation. Some NDT
techniques can even monitor the material for fatigue without a need for loading the
object'. NDT methods have the advantage of being adaptable to automated
production processes as well as to the inspection of localised problem areas. There
are many techniques used to monitor motion caused by deformations, surface
displacements, crack propagation and strain, including ultrasonics, acoustic
emission, radiography and various optical methods. The following sections briefly

outline these techniques.

1.1.1 Ultrasonic Testing

Ultrasound methods involve a transducer, which emits ultrasonic pulses within a
frequency range of 20kHz and upward', coupled to one side of the test object. The
pulses travel through the object and can be either diftracted, reflected or refracted by
the defects or discontinuities within the material. A receiver placed on the other side
of the material is used to detect the pulses. If a defect is encountered within the test

object the amplitude of the signal will change accordingly.



Sending Signal > I ’ ‘ ’ < Receiving Signal

Transmitting Receiving
Transducer —P Transducer

Coupling Material 7 7 Coupling Material
> // / <

\/ « Material Being
\—/ Evaluated

Figure 1.1 Set up for Ultrasonic Testing’

Ultrasonic inspection techniques include a range of probe arrangements, such as
contact pulse echo, immersion pulse-echo, contact pitch-catch and immerston pitch-
catch, see figure 1.1. Generally, these methods are most easily applied to simple,

smooth surfaces with uniform geometry.

One major advantage this method has over other NDT procedures is that it allows
for detection of defects deep within the material. However, the technique has the
disadvantage of requiring complex image analysis and direct contact between

transducer and object is required, thus decreasing the versatility of the method.



1.1.2  Acoustic Emission

Transient mechanical vibrations generated by rapid release of energy fiom localised
sources within materials are termed acoustic emissions. Emissions are generated as
a response to a stimulus and their energy levels can range from the displacement of a
few dislocations to that needed to cause catastrophic cracking®. By detecting and
monitoring these acoustic emissions, cracks and other defects can be discovered
within a material. However, this technique is incapable of detecting a crack that is
not undergoing growth, but with proper stimuli it can be used to monitor material
behaviour of pressure vessels. This method allows the object to be monitored on a

continuing basis and for examination of activity within the material.

1.1.3 Radiography

A radiographic image is basically a two-dimensional shadow picture of the intensity
distribution of gamma rays after they have passed through the test object. The mass
and type of defects present in the material cause the radiation to attenuate thereby
yielding a corresponding intensity distribution. By using photographic film the
radiation pattern can be made visible. Regardiess of the medium used in the
formation of the image the basic layout is as shown in figure 1.2. However, the
system does pose a radiation hazard and therefore requires trained personnel.
Another disadvantage is in the fact that cracks must align with beam axis in order to

be detected at all.

L
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Figure 1.2 Layout for Radiographic Inspection®

1.1.4 Magnetic Field Methods
Procedures, which use magnetic fields as the essential component, are termed
magnetic field methods. They include magnetic field perturbation (MFP) and

electric current injection (ECI) .

In MFP testing a magnetic field is applied to a material which is permeable to
magnetic fields. The permeability of the matertal along with the sensitivity of the
probe determines the required field strength for this test procedure. Typically, the
field strength will lie suitably below the saturation level. In general, the field is
applied in a direction paratlel to the test surface. Some applications to this method

include determining the depth of case hardening and the carbon content®.

An extension of the MFP method which is used in electrically conductive materials
that are not magnetically permeable is called the ECI technique®. Electric current is
injected into the test object between two points and a magnetic sensor monitors the
magnetic field which results from the current. The defects in the material are
determined by recording the magnetic field signals similar to the method used in

MEP.

Beam



This method is relatively simple to carry out and will detect surface and near surface
flaws, however, it cannot detect internal flaws and it also requires a high current to
be applied which can cause damage to the system.

Some advantages and disadvantages to the above methods are outlined in table 1.1

below.
Method Advantages Disadvaniages
Ultrasonic Testing Allows for inspection deep Requires complex image

within the material analyses

Contact with object
Acoustic Emission Detects activities inside of Other methods are needed to

materials provide quantitative resulls

Localization is made easy Signat discrimination and noisc

through time differential of reduction are difficult

signals

Monitors conlinuously

Radiography No disassembly required Radiation hazard

Permanent Record Trained personnel and film
processing required

Minimum preparation needed
Cracks must align with bcam for
detection

Magnetic Particle Simple and easy to conduct Will not detect deep internal
Inspection flaws

Will detect surface and near

surface flaws High currents applied to
component may cause damage

Sensttivily of testing can be

specificd and checked Components usually have to be
demagnetised

Table 1.1 Advantages and disadvaniages (o common NDT methods

h



1.2 Optical NDT Methods

Optical NDT uses light, often laser light, as the measurement tool. It can produce
qualitative information, such as defect detection as well as quantitative data
including surface displacement maps or stress/strain analysis. Optical NDT
techniques can provide a full field analysis of an area without the detector coming in
physical contact with the specimen. They have a high sensitivity and can, unlike
other methods, provide information about the entire surface. Disadvantages include
the fact that the systems must be calibrated regularly, they tend to be complex,
expensive and are easily influenced by environmental conditions such as
temperature and vibrations. However, these techniques can provide information
regarding how the defects affect the behaviour of the object. Due to the
submicrometer resolution, data can be obtained over a large object to a relatively
high resolution, One of the most attractive advantages of optical testing for industry
is that a very small non-destructive force is needed. This means that after testing s
completed, if no defects are present, the object may return to the same condition as
before. The following sections will briefly outline some optical NDT methods

currently in use.

1.2.1 Holographic Processes

The principle of holographic interferometry is that it records the complete pattern of
waves, in both amplitude and phase, reflected by an object. A basic holographic set
up is shown in figure 1.3. The laser beam is spatially filtered and expanded; part of
it is then incident upon the object and it is reflected onto a photosensitive emulsion.
A mirror alongside the object reflects another part of the beam onto the emulsion.
This is known as the reference beam. Thus we have light from the object and
reference mirror interfering at the emulsion. After processing it is possible to
reconstruct an image of the object superimposed on the object itself. Then when the
object is loaded interference will occur between the loaded object light and
reconstructed image light. The interference pattern is indicative of the change that

has occuried.



Surfaces as well as sub-surface defects show distortions in the otherwise uniform
pattern. In addition, the characteristics of the component, such as vibration modes,
mechanical properties, residual stress etc. can be identified through holographic

inspection.

Object
O - Object beam
R — Reference Beam
Photosensitive Emmuision
Figure 1.3 Basic Holographic Interferometer

Holography has the advantages of being very sensitive and highly versatile,
however, it does suffer from adverse environmental conditions such as vibrations

and temperature.

The requirement to develop plates has curtailed the use of this technique and it has
the added disadvantage in that it is difficult to independently measure displacements

in different planes.



1.2.2 Moiré Methods

When two gratings are laid in contact with a slight angle between the lines a fringe
pattern is observed, with a lower frequency than that of the gratings. The resulting
fringe pattern is called a Moiré pattern and can be created by various types of

gratings including circular, radial, spirals etc.

If a grating is attached to an object and another grating projected onto it any
movement of the surface will cause a relative movement between the gratings
producing a pattern of Moiré fringes, whose spatial frequency and alignment
represent the movement that occurred. The sensitivity of this method will depend on
the image analysis technique and the spatial frequencies of the original gratings.
However, these gratings can have very high spatial frequencies allowing for a high

sensitivity.

Figure 1.4 Typical Moirg Pattern



1.2.3 Speckle Metrology

The coherent nature of laser light leads to the appearance of the phenomenon known
as speckle, that is, the grainy appearance of a scattering surface when illuminated by
coherent light. The speckle arises due to the interference that occurs between the
light rays as they are scattered by different points on the surface’. Speckle
techniques are very useful and powerful tools in measuring surface displacement as
they are simple and versatile. They can be adapted to suit different applications, such
as deformation measurements, strain analysis, crack propagation (see figures 1.5 and
1.6) and to monitor surface vibration They can be set up to measure in-plane and
out-of-plane movement separately or simultancously to get complete 3D
displacement measurements. Like many other optical techniques, they are whole
field, non-destructive and can be real time. There are various NDT techniques
which utilise the speckle effect including speckle photography, speckle-shearing

interferometry and electronic speckle pattern interferometry.

1.2.3.1 Electronic Speckle Pattern Interferometry (ESPI)

The principle of ESPI is outlined in section 2.3 of this thesis. In speckle
photography the speckles themselves undergo the displacement, however in ESPI
the movement of the object causes a change in path difference, and hence a phase
difference, between two beams illuminating the surface which causes a change in
resultant intensity across the area. ESPI cannot measure a large field of strain
distributions and suffers from decorrelation, but it nevertheless has many
advantages. It is a non-contact method, it is portable and can be run from a PC.
These advantages make it possible to use ESPI for strain analysis, deformation
measurements and in studies of crack propagations. In figure 1.5 a crack tip is seen
as the point towards which the fringes converge. In the first pattern on the left the
crack has only begun to grow and it travels up along the specimen as shown in the
second pattern. The third pattern was taken just before the specimen broke,

illustrating the use of ESPI as an optical NDT technique.



Figure 1.5 Propagation of a crack in a notched clay sample”

A comparison of several optical NDT methods is shown in table 1.2.

10



Methad Advantages Disadvantages
Holography Versatile Sensitive to cnvironment

High sensitivity Difficult {o separate
superposition of effects

Direction of sensitivity clearly

defined Inability to independently
measure displacements in
different plancs

Motre Relatively sharp fringe patterns | Grating must be in conlact with

the surface for strain

measurement

Speckle Photography

Less sensitive to disturbances

No surface preparation

Non contacting strain gauges

possible

Additional information from

speckle decorrelation

Limited spatial resolution

Needs careful calibration of

oplical set-up (strain ficlds)

ESPI Real-time corrclation ESPI cannot measure a large
ficld with a wide dynamic range
Partable of strain distributions
Can be automated with PC
Table 1.2 Advantages and disadvantages of optical NDT techniques™
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1.2.3.2  Shearography
Shearography is another speckle interferometric method, but it allows full-field

observation of surface displacement derivatives”®. By looking for flaw-induced
strain anomalies it reveals flaws in materials. In this technique two images are
produced and laterally sheared with respect to each other. The deformation gradient
of the surface is represented by the speckle interference pattern. However, due to
the fact that it is the gradient which is represented, the systems are insensitive to
rigid body movements and thermal fluctuations’. The main application, therefore, of

this method is defect recognition.

1.3 Vibration Measurement Techniques

1.3.1 Accelerometers

Three major quantities are of interest in vibration studies; the vibration
displacement, velocity and acceleration. An accelerometer is an electromechanical
transducer which produces, at its output terminals, a voltage or charge that is
proportional to the acceleration to which it is subjected. Accelerometers consist of
piezoelectric crystals and a mass normally enclosed in a protective metal case’’. The
crystal creates a charge, which is proportional to the acceleration. The sensor will
have either an internal or external charge amplifier, which converts the charge
output of the crystal to a voltage. Accelerometers can be selected depending on the

frequency range required.

1.3.2 Laser Doppler Vibrometry (LDV)
£ L L L L L Mirror

Vibrating Object .
Beamsplitter
‘ - - - Laser
“r I
Photo
Detector
Figure 1.6 Laser Doppler Vibromcier
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The principle behind LDV is based on the detection of a Doppler frequency shift in
coherent light scattered by the target. In the case of LDV the beam hits the vibrating
object as it is in motion. Figure 1.6 shows the beam incident upon a beamsplitter
and directed onto the target object. As the object moves Af changes (i.e. the
difference between the frequencies of the transmitted and the returning beams) and
by using a frequency to voltage converter a voltage which represents the motion

undergone by the object can be obtained.

1.3.3 Electronic speckle pattern interferometry for vibration measurement
There have been several methods designed to use speckle interferometry as a method
to measure vibrations. They include using speckle contrast, utilising pulsed lasers

and the use of high-speed cameras.

A theory" has been outlined which gives the contrast of the speckles as a function of
the beam ratio used and the amplitude of vibration. In the same areas in which
bright fringes are traditionally found, areas of higher contrast are detected. Nodal

lines appear in such areas, while anti-nodal lines show blurred speckles.

High speed ESPI with a pulsed laser has been utilised in the study of brake disc
modal behaviour'”. This method is not commonly used due to the fact that pulsed

lasers are relatively expensive, not very portable and are difficult to use.

High-speed ESPI has also been used to measure non-harmonic vibrations. A fibre
optic delivery system can be used in conjunction with a low-power laser and a the
high framing rate CCD camera. Vibrations with both high temporal and spatial
resolutions can be measured with this technique, an advantage not offered by

alternatives such as a scanning laser vibrometer.

13



The use of high-speed ESPI together with a wave-guide phase modulator has lead to

the observation of out-of-plane vibrations of up to 100kHz'?,

The research reported in this thesis uses a high-speed camera to grab the images at
up to 4000/s, thus allowing for observation of high-speed vibrations. This research
uses a high-speed camera in conjunction with new algorithms, and utilises the
captured images to produce a phase map of the high-speed displacement. The theory
behind this method leads to the calculation of the high-speed displacement of any

pixel at any instant in its recorded motion.

Table 1.3 shows some of the advantages and disadvantages of the above techniques

14



Can be selected for required

frequency

Method Advantages Disadvantages
Transducers Can be placed in awkward Must come in contact with
parts of a machine object
Broad frequency range Can only detect vibration on
specific area
Accelerometers

Limited dynamic range

Laser Doppler Vibrometers

No need for prior knowledge of

the object’s paramelers

Capable of high bandwiclihs

Complex

Expensive

ESPI Interpretation of the result not
Non contact immediate
Full field Setting up tinie quite long
Table 1.3 Advantages and disadvantages of vibrational measurcment techniques




1.4 Research Objective

When high-speed ESPI is used to measure rapid motions, such as vibrations,
traditional algorithms become obsolete, as it is not possible to grab images of the
movement using conventional cameras without loosing a lot of data. As a result
high-speed ESPI uses post process data analysis techniques. In order to produce a

phase map using high-speed ESPI new algorithms have had to be written.

The purpose of this research was the design, construction and testing of an
ESPI system for applications in vibration monitoring. The project aimed to produce
a system that is robust, compact and computer controlled. The technique developed,
uses a high-speed CCD camera in order to grab frames at a rate of up to 4000 frames
per second, thus minimizing the amount of data lost. The use of LabVIEW software
allowed for the set up to be integrated with a PC for both data acquisition and
analysis. New algorithins were developed to allow for post processing of the
gathered data. It was also essential that the system be made portable. This aspect is
important as a major disadvantage to these systems has been the need to bring the
test object to the laboratory and this has made industry reluctant to adopt these

techniques.

The plan for the project was to initially carry out a literature review in the areas of
ESPI and vibrations. Following this the system would be designed to comply with
the requirements discussed above. After extensive testing the system would be used

to obtain results for a specific application.

The next chapter deals with the fundamental aspects of ESPL.  Both the various

phase shifting algorithms as well as fringe analysis methods are examined.

16



CHAPTER 2 THEORY

2.1 Interferometry

Coherent sources have a very narrow frequency bandwidth and so produce waves
with a constant phase. If a coherent beam is split in two and these beams are
overlapped, then in order for complete cancellation of the beams to occur the
amplitudes of the superposing waves must be equal. If their phase difference is not
constant, at a certain point there may be reinforcement at one instant and
cancellation at the next. If these variations follow one another rapidly the effect is to

produce uniformity of fieid.

Interference occurs when two or more waves overlap in space. If 1; and I; are the
intensities of the two component waves and ¢, and ¢, are the corresponding phases

then A¢ is the phase difference, (¢1-02), the resultant intensity I is'®;
=1 +1, +2mcosA¢
Assuming that the components have equal amplitudes, I, = [ = [, and
I = 2Ip+2IpcosAd

= 1=2Ip{ 1+cosAd] Equation 2.1

17



dy -
Intensity
2n 4n  Phase
Difference
Figure 2.1 Graph of the intensity of the interference as a function of phase

Therefore, it A¢p = 2nw, where n=0,1,2,3..., maximum intensity occurs of 41, When
A¢=(2nt1) =, minimum intensity occurs at 0. Figure 2.1 shows a graph of the
resultant intensity as A¢ is varied. It can be seen that as the phase is changed the

intensity changes in a sinusoidal way.

Interferometers are very important measuring tools as they provide an accuracy to
the order of one wavelength of the light used® for fringe measurements. The
principal of interferometry is that a path difference between two coherent light

beams will produce an interference pattern of light and dark fringes.

18



The resulting fringes will be very close together unless the angle O between the two
beams is small. Many procedures for combining two wavefronts at such small
angles have been used. The Michelson interferometer is one such important
instrument, it achieved the first accurate measurement of the speed of light and its

configuration is shown in figure 2.2.

|: Screen
Beamsplitter
Ream 1
Laser
Translatabie
Mirror
Beam 2
7 T Minor
Figure 2.2 A typical Michclson Interferometer'

In figure 2.2 it can be seen that the light from the laser first strikes the beamsplitter
dividing it into two equal amplitude beams: a transmitted one, Beam !, and a
reflected one, Beam 2. It is here assumed that the back surface of the beam splitter is
the coated surface. Beam | travels to the translatable mirror of the interferometer,
which can translate back and forth in order to provide a desired path length
difference, between the paths travelled by Beams 1 and 2. Beam 1 reflects off of the
translation mirror and travels back to the beam splitter, where it is split into two
equal amplitude beams. The beam to be measured is the one that reflects off the

beam splitter and travels to the screen’.

19



Beam 2 travels from the beam splitter to the "tilt" mirror. In the interferometer this
mirror can only be rotated about its vertical axis. The beam then reflects from the
tilt mirror and travels back to the beam splitter. At the beam splitter, Beam 2 is
divided into equal amplitude reflected and transmitted beams, with the transmitted
beam travelling to the screen where it interferes with the Beam 1 forming a fringe

pattern.

There are many types of interferometers, however, the type used in this research is
an electronic speckle pattern interferometer. The theory of speckle and how it can

be utilised to create an interferometry system is now discussed.

2.2 The Speckle Effect

The coherence of laser light leads to the appearance of the phenomenon of speckle,
that is, the grainy appearance of a scattering surface when illuminated by coherent
light. In order for the speckle effect to occur the surface must be optically rough.
This means that the roughness of the surface must be in the order of, or greater than
the wavelength of the light illuminating it. The speckle effect arises due to the
interference that occurs between the light rays as they are scattered by different

points on the surface.

In order to find a representative value for the speckle size, consider figure 2.3:

Y Laser Light

N z p S

Figure 2.3 Formation of Objective Speckle

20



Here, over an area of cross section D, a laser illuminates an optically rough surface.
The speckle pattern is formed a distance z from the object at a screen S. Only the

intensity variations along the y-direction will be considered.

When two points on a speckle pattern are close their intensities will be closely
related. As the distance between them increases they become gradually unrelated.
The correlation function, R, gives the relationship of the intensities as a function of
the distance between them. Taking <I> as the mean intensity and the distance as
zero
R = <>

The distance at which the intensities become unrelated provides an estimate for the
size of the speckles. For a surface of dimensions DxD illuminated by a uniform

beam, the average size of a speckle is found to be

where z is the distance between the viewing and object planes.

Figure 2.4 illustrates a coherent beam from a laser diode illuminating the rough

surface of an object resulting in a speckle pattern.

Plane of
Speckle
Pattern

Object

Figure 2.4 Formation of speckle pattern

21



1.2.1 Speckle size

The speckle size is an extremely important characteristic of the pattern. This is due
to the fact that when imaging a speckle pattern onto a CCD array, optimum fringe
quality is achieved when the speckle size is equal to that of one pixel on the CCD

array.

When no lens is used the observed pattern is termed an objective speckle pattern and
the size of the speckles depends on the aperture used and the wavelength of the faser.
However, since a lens is used in this case, this pattern is termed subjective speckle
and so the aperture of the lens is the important variable, the size of the speckles

being inversely proportional to the size of the aperture.

2.3 Electronic Speckle Pattern Interferometry

As stated previously, when two coherent light sources overlap an interference
pattern is observed. Within an in-plane ESPI system the beam from the laser is split
into two parts, I) and I, of equal intensity. Each one is guided to the object where
they form two independent speckle patterns, these patterns interfere to form a
resultant speckle pattern. ESPI uses a CCD camera to acquire the images and
computer software with a frame grabber to record an image of this first resultant
speckie pattern. When the object is displaced a phase change is introduced between
the two beams and this leads to a change in the intensity of the interference pattern.
This second resultant speckle pattern is subsequently grabbed by the CCD camera
and saved. The PC then correlates these speckle patterns to form a fringe pattern,
whose appearance, i.e. spatial frequency and orientation, represents the surface

displacement.

22



Figure 2.5 illustrates the speckle pattern both before and afier the induced

phase shift and the fringe pattern, which results from correlation.

Figure 2.5

(a) — Resultant Speckle Pattern
(b) — Resultant Speckle pattern after phase change

(c) — Fringe Pattern resulting from correlation

2.4 Correlation Fringes

T
S Immage Plane
) _
l“
/ >
": ——
Lens
5
Figure 2.6 Michelson out-of-plane sysiein

On recombination at the beamsplitter the two wavefronts scattered from S; and S,
interfere and the result is recorded at the image plane of the lens, see Figure 2.6.

The intensity distribution in this image plane is given by

23



[ =1 +1,+2JI1, cosp Equation 2.2
where ¢ is random, 1.e. it depends on the surface height variations, and therefore the

resultant intensity varies for each point across the surface.

When S, is displaced a distance d normal to the surface, i.e. out-of-plane, a phase

change A¢ arises

4d
Agp=—
/ A
this changes the intensity at the point to
I'=1 +1, +2\/H]2 cos(p + Ag) Equation 2.3

In order to gain an expression for the fringes equations 2.2 and 2.3 are substituted

into the correlation coefficient’ p(Ad) yielding;

p(A ¢) = %(cos Ag) Equation 2.4
By correlation of [ and I' it can be shown that when

Unity = Ad = 2nn = p(Ag) =1 = max correlation = bright fringe

Zero> Ap=02n+ 1)n = p(A¢) =0 = mincorrelation = dark fringe

The variation in correlation represents the change in the displacement of the object
surface. When there is no displacement, maximum correlation occurs and a bright

fringe is observed; a dark fringe is seen when minimum correlation occurs.

This correlation process can be carried out using subtraction and rectification.
Subtracting the initial speckle pattern (Equation 2.3} from the second speckle pattern
(Equation 2.2) and rectifying the result produces an image whose intensity I, at any

point (x,y) is given by
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Y
I= 4{[011( sin z(gﬁ +%A¢]sin ? %Agﬁ} Equation 2.5

It is important to note that substituting 2n7t now yields a dark fringe and (2n + )=
results in a bright fringe. However, for analysis purposes equations 2.4 and 2.5
represent the same thing, as it is only the relative surface displacement that is of

interest.

2.4.1 Fringe Analysis

When ESPI is performed on an object the result is the construction of a fringe
pattern which represents the displacement. The resulting fringe pattern can be used
to observe cracks or anomalies in structures, to measure deformations and analyse
stress. This can be either a qualitative or a quantitative procedure. Qualitative
analysis can be carried out on these patterns using visual inspection and this can
sometimes be sufficient as in the case of crack detection. However, with the
decreasing cost of digital imaging equipment, digital fringe analysis techniques have

been developed to relatively high levels, allowing for accurate quantitative analysis.

Figure 2.7 shows a theoretical pattern of displacement fringes. The fringes are first

counted as shown.

Note: These are square waves but arc only used
here to illustrate the method for counting the
number of fringes obtained

Figure 2.7 A pattern of displacement fringes and its waveform
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The number of fringes, N, is used to calculate the relative displacement between any
two points on the surface which caused the fringe pattern to form. In the case of an
in-plane displacement:

P
2siné

d is the displacement / m
A 1s the wavelength / m

0 represents the angle between the beams

For example, if there were two fringes formed between two points on the surface
and the angle between the two beams, A of 785nm, was measured at 30° then d is

calculated as

= 2(785x10 7) _1.57x10°
2(sin 30) 2(0.5)

=1.57

There are some inherent disadvantages to this method however. Unless the zero
order is known and the motion of the fringes can be observed, the direction of, and
the exact value of, the displacement cannot be calculated. Also, the process is based
on accurate counting of the fringes. In reality the fringes are relatively noisy, due to
the nature of speckle, making it quite difficult to locate the centre of the fringes
accurately. At best a resolution of up to A/10 is achievable using the fringe counting

method.

To counteract this disadvantage phase fringes can be used in place of the
displacement fringes. There are a number of ways to do this including phase
shifting and various Fourier methods which have the advantage of only requiring a

single pattern'®,
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2.4.1.1 Phase Shifting Methods

Phase shifting methods involve generation of a modulo 27 phase map such as the

one shown in figure 2.8.

2n —
P
h
a
s
e
Position
(a) Modulo 2w phase map (b) Ramped profile of fringes from section of phase map
Figure 2.8 Wrapped Phase Map

By inspection, it can be seen that accurate location of the peaks is significantly
easier than with the displacement fringes. With displacement fringes the error can
be in the order of half a fringe whercas with phase maps the error is significantly

reduced. Under optimum conditions resolutions of A/100 are now possible.

However, this method does pose its own problems in that the formation of a phase
map requires introducing accurately controlled phase shifts between the
interferometer beams. Furthermore, to gain an absolute displacement map the
wrapped map must be unwrapped, as illustrated in figure 2.9. This requires the

detection and removal of the 27t jumps.

There are various methods which can be used to introduce the required phase shift
into the system. They include modulation of the laser or introducing a controlled
movement into one of the beams by, for example, attaching a PZT to one of the

mirrors int the interferometer.
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Position

Figure 2.9 Unwrapped Phase Map

2.5 In-plane displacement sensitive interferometers

The set-up in figure 2.10 gives rise to fringes which are sensitive to in-plane
displacements, i.e. along the x; direction. Two plane wavefronts, I, and I, are
inclined at opposite and equal angles, 6, to the x;-axis surface normal. These

wavefronts illuminate the object, which lies in the x,, x3 plane.
T I
<k

X]A

/v |

Figure 2.10 In-plane displacement set up

A displacement, dy, of the surface along the x, direction causes a relative phase
change between these two beams. This phase change, A¢, can be expressed by the

equation®

Ag =47”d2 sin &



Since the relative phase of the wavefronts is constant over planes parallel to the x;x3-
plane, the displacement components d, and d; which lie in those planes, wiil
introduce no phase change.  Therefore, in the presence of out-of-plane
displacements, this type of interferometer allows in-plane displacement distributions

to be observed independently.

2.6 Out-of-Plane Sensitive Interferometers

The out-of-plane set-up, as shown in figure 2.11, can be briefly described as follows.
A laser beam 1is split into two, with one of the beams, the object beam, used to
illuminate the object. A CCD camera is then used to view the illuminated object.
The other beam, which is called the reference beam, is directed in such a way that it
intersects the line of view between the object and video camera. At that point, a
semi-silvered mirror is used to deflect the reference beam into the camera causing it
to combine with the light reflected from the object. Due to the monochromatic
properties of the laser light, the object and reference beam interfere to produce a
unique resultant speckle pattern. Any out of plane displacement of the object will
introduce a phase shift between the object and reference beam with in turn results in
a change in intensity in the resultant speckle pattern. By correlating the two
resultant speckle patterns a fringe pattern which represents the out of plane
movement can be obtained. It is also possible to combine both the in plane and the
out of plane methods to produce a dual ESPI system, i.e. one which is capable of

measuring motions in both directions.

Y
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e e 3
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Figure 2.11 Out-of-plane displacement set up
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2.7 Phase-Shifting

Phase shifting interferometry can be used to obtain the phase distribution, the phase
map, of an object wave from a sequence of interference patterns. The object wave
can also contain information about any phase object, such as the quality of an optical
element, or a fluid property distribution.

An interferogram can be represented by the following equation®:

I(x, )= 1(x, )t +n(x, y)cosldlx, y)+ Ad(x, y)]}

Here (x,y) refers to each pixel in the pattern, 1 is the recorded intensity, I is
the average intensity of the object plus the reference beam, 1 is the fringe contrast, 6
is the phase of the object wave, and A¢ is the relative phase between the object and
reference waves. If Ad can be controlled, and if T and ) can be stabilised so they
don't change, then several frames of the pattern can be recorded and used to
calculate the object wave phase distribution 8. The frames will differ from each

other only by the value of Ad'".
When two mutually coherent light beams are superimposed an interference pattern is

observed. The resulting intensity, I, at any point (x,y) in this pattern can be
described by

I=1,+1,+2./I.I, cos(Ag)

When the object is then displaced, by an amount which is suitably small leaving 1; +

I, unchanged and only changing ¢ by 6, equation 3.5 becomes

I'=1+1,+211, cos(Ag + 5)
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2.7.1 Phase Shifting Algorithms

In its infancy ESPI was not widely used in industry because it had very little
practical application. However, with the developments in phase shifting and
unwrapping algorithms, CCD technology and image processing, the ESPI technique

has become a common optical method for deformation testing.

Several techniques have been developed which shift the phase of one beam
with respect to the other and measure the intensity of the resulting pattern at relative

phase steps. In this section a number of these techniques are outlined.

Credit for the first publication on phase shifting interferometry (PSI) is
usually given to Carré (1966)". However, the algorithm itself is no longer widely

used due to the introduction of large errors arising from phase shifting nonlinearities.

Here, knowledge of the phase shift between consecutive frames is not
required as long as phase steps are constant. Usually a phase shift of o between

frames resulting in the following

[,=0
1, =211 +cos(Ag +a)]
1, =211+ cos(Ag +22)]

1, =211+ cos(Ag +3a)]

This yields

a=2tan” (0, =1,)-(-1,) Equation 2.9
(12 _]3)+(]1 _14)
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Equation 2.9 is known as the Carré algorithm. This algorithm is useful as the
specific value used for the phase step is unimportant, provided that the shift is
constant between frames. However, as previously stated, it has limitations with

respect to error that are important.

Another such algorithm is known as the four-bucket algorithm, which can be
used to map the phase of an object at rest. This is achieved by recording a series of
frames with the object at rest but with various phase shifts. Let ¢ represent the
initial random speckle phase. The four phase steps are: 0, n/2, m and 3n/2

respectively. The resulting equations are as follows:

I, =1, +1,+2(II, cos{(Ag)
I =5+ 1+ 21, cos{Ag +7/2)

I_=1+1,+21,1, cos(Ap + )

I, =1 +1,+2J11, cos(Ad+3r/2)

The phase at each point can thus be given by the expression™:

Ag = tan™ B T Equation 2.8
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Equation 2.8 is known as the 4-bucket algorithm. This results in a phase map of the
surface under observation. There is a variance on this called the 5-bucket algorithm
which achieves the same aim as the 4-bucket algorithm, but requires one extra phase
shift. The more images taken the more accurate the result, however this depends on
the phase steps being accurately controlled. For this reason the algorithm devised

for this research was termed the 5-frame technique to avoid confusion.

An alternative algorithm, devised in 1998, was introduced by Angel and Wizinowich
and was termed the (2+1} algorithm. This technique deals with errors which result
from unwanted vibrations. Here, two patterns are quickly recorded and a third is

taken which is the average of the initial two. The steps are, therefore, 0, -n/2, and 0,

1. The frames are as follows:

1, =1,[1+pcos Ag)

I, = 10[1 +¢COS(A¢ZH =1 [l +psin Ag]

1= A1+ peosagle— i, i+ peos(ag + )=

This gives

Ag= tan'(ff ?] Equation 2.10

1 3

In order to obtain the first two images this approach utilises the interline transfer
CCD. In such a CCD there is a storage pixel adjacent to each photosite. While the
photosites are integrating the light, the storage pixels produce the video signal. The
storage sites are now empty and free to collect the next, rapidly acquired, video
signal'”.

There are limitations, however, to this method. It is susceptible to errors due

to the decreased number of data frames taken.



The minimum number of images required to reconstruct the wavefront is three®. The
three-frame technique is based on this premise, which, using o values of n/4, 3n/4

and 5n/4, the patterns can be represented by;

I, = Io[l +gocos(A¢+ﬂﬂ =1, 1+ggﬂ(cosA¢ —sin Ag)

- .
1, =1, 1+¢00{A¢+3EJ =1, 1+{%¢(—003A¢—sinA¢)

- - -
I, =1 I+gocos(/_\¢+ 57{)]:[0 1+g¢(cosA¢+sin Ag)

Ag = tan"'[j’r3 _J{ZJ Equation 2.11

The five-frame technique was designed in an effort to minimise the possibility that
the numerator and denominator could be zero. It, therefore, has less sensitivity to
errors. This algorithm uses five frames which are 90 degrees apart, so the phase

shifts are -m, -n/2, 0, 7/2 and m. The five frames can be expressed as follows:

I, =1[1+pcos(Ad-7)]=I,[l + pcosAg]
I, = 1{1 +¢c0{A¢ZH =1,[1 +@sin Ag]
I, =1 Ji+pcosAy]

I, = 1(,[1 +goco{A¢+ %ﬂ = 1,[1- psin Ag]

I, = ]O[I+<pcos(/_\¢ +7r)]:[0[lf¢)cosA¢]
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The phase is, therefore, given by the expression:

Ag=tan™ AL-1) Equation 2,12
20— 1,1,

Another class of algorithm used is the (N+{}-frame technique. This procedure has
phase shifts 2mi/N, similar to the synchronous detection method, with one extra
frame having a 2r phase shift with respect to the initial frame, i.e. the last frame and
the first frames are identical assuming zero phase shifting error. An example of this

approach is the seven-frame version.

'\/5(]24_[3—]5 _[6)+(]?_]l)/£

S I N R N B B T P

Ag = tan™! { J Equation 2.13

Finally, an algorithm® was developed for large structures which could not be isolated
from air turbulence and vibrations. It involves the use of many frames with random
phase shifts between 0 and 2n. For each new frame the minimum and maximum
intensity values can then be used to calculate Iy at each point. In this case:

Ag=cos™ (ﬁj Equation 2.14

L

where,
I; = intensity data frame with phase shifl ¢;

I +7

I — T max min
e = ——————

2
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Due to the nature of arctangent calculations, the equations presented are sufficient

only for modulo 7 calculation. In order to determine the phase modulo 2r, the signs

of quantities proportional to sing and cos$ must be examined. Table 2.1° shows how

the phase is determined.

Quadrant sinAd cosAd Adjusted Adjusted Range of
OPD Phase Phase Values

1 >0 >{ OPD Ad 0—>n/2
2 >0 <0 A2-OPD n-Ad /2w
3 <0 <0 OPD+A/2 Ad+w n—37/2
4 <0 >0 A-OPD 2n-Ad 3nf2—2n
1,2 >0 =0 Ald /2 n/2

23 =0 <0 A2 T L

3.4 <0 ={) 3IA/4 3n/2 In/2

4.1 =0 >0 0 0 0

Table 2.1 Determination of phase. modulo 2n

The removal of phase ambiguities is generally called phase unwrapping, and is

sometimes known as integrating the phase. Phase unwrapping yields an unwrapped

phase map and this process will now be explored.
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2.8 Phase Unwrapping
The phase shifting and Fourier transform techniques both yield a phase map which is
referred to as a wrapped phase map. These maps must be unwrapped to gain

absolute phase maps and this unwrapping process involves the removal of the 2n

steps.

The key to this process is the accurate detection of the 2w phase jumps. The
fundamental approach for processing a wrapped map involves sequentially scanning
cach horizontal line of the digital image to find abrupt phase changes between 2n
and 0 or vice versa at the edge of the fringes. Once these jumps have been
identified, an offset, which is a muitiple of 2x, is either added or subtracted to the

phase value of the appropriate pixel.

The technique relies on locating the fringe edges, therefore, any noise at the edges
can seriously inhibit the process. Discontinuities hidden in the speckle noise can
cause phase jumps to be neglected or offsets to be added/subtracted at incorrect
locations. 1t is, therefore, important to ensure that all pixels in the mput image

contain information.

29 Summery

The various algorithms, which have traditionally been used for deformation testing,
have been outlined in section 2.7.1. It can be seen that these methods cannot be used
for high-speed motions, as they require the system to record the latter images whilst
the object is moving. As a result an algorithm must be generated which will not
have this requirement. The new algorithm must allow the recording of the data

whilst the object is moving at relatively high speeds.

The system must allow for this by the design of software, which will carry out this
data recording and store it for post process. It must also be portable, robust and as
compact as possible. In chapter 3 the design of this system will be investigated as

well as the methods used for its calibration and use with an application.
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CHAPTER 3 EXPERIMENTAL

3.1 Set-up for ESPI Systems
1.1.1 3.1.1 In-Plane
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Figure 3.1 In-plane ESPI System

The objective of this part of the research was to set up, calibrate and test an in-plane
ESPI system. After calibration the system was used for quantitative displacement
measurement by using both the fringe counting and the phase shifting methods. In
the system set up, as shown in figure 3.1, a beam is directed from a laser diode
towards a beamsplitter where it is divided in two. These two beams are

subsequently directed, using a system of mirrors, towards an optically rough surface.
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Changing the injection current or the temperature of the action region of a laser
diode can achieve direct frequency modulation of the laser diode®®. This produces a
variation in the wavelength thus yielding a phase change between the two beams in
the interferometer, which is proportional to the given difference of the wavelength
and the optical path difference. As the reference phase is dependant upon the optical

path difference, the latter must be controlled carefully.

Each beam creates a speckle pattern on the surface and when these patterns interfere
a resultant interference pattern is observed. When the object is displaced fringe
patterns are formed by correlating the images taken before and after, as described in
section 2.3. However for this to occur the system was first optimised to obtain

maximum speckle contrast.

This optimisation means ensuring that the beams are of equal intensity, the same
polarisation state and overlap as much as possible. The computer monitor displays a
live image of the resultant pattern and this can be used to maximise overlap. A
small polariser was placed in the set up as shown to control the intensity of one of

the beams.

It 1s also important to control the speckie size as the best contrast occurs when the
speckle size is in the order of a single pixel on the CCD array. Closing the camera
aperture down increases the speckle size accordingly, as explained in Chapter 2.
The maximum dynamic range (i.e. the ratio of the highest (brightest) signal which
can be recorded to the lowest (darkest) signal) must be used in order to achieve
maximum contrast. This is achieved by maxtmising the intensity by opening the
camera aperture. However; there is a trade off between optimising the speckle size
and maximising the intensity. It is also important not to open the aperture too much

thus allowing too much light into the camera and saturating the image.
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As mentioned in Chapter 2, ESPI differs from speckle photography in that it is a
change in speckle intensity and not position that is correlated before and after the
object is displaced. However, when the object moves the speckle do indeed displace
but as long as this displacement is less that the size of a speckle, intensity correlation
is still possible. However decorrelation occurs when the speckle moves too far i.e. if
the motion of the speckle is greater than the speckle size. Assuming the speckle size
is in the order of a pixel (10um) then that is the maximum a speckle in the image
plane can be displaced before total decorrelation occurs. The speckle size is
controlled by the wavelength of the incident light as well as the imaging system
used. To increase speckle size, the aperture size must be reduced, but this can

prevent much of the laser light from reaching the CCD camera array.

When using continuous wave lasers, in the set ups, ESPI imposes very stringent
stability requirements as rigid body motion between exposures must be kept to a
fraction of the wavelength of the laser light. All components must be attached to the
optical table as securely as possible. Microbench (Spindler & Hoyer) components
were used along with magnetic stands to ensure the set up was as stable as possible.
Environmental stability is also important and with this in mind thermal drift was

minimised.

In the case of the out-of-planc systems the same criteria apply but in this system
microbench was not used in order to improve flexibility. To maximise stability the
laser diode was left on for long periods of time prior to commencement of all
experiments. It was also important to remove from the optical table all pieces of

apparatus that were to be manually controtled.

3.2  In-plane Calibrations

The system was calibrated using two imaging systems. Firstly, a conventional CCD
camera was used at a recording rate of 25 frames per second. The same system was
then calibrated using a high-speed camera, which can operate at speeds up to 4000

frames per second.
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3.2.1 “Conventional” Camera

The object used was an optically rough disc mounted on a rotational stage. The
stage was rotated through accurately defined angles and speed by a motorised
micrometer with an optical encoder, which enabled the total translation to be
displayed. The translation was then converted into a rotational angle. This allows
for calculation of displacement at any point on the disc. Each 1.0 um on the encoder
corresponds to the object being rotated through 22.4 arc seconds. This disc is

illustrated in figure 3.2.

y
dy P’

-

/'

Rotating

Figure 3.2 Rotating Disc

The in-plane system is only sensitive to displacements in the x direction so dx, the

displacement in the x-direction, is found by looking at the motion of a point P to P’

After a clockwise rotation of © the point P moves to P’. The displacement in the x
direction is given by dx = rsinf. The displacement in the y direction is given by

dy = r-rcos0.
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In order to calibrate the set up the illumination angle 6, (see figure 3.1), was set at
19.5 degrees, measured trigonometrically. A known area of the rotational disc was

illuminated and imaged.

The displacement in the x-direction was calculated at ten equally spaced points
along the radius of the disc. A reference image was captured and then the disc
rotated by a known amount and a subsequent image was then taken; this procedure
was repeated for several rotations of the disc. Using, x = rsin8, the displacements
were calculated and these can be compared to the theoretical data calculated using
equation 3.1. Since numerous tests are carried out to reduce the error in N, it is
assumed that the major error in these calculations arises from the calculation of 6,
for this reason the value for the illumination angle is corrected. If the beams were
well collimated 6 would not have a range of values, but that is not the circumstance
here; in this case the value of 6 varies slightly with distance from the centre, making

the set up more sensitive to out of plane motion.

Je NA
28in@

Equation 3.1

3.2.2 High-Speed Camera

When the speed of rotation is increased the high-speed camera must be used in order
to overcome the problem of decorrelation. A frequency doubled yttrium vanadate
laser was used in conjunction with the conventional camera. When using the
conventional camera the data is captured in near real time, however, when it is
required that the system is used to measure movements at a high frequency this is
not suitable as the camera can not record enough data. The sofiware used,
ESPltest®, limits the camera to acquiring images at a rate of 12 frames per second
and thus much of the important potential data is lost. In order to capture as much of
the movement of the object as possible a high-speed camera was used which can

capture images at a rate of up to 4000 frames per second.
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The ESPI system uses data acquisition hardware and frame grabber software to

gather and save the data.

As part of this research, an alternative program was

designed which controls the data acquisition and analysis allowing the user to

interpret it more easily. It allows the user control, via the front panel, of parameters

such as the number of frames to be used, whether or not the software will carry out

an array subtraction or an image subtraction as well as various filter functions such

as stretch and contrast. The user can also use the front panel as illustrated in figure

3.3, to view data such as the current frame.

Number of Frames
Non Number of frames to be used, which
¥ < represents a specific time period
Timedelay ms multiple
400 600
Py Controls the speed at which the images
200~ -e00 < are displayed
4 ~
g 1000
4130
Display Current Frame Allows the user to view the frame
J OFF < currently being used by the program
Frames _p“ Second Here the user can control the frame
:_.1‘ 500 < rate used by the program
Curvent Time/s ﬂwsc' indicators show the user dlala
: < regarding the frame currently being
10.0000 used by the software
Current Frame .
i Allows user to control filtering processes
0 ¢
Subtraction Filtering i e
Array Subtraction Stretch o ON C’) OFF
-» ON
J Eﬁad“— it Contrast

Figure 3.3

Front Panel of Program

43



When the conventional camera was replaced by the high-speed camera slight
adjustments have to be made to the optical set up, including changing the lens. Also,
due to the fact that the high-speed camera is recording at a high frame rate, its
exposure time is reduced. This changed the set up slightly, and therefore, changed

the angle of incidence leading to the need to recalibrate the system.

The apparatus was set up as shown in Figure 3.1. The high-speed camera software
was run and the camera focused. A mark was ptaced on the centre of the disk and at
a fixed distance from the centre of the dis¢c (23mm). The laser was turned on and the
set up manipulated until the two beams overlapped at equal intensities. The encoder
was turned on at a known velocity and the camera program set to record; the data
was then saved as bitmap images. The LabVIEW program was run and a speckle
pattern was obtained and shown via the front panel. This was repeated for various
“numbers of frames” and the resulting fringe patterns saved. This procedure was
repeated for various velocities of the decoder and various recording rates of the
camera. This technique is a post process method and this has some disadvantages; it
is not possible to see the fringes forming in real time so it is not possible tell when
decorrelation occurs. The process does not allow for stopping the procedure part

way through; it must be completed and the results processed later.
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If, for example, the encoder was set at a velocity of 40pum/s, the camera at a record
rate of 250 frames per second and the LabVIEW program set at “I5 frames” and r

measured as 23mm, then,

15 frames = 0.06s, this is the length of time between the first and last image
250 frames/ s
and at velocity of 40pum/s

= (0.06)(40) = 2.4 um

The encoder has a linear velocity of 2.4pm/s which corresponds to an angular

velocity of the disc of 1.43x107 degrees per second,

As each micron on the encoder corresponds to 22.4 arc seconds (6.22x1 0 degrees)

G=(2.4um)x (6.22x 1 0 degrees) as shown in figure 3.2

Then, as with the conventional camera calculations,

x =r.SinD
So,
Sin@ = X
0.023
Sinfl.43x1072|= —
0.023

x =6.00um
This calculated value was then compared to that measured by the ESPI system in

order to calibrate the set up and this was repeated a numer of times at various speeds

to show that the system was calibrated for any chosen speed.
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3.2.3 Phase-Shift Calibrations

Phase fringes represent the phase change, in the range 0 and 2r. As previously
stated changing the injection current of the action region of a laser diode can achieve
direct frequency modulation of the taser diode. In order to use phase fringes to
calibrate the system using the conventional camera, ESPItest® sofiware was used.
This software calculates the voltage required for a phase shift of 2z, and results in
both wrapped and unwrapped patterns. ESPTtest® was designed to correlate resultant
speckle patterns in near real time®*. The camera grabs images at a rate of 25 frames
per second, however, the parameters of the software limit this to 12 frames. The
program allows for the calculation of the 2r voltage by plotting the modulation of

the laser at 16 chosen pixels.

The user can then choose one of these sinusoidal plots to calculate the voltage

necessary to carry out the 7/2 step required by the phase shifting algorithms.

For an in-plane system'

2dS5iné
A

E

X LT

where,

A¢ represents the phase change
d is the displacement

0 is the angle of illumination

A , wavelength

Since each phase fringe represents a phase shift of 21

_ 2dSind
2

=>N

where N is the number of phase fringes for the displacement d.
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3.2  Phase-Shifting Algorithms

LabVIEW programs were written and developed to carry out phase shifting,
(Appendix 1). Tt was necessary to design and utilise algorithms that are able to cope
with the high speed nature of the motions under investigation. The first one
implemented the 4-Bucket algorithm calculating a value for ¢ for the object at rest.
The second looked at calculation of the phase shift, which resulted after the

displacement of the object (¢+5). A final program was designed which calculates

the resultant phase shift 8, by subtraction.

A step-by-step approach was used to ensure that the programs were working
correctly.  Firstly the programs were tested using ideal fringe patterns generated in
LabVIEW. The patterns created were phase stepped by exactly n/2 and appeared as
vertical fringes, they had a sinusoidal profile, were parallel and equally spaced. The
phase shift was simulated by the user of the software by inputting the desired phase
into the front panel of the software. Each image was then saved to the PC and
subsequently used in the LabVIEW program designed to carry out the phase shifting

algorithm. The wrapped phase map was then generated as illustrated in figure 3.6.

When it was confirmed that the program worked as anticipated the step-by-step
approach was used with fringe patterns recorded from a Michelson interferometer to
ensure that it could process actual experimental data. The software worked correctly

thus allowing for the more noisy ESPI fringes to be used.

33.1 4-Bucket Algorithm

In order to obtain a phase map of the object, using this algorithm, four frames were
recorded. These frames were taken at phase shifts of 0, n/2, ® and 3n/2 respectively,
see equation 2.8. After the software was designed it was tested, and in order to do
this a program was written which results in four “ideal” fringe patterns, i.e. perfect
fringe patterns with no noise. The phase map which is shown in figure 3.4 illustrates
the resulting phase map. These patterns were then used within the software to

ensure it worked correctly.
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Figure 3.4 Data from software when using four “ideal” fringe patterns

Once the software was tested it was used in conjunction with experimental data. A
Michelson interferometer was constructed to test the software using actual fringe
patterns, see figure 3.5, but which are less noisy than speckle patterns. This was
done to ensure that the software could work with actual experimental data and was
not restricted to use with ideal patterns. If one of the mirrors in a Michelson
interferometer is tilted, parallel fringes with a uniform spatial frequency across the
field are observed. When a phase shift is introduced a phase map can be calculated,

this map has an identical number of fringes to the pattern which is seen.

As states in section 3.2.3 the method of phase shifting, which was used initially,
involved changing the laser wavelength, by modulating the laser current. Later a
PZT was attached to one of the mirrors in the system and a controlied voltage placed
across it. A mirror was tilted to form the fringes and then the PZT was used to phase

shift. In this way the mirror could be displaced in a controlled manner.

43



Figure 3.5 Data irom software when using four Michelson fringe patterns

Figure 3.5 illustrates the resulting wrapped phase maps obtained from the Michelson
set up. For illustration purposes a section through the sample, perpendicular to the
fringes, has been taken and plotted horizontally. Tt can be seen that the desired
ramped fringes have been obtained and as such it shows that this program was a

viable way of obtaining phase data from an object at rest.
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Figure 3.6 Data from software when using four ESPI patterns

In figure 3.6 the first image shows the displacement fringes as obtained through
subtraction and rectification {correlation). The second image is the phase map
obtained from the 4-bucket algorithm, which is caused from the same displacement,
it can be seen that they correspond. The final image in this figure illustrates the
graphical representation of the wrapped phase map, note that for illustration
purposes a vertical section through the sample has been taken and plotted

horizontally, again the ramped nature of the map can be clearly seen.
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3.3.2 5-Frame Algorithm

The 4-Bucket method becomes redundant when measuring high frequency
vibrations. This is due to the fact that acquiring the latter four images becomes
impossible, as the object is moving. As a result another algorithm was designed to

overcome this problem.

The intensity that results when two mutually coherent light beams superimpose is

I=1+1, +mcosA¢

Several images are recorded for an object at rest with a constant phase shift between
them, Looking at a case where the initial phase is $+6, where ¢ is the random
speckle phase and -8 the subsequent phase change at x,y due to the motion of the

object®.

The initial frames recorded, while the object is at rest can be represented by

I, =1 +1,+2J1 I, cos(Ag+ &)
Ly =5+ 1+ 2, cos(A¢ +8 +%)
I =1 +1,+2JI1, cos(Ap+ 6 +7)

L, =1+ 1+ 211, COS(A¢+5+3%)

The object is then set in motion and several frames recorded, any one of those

frames can then be used as I’, which is represented as follows

I'=1+1,+2JI I, cosg

Each of the previous equations are then subtracted from this, which in turn gives

51



1, = 2,/L,1, [cos ¢ — cos(Ag + 5))]

I, =251, :c05¢~cos(A¢+6+%)]
I, =211, [cos¢—cos(A¢+5+7r)]
I, =211, ;:os¢—cos(A¢+5+3%)]

1,1,

=tanlAg+7S
Lt an(ag o)

So this 5-image algorithm uses the same four phase-stepped images as its
predecessor, however, it only requires one image, I’, to be recorded after the object
begins to move. The high-speed camera grabs up to 4000 images per second. Any
one of these can be used as I’ in the algorithm giving values for & at every point, at
any instant of the motion of the object as long as decorrelation does not occur. Since
the 4-Bucket algorithm has been used to calculate the value for ¢ a value for o can

now be found.

As with the previous algorithm this program was tested using “ideal” fringe patterns
generated by LabVIEW, see figure 3.7.

Resulting Phase

Map

Profile Plot

Figure 3.7 Data from software when using five “ideal” fringe patterns
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Again, it can be concluded that, as the software obtained wrapped phase maps, it is

reliable and so can be used in conjunction with experimental data from the
Michelson interferometer as shown in figure 3.8.

| Jﬁf\(f | .

Pixers -

ad

321

Figure 3.8 Data from software when using five Michelson fringe patterns

As with the 4-Bucket algorithm, it has been shown that this program is a feasible

way of obtaining phase data from an object. The set up can now be used with ESPT
patterns.

4-Bucket Algorithm

5-Frame Algorithm
{twice)

Figure 3.9 Data from software when using five ESPI patterns
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The phase maps illustrated in figure 3.9 were obtained when using ESPI patterns.
The first image illustrates what was achieved when the four-bucket algorithm was
used before and after the motion of the object and the resulting patterns subtracted.
The second 1image shows the result of the 5-image algorithm when recording at a
relatively high frame rate of 1000 frames per second. Both methods result in a
wrapped phase map which can then be used to calculate the motion of the object

under investigation.

3.4  Phase-Shifting using a PZT

All of the experimental data above was gathered using the modulation of the laser
diode to control the phase steps. This method, however, is not ideal for automation
in LabVIEW as calculating the required modulation of the laser diode is far more
complicated a method to automate than the motion of a PZT through the modulation

of its voltage supply.

Using the laser diode to modulate the phase only works when the path lengths are
not matched, in fact the larger the difference in path length the easier it is to
modulate. The PZT however, upon which one of the mirrors in the system was
mounted, was used to phase shift because not only is this new set up compatible with
the software of the high-speed camera but it also used a higher power laser. The
Jaser diode has an output power in the region of 150mW whereas the argon ion laser
has an output of SW. This higher power is required to increase the intensity so as to

gain a reading from the CCD camera as its exposure time is significantly reduced.

Figure 3.10 illustrates the flow diagram for the automated approach.
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Figure 3.10 The flow diagram for phase shifling
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3.4.1 PZT Calibration

A LabVIEW program, see figure 3.11, was written for purpose of calibrating the
PZT in order to use it to phase shift. The program requires the user to enter
parameters such as the number of frames to be processed, the increment by which
the voltage will be increased and the coordinates of the pixels under investigation.
Once communication has been established the program proceeds to increase the
voltage across the PZT by the set increment, see Appendix 1 for the block diagram
of the software. As the PZT is moved the frames are displayed on the monitor. For
each frame the program calculates the intensity at each of the given coordinates and
the program plots the intensity of the pixel under investigation against the frame

number.

Once the graphs are obtained they are each sent to a peak detector. This detector
finds any peak that is 25% of the magnitude of the maximum peak. The locations of
these peaks are then used to calculate the voltage required for a phase shift of n/2.

The PZT is now calibrated for use in any interferometric system.
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Figure 3.11

Front panel of calibration software

At first glance figure 3.11 seems to be a set of random plots. As stated in section

3.2.3 ESPItest® plots the modulation of 16 random pixels and the user utilises this

information to calculate the step.

Similarly, the LabVIEW program plots the

intensity of 12 pixels, coordinates controlled by the user, to generate the graphs

illustrated in figure 3.13. The reason why so many pixels are used comes from the

fact that there are invariably some bad or dead pixels in the pattern and it is

important to ensure that one of these is not used in the subsequent calculations.
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Using many plots atlows the user to disregard any which do not modulate, ESPItest®
uses a similar technique. However, when using ESPItest® the user must choose one
of the graphs and click on the peaks of the sinusoid. In the LabVIEW program the
software uses a peak detector to calculate the 7/2 value of the modulation for the
user, which means that the program is capable of locating peaks within a given
graph and to use its position in a subsequent calculation. All the user needs to do is
choose which plot to take the value from. The program also allows the user to set a
threshold value for the detection of the peaks within the sinuscids. Once this value

is calculated the algorithms can be used.

Once the voltage required for a phase shift of n/2 is known the set up can be used to
carry out phase shifting measurements. Figure 3.12 illustrates some of the patterns

from this method.

250 frames/scc
2.0pm movement

500 frames/sec
5.0 pm movement
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1000 fraines/sec
3.0 um movement

Figure 3.12 Wrapped Phase Maps resulting from 5-frames technique

3.4.2  Comparison between 4-Bucket and 5-Frame fechniques

The calibration process which was used previously (see section 3.2.3) is again
carried out, however, this time with wrapped patterns obtained from both the 4-
bucket and the 5-frame algorithms. In this way the two methods can be compared.
In the following chapter table 4.5 illustrates the fact that the errors calculated using
the 5-frame technique are less than those found with the 4-bucket algorithm due to
the fact that only 5 frames must be captured as opposed to the 8 required for the 4-

bucket method.
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3.5  Application

An out-of-plane ESPI system was built in order to view the radial expansion of a
clamped cylinder which is pumped with compressed air and hence expands and
contracts rapidly. The pressure in the cylinder can be varied between zero and 2.5
bar in steps of 0.1 bar. The rapid nature of the expansion and contraction of the
cylinder leads to the neccessity of using the high-speed camera to capture the

displacement.

The set up is shown in figure 3.13. Using a hologram within the system is not
necessary, however, it does mean that the optical alighment difficulties are
minimised. The hologram itself, acts like a beam combiner thus there is no need for
a separate beam-combining device as with conventional ESPI. Also there is an
added benefit of obtaining very good fringes with good contrast, which is of great

advantage when using the system for phase shifting.

The value for the voltage required for a phase shift of n/2 is calculated as described
in section 3.4.1. The four phase stepped images are recorded and saved to the PC.
Since it was not possible to use the PZT in this set up the phase shifting was carried
out using the modulation of the laser diode. After the initial four images were
recorded in that way the cylinder was pumped full of air and the camera set to record
the images at a frame rate of up to 4000 frames per second. Any one of these
images could then be used as the fifth image in the 5-frame algorithm thus allowing
for measurement of displacement of any point within the image at virtually any

instant in the motion of the ¢ylinder.

60



Target
Cylinder

Figure 3.13 Out-of-plane set up

Some examples of the wrapped phase maps obtained from the cylinder are shown in
figure 3.14. They illustrate the concentric fringe patterns obtained from the rapid
displacement of the cylinder. This system also has an advantage over conventional
ESPI because the framing rates are so high that low frequency thermal and
mechanical vibrations do not have such a great effect. The system also allows for
calculation of wrapped phase maps and their addition to achieve a complete wrapped
phase map. By calculating the phase maps for small changes and adding them
together one can calculate a phase map for a large change thus decreasing errors due

to decorrelation.
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Figure 3.14 Resultant Wrapped Phase Maps

The first image shown in figure 3.14 illustrates the formation of a few fringes after a
small time period had elapsed. The second image shows that more fringes are
formed as the compressed air leaves the cylinder. It can be seen that as the cylinder
relaxed the fringes became more closely spaced. In this way the contraction of the
cylinder can be observed qualitatively and can be quantitatively cailculated. The
fringes are seen to move into or out from the centre of the pattern depending on

whether the cylinder is being expanded or deflated.

The values of relaxation of the cylinder obtained can be compared to that calculated

from the following®™.:

2
E= N @-nt
(R —R) &

E = modulus of elasticity = 3.3 GN

R, = Internal radius of the cylinder = 15.6 cm
R, = External radius of the cylinder = 18.6 cm

8 = Angle between illumination and observation direction = 18.2°

P = Applied pressure
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v = Poisson's ratio = 0.333

NZ

AR
8t=—2 ,Where%:d:m

2

8 = Angle between illumination and observation direction = 18.2°

In this way it can be seen if the relaxation measured by the ESPI system was of the

order of what was expected.

The algorithm, which was previously tested and used in a high-speed ESPI system,
has now been used to test an object in an industrial type situation which was moving

at speeds beyond what conventional ESPI systems could measure.
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CHAPTER 4 RESULTS

4.1 In-plane Calibrations

4.1.1 Conventional Camera

The data in this section were gathered when calibrating the in-plane system using the
conventional camera. The results shown were taken from the displacement of a disc
whose motion is controlled and can be compared with the experimental data. The
experimental data is then corrected for errors in the measurement of the angle of
illumination. By looking at the modeled and experimental cases and calculating the
value required for 0, these values are then plotted as shown below in figure 4.1. The

accuracy of the method can then be measured by calculating the errors in the graph.

18.00 -
16.00
14.00
12.00
10.00 -
8.00
6.00
4.00
2.00

0.00 T T ‘
0.00 5.00 10.00 15.00 20.00

u Experimental
A Corrected
¢ ldeal

Calculated Displacement |/
microns

Object Displacement / microns

Figure 4.1 Graph of the x-displacement as a function of distance from center of disc

Using the slopes of the lines this set of experimental data has a percentage difference
of 1.56%. However, when the data is corrected for the error in the angle then this
difference is reduced to 0.22%. Also, in the experimental case the standard
deviation of the displacement is 5.41 and the deviation in the corrected case is 5.32,

implying that the corrected case varies less from the ideal case.
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In all of the graphs illustrated in this chapter a linear regression technique was used.
The legend in the above graph shows the plots of the experimental data, the data
corrected for any error in O and the ideal situation. Due to the fact that the beams
were not collimated the value of O depends on which point on the object is
considered and this results in the corrected lines on the graph diverging more and
more from the ideal as the extremities of the disc are reached this problem was

discussed in chapter 3.

4.1.2 High-Speed Camera

In these trials the velocity of the rotating disc is increased greatly thus making
conventional ESPI redundant and leading to the use of the high-speed camera. This
procedure was carried out many times, see appendix 2, in order to ensure that the

technique used remained suitable for all speeds.

Camera capturing images at a rate of 125 frames/s
The encoder has a linear velocity of 10um/s which corresponds to an angular

velocity of the disc of 6.22x107 degrees per second.

00
.00 A

.00 A
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00 < ldeal

N W A OO O N o ©

.00

Calculated Displacement / microns

0.00

0.00 3.00 6.00 9.00
Object Displacement/ microns

Figure 4.2 x-displacement as a function of distance from center of disc using high-speed camera
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This graph clearly shows the divergence of the experimental data from the ideal as
the distance from the center of the disc is increased. From this point on, only the

corrected data will be shown as all of the subsequent graphs will be corrected for 0.

Camera capturing images at a rate of 125 frames/s

Encoder linear velocity of 15pum/s, angular velocity 9.33x1 07 degrees per second
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Object Displacement / microns

Figure 4.3 x-displacement as a function of distance from center of disc using high-speed camera

Camera capturing images at a rate of 250 frames/s

Encoder linear velocity of 40pum/s, angular velocity 24.88x107 degrees per second
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Figure 4.4 x-displacement as a function of distance from center of disc using high-speed camera
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Camera capturing images at a rate of 1000 frames/s

Encoder linear velocity of 30pum/s, angular velocity 18.66x107 degrees per second
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Figure 4.5 x-displacement as a function of distance from center of disc using high-speed camera

Camera capturing images at a rate of 1000 frames/s

Encoder linear velocity of 40pum/s, angular velocity 24.88x107 degrees per second
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Figure 4.6 x-displacement as a function of distance from center of disc using high-speed camera
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Camera capturing images at a rate of 1000 frames/s

Encoder linear velocity of 45um/s, angular velocity 27.99x 10 degrees per second
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Figure 4.7 x-displacement as a function of distance from center of disc using high-speed camera

The graphs in figure 4.7 show some examples of the various velocities of the disc as
well as the various frame rates used to calibrate the system at high speeds. The
graphs are as expected in that they are linear and diverge from the ideal case as the

disc moves.
Table 4.1 illustrates the data recorded for the high-speed calibrations. The procedure

was carried out for various speeds and the calculations carried out in the same way

as with the conventional camera.
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Table 4.1

Experimental Corrected
Frame Speed and Standard Standard
Encoder Displacement ¥ error Deviation Yo error Deviation
125 frames/s 10pm 2381 2.84 1.84 278
125 frames/s 15pm 6.09 4.19 1.60 4,11
250 frames/s 40pm 3.20 5.63 1.47 5.55
1000 frames/s 30pm 6.37 1.57 1.35 1.52
1000 frames/s 40pm 2.79 5.57 2.65 5.55
1000 frames/s 45um 522 1.91 2.52 1.84

It has been shown here that the system has been calibrated for use with the high-
speed camera. The calibration was carried out at various velocities to show that
once the set up is calibrated the system can be used at all of the available frame
rates. The graphs show that the error does not change significantly when the
velocity is increased, again showing that the system is now set up to be used at all
frame rates. It is concluded that the system can now be used to calculate unknown
displacements in this way. When capturing images at higher frame rates the area
under investigation is smaller than at lower rates due to the need to maximize the
power output of the laser and memory restrictions, this accounts for slightly less

accurate results at the higher speeds.

As stated in chapter 3 the measurement of the displacement is more accurate when
using phase shifting. This premise will now be explored by calibrating the system
again but now using wrapped phase maps rather than the displacement fringes used

in this section.

4.2  Phase-Shifting Calibrations
The calibration process used in the above examples of the data gathered was used
again, however, in this case, phase shifting was used to generate the fringes under

investigation.

69




Calculated Displacement /um

Calculated Displacement / um

14.00 -
12.00 -
10.00 -
8.00 -
6.00 -
4.00 -
2.00 -

0.00

T T

4.00 6.00 8.0

Object Displacement /um

0

10.00

0.00 2.00

Figure 4.8

4.00 6.00 8.00 10.00
Object Displacement / pm

Calibration Curves resulting from phase fringes

70

12.00

14.00



Table 4.2

Experimental Corrected
Frame Speed and Standard Standard
% error % error .
Encoder Displacement Deviation Deviation
Trial 1 0.83 3.10 0.21 2,98
Trial 2 0.67 3.71 0.16 3.66

The above procedures show that this method for the observation and calculation of
displacements is an accurate techniqgue, as it results in an accurate calculation of the
displacement of the disc. It can be seen that the percentage errors are very low and
that, as expected, it is a more accurate method than using displacement fringes. This
is because phase maps are ramps whereas displacement maps are sinusoids, thus
making them a more accurate means of measurement. Therefore, it is concluded

that this method can be used to calculate displacements.

Since the phase steps will be generated using a PZT, the PZT must also be

calibrated.

43 PZT Calibration

For these trials the high-speed camera was set up and the PZT attached to one of the
mirrors in the set up. The argon ion laser was used in order to utilise its higher
power output, this higher power is required to increase the intensity so as to gain a
reading from the CCD camera when recording at high frame rates. One of the
mirrors was tilted in order to obtain the fringe pattern and then a voltage placed
across the PZT in order to phase shift the fringes. This movement of the pattern was
recorded at different framing rates and the generated speckle patterns, numbering in
hundreds, captured. These patterns were then processed using the LabVIEW
software outlined in section 3.4.1 and their intensities plotted. This process was
used to calculate the voltage across the PZT required for a phase shift of n/2 in each
case. Once this value was known the PZT could be used to perform the required

calibrated phase steps needed to generate the fringe patterns used in algorithms.
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Figure 4.4 illustrates some examples of the wrapped phase maps obtained using this

method.

Frame Rate

Movement

Resulting Wrapped Phase Maps

Plot of horizontal line taken through sample

250 frames/sec

2.0pm movement

I”/J‘r!\

8743
0 Pixels 207
3
;ff 179.22
'.“‘ g
500 frames/sec
5.0 pm movement
91 .67
0 Pixels 207
190.39
1000 frames/sec ‘
3.0 pm movement 95.29
0 Pixels 197

Figure 4.4

Example wrapped phase maps resulting from 5-frame technique
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Figure 4.4 PZT Calibration Results

This procedure was carried out several times. One trial is illustrated in figure 4.4
and shows that the value calculated for the voltage required for a phase shift of /2 is
accurate. Since the expected displacement is calculated using these maps it can be
concluded that the 5-frame technique has been successful in the generation of the
required wrapped phase maps. It has been shown that the calculated phase step was

correct and so it can be said that the PZT calibration was accurate.
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43.1 Comparison of 4-Bucket and 5-Frame techniques
Each of these tests were carried out several times; see appendix 2 for tabular form of
the data. The graphs within figure 4.5 illustrate experimental data which has been

corrected as shown in section 3.3.
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Graphs representing the 4-bucket and 5-frame techniques when measuring the same

displacement at different speeds
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The validity of the S-frame method can be clearly seen here. The data recorded
using this method is comparable with that gathered at a relatively low speed using
the 4-bucket algorithm. However, in the case of the 5-frame technique the data was
gathered at the high framing rates indicated in table 4.3. These graphs show that the
accuracy of the two methods is similar. It is concluded that the 5-frame procedure
can record and measure displacements at high speed where the 4-bucket algorithm

becomes redundant.

FErrors
Table 4.3
Speed when using Displacement on 4-Bucket Algorithm S-Frame Technique
;;:::;; encoder /pm % Error ]S)tg;:ﬁzg % Error ]S)t:::;:;ﬂ
Exp. 0.97 1.65 0.77 1.63
2.2pm T rrected | 0.08 1.63 0.38 1.63
125rames/sec Exp. 0.79 2.45 0.74 2.45
0pm T rected || 0.33 244 0.28 2.45
250 frames/sec 200m Exp. 1.24 2.32 0.54 2.31
' Corvected 0.75 2.30 0.03 2.31
Exp. 0.84 4.24 0.21 4,22
20um TR rrected | 0.08 122 0.10 121
S00framessee Exp. 1.93 1.74 0.73 1.74
Sum T rrected | 140 171 0.15 1.73
Exp. 2.64 1.27 1.34 1.28
10008 rames/sec 3.0pm Corrected 1.10 1.24 0.38 1.27
Exp. 1.00 2,92 0.20 291
6-Bpm I E rrected | 0.96 2.90 0.16 2.90

Table 4.3 shows the percentage errors in each of the trials. It can be seen that, when
using the PZT, the faster the frame rate the higher the errors. This is due to the fact
that at higher frame rates the full dynamic range of the camera is no longer being

used.
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It can be seen from these graphs that the 5-frame technique works just as well as the
traditional 4-bucket algorithm with even smaller errors and it is therefore concluded

that this method can also be used for effective measurement of a displacement.

However, it was important to show that this conclusion holds when measuring the

displacement of an uncontrolled object which is moving at high speed.

4.4 Application

The application chosen to demonstrate the use of this method to record the radial
expansion of an object was the relaxation of a cylinder. The cylinder was pumped
with compressed air by a known amount and thus expanded. Tt was then allowed to
relax and the radial expansion calculated from the following is compared with the

radial expansion calculated using the fringe patterns.

2
=TRI—2(2“V)£
(Ry —R[) &

s

Equation 4.1

E = modulus of elasticity = 3.3 GN

R, = Internal radius of the cylinder = 15.6 cm
R, = External radius of the cylinder = 18.6 cm

P = Applied pressure

v = Poisson's ratio = 0.333

The modulus of elasticity is defined the ratio of stress (force per unit area) to

corresponding strain (deformation) in a material under tension or compression.

AR
& =2 where AR, :dz——N;’—“—
R2 {1+cosf)

Equation 4.2
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0 = Angle between illumination and observation direction = 18.2°

AR, _
R (R,

R’ r
2_ -
= Z_Rlz)( V)E

Equation 4.3

This is compared with the calculation using the fringe patterns generated. In the
case of out of plane ESPI measurements. When the cylinder is displaced by a

distance d the light at the image plane experiences a phase change of Ad where,

Az
Ag =2
=7

Equation 4.4

The difference of phase between two successive bright (or dark) fringes is 27,

therefore the radial expansion that the cylinder undergoes is,

A = Wavelength of light used Equation 4.5
N = Number of fringes

However, there is a small angle © between the direction of illumination of the object
beam and the optical axis of the camera. This affects the phase of the light and the

equation becomes

Ag= ?(cos@ﬂ)

and Equation 4.6

AN
d= 2N
(1+cos@)

Equation 4.7

80



3.00

2.50 -

2.00 -

1.50 -

1.00 -+

0.50 -

ESPI Measurements / microns

0.00 i T T T T T 1
0.0 0.50 1.00 1.50 2.00 2.50 3.00
Radial Expansion / microns

3.00 4
7}
c
2 250
2
E
= 2.00 4
c
£
& 1.50
@
% 1.00 -
=
o 0.50 -
0
w

0.00 : T T T T T -1

0.00 0.50 1.00 1.50 2.00 2.50 3.00
Radial Expansion / microns
Figure 4.6 Graphs representing the calculation of the radial expansion of the cylinder

It can be seen from the graphs in figure 4.6 that the technique can be used in a real
life situation to measure the displacement of a body undergoing a rapid movement.
The errors in these graphs are 4.48% and 1.52% respectively, and the standard
deviations are 0.93 and 0.87; these errors are well within acceptance. That is, these

errors are within A/100 which is possible under optimum conditions when using

phase maps.
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This research was aimed at the design and construction of a system capable of
quantitatively observing rapid displacements; an appraisal of the system is as

follows:

o The system is compact and mobile

o The data is acquired through the PC allowing for fast digital processing

e Once the system is installed the running costs are negligible

e The distance between the optical head and the PC can be very large, thus
allowing for observations in hazardous environments

¢ The system is not affected by magnetic fields due to the use of the CCD

array
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Appendix 1

Software



Section of Program which Creates and Saves
Five “Ideal” Fringe Patterns
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Section of LabVIEW Program which Implements

Array 1

Array 2

the 4-Bucket Algorithm

Array 34

Array 4 M

Cariy Out
Calculations

Calculated Phase

- [pBL]
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Section of Program which Calibrates the PZT
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Appendix 2

Data



Data recorded when calibrating the

system using conventional ESPI

Displacements Calculated ESP1 Corrected
From Rotational Stage/ | Hlumination angle = 19.5" as Ilumination angle =
pLm measured from centre of disc 19.9°
0.00 0.00 0.00
1.62 1.65 1.62
3.26 3.29 3.23
4.89 4.94 4.85
6.51 6.70 6.58
8.14 8.35 8.20
9.77 ’ 999 ' 9.82
11.40 11.64 11.43
13.03 13.29 13.05
14.66 14.93 14 67
15.74 15.87 15.59
Table A2-1 Data recorded from calibration with conventiciial camera
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Data recorded when calibrating the

system using hich-speed ESP1

Camera capturing images at a rate of 125 frames/s
The encoder has a linear velocity of 10pum/s which corresponds to an angular

velocity of the disc of 6.22x107” degrees per second.

Displacements Calculated From | . Caleulated . Cor‘r'ec-t?d for
Rotational Stage / pum Displacement using errorin 0
ESPY/pm /pum
0.00 0.00 0.00
3.00 277 2.90
4.00 3.77 3.96
5.00 4.76 4.99
6.00 5.80 6.08
7.00 6.68 7.00
3.00 7.84 8.22
5.00 8.63 9.04
Table A2-2 High Speed camera capturing unages at a rate of' 125 frames/s

Camera capturing images at a rate of 125 frames/s

Encoder linear veloeity of 15um/s, angular velocily 9.33x 107 degrees per second

Displacements Calculated From |, . Calculated . Correctc.ad for
Rotational Stage / (m Displacement using error in 0
Be/H ESPl/pm /pm
0.00 0.00 0.00
4,50 4,17 4,37
6.00 5.29 5.54
7.50 6.84 71.17
9.00 8.21 3.601
10.50 9.92 10.40
12.00 11.17 11.70
13.50 12.61 13.21
Table A2-3 High Speed camera capturing images at arate of 125 frames/s
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Camera capturing images at a rate of 250 frames/s

Encoder linear velocity of 40um/s, angular velocity 24.88x107% degrees per

second
Displ;zetl::;::;ilcsa::“lited From Dispﬁi‘:;‘;:: :]Jsing C:ll‘;clt :’I‘: é""'
gespm ESPl/um /um
0.00 0.00 0.00
6.00 5.74 6.18
8.00 7.93 7.59
10.00 9.34 10.06
12.00 11.15 12.00
14.00 13.41 14.44
16.00 15.60 15.87
18.00 17.50 17.81
Table A2-4 High Speed camera capturing images at a ratc of 250 [rames/s

Camera capturing images at a rate of 1000 frames/s

Encoder linear velocity of 30pmys, angular velocity 18.66x107 degrees per

second

Displacements Calculated From | Calculated . Co::::ec‘tf’,d for
Rotational Stage / jtm Displacement using errorin @
R ESPI/pum _{pm
0.00 0.00 0.00
3.00 275 2.99
337 3.18 346
3.75 3.56 3.87
4.12 3.66 3.99
4.50 4,03 4.38
4.87 447 4.87
5.25 4.78 5.20
Table A2-5 High Speed camera captwring images at a rate ot 1000 frames/s
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Camera capturing images al a rale ol 1000 [rames/s

Encoder linear velocity of 40unys, angular velocily 24.88x107 degrees per

second
Displacements Calculated Corrected for
Calculated From Displacement using error in 0

Rotational Stage / pun ESPI/um /pm

0.00 0.00 0.00

6.00 5.76 6.09

8.00 7.49 7.90

10.00 9.35 9.87

12.00 1120 ) 11.83

14.00 13.38 14.12

16.00 15.66 15.53

18.00 a - 17.50 17.45
Table A2-6 High Speed camera capluring images at a rate of 1000 frames/s

Camera capturing images at a rate of 1000 frames/s

Encoder linear velocity of 45um/s, angular velocity 27.99x107 degrees per

second

- for
Displacements Calculated From |, Calculated , Cor lect«.ed ot
Rotational Stage / 1m Displacentent using errorin®
° ge/p ESPl/m Jum
(.00 .00 0.00
2,81 2.68 2.90
3.37 2.94 3.18
3.94 3.54 3.82
4.50 4,12 4.46
5.06 4.76 5.15
562 516 5.58
6.19 5.99 6.48
Table A2-7 High Speed camera capturing images at a rate of 1000 frames/s
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Data recorded when calibrating the

systemn using Phase-Shifting ¥SPT

9%

d/pum Ad Ad
Experimental Corrected for 6
0.00 0.00 0.00
1.63 1.59 1.64
2.44 2.36 2.42
3.26 3.21 3.29
4.89 4.76 4.81
5.70 5.65 5.72
- 651 6.40 6.55
7.33 71.27 7.31
814 8.18 8.20
8.96 8.99 9.02
0.77 9.66 9.72
Table A2-8 Calibration by Phase Shifting ESPI
d/pm Ad Ad
Experimental Corrected for0
0.00 0.00 0.00
570 5.64 572
B 6.51 6.46 6.57
7.33 7.29 7.32
8.14 817 8.20
3.96 9.00 9.02
9.77 9.71 9.75
10.58 10.55 10.60
11.39 11.34 11.41
12.20 12.17 12.21
13.01 12.97 13.01
13.82 13.77 13.83
Table A2-9 Calibration by Phase Shifting ESPI




Data Recorded When Calibrating the PZT

Displacement in the x Calculated Displacemerr
direction/ pm in the x direction/ pm
0.00 0.00
3.00 2.90
6.00 5.71
9.00 8.58
12.00 11.94 |
15.00 14.93
18.00 17.93
21.00 20.92
24.00 23.88
27.00 26.85
Table A2-10 PZT Calibration daia
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Data recorded when using phase-shifting ESPI with

(a) the 4-bucket algorithm and (b) the S-frame technique

(a) 4-Bucket Algorithm

Displncements Caleuated From o,y LA ) 0o o
gelpm ESP1/pm /pm
0.00 0.00 0.00
0.73 0.74 0.74
1.43 1.48 - 1.48
2.15 2.09 2.10
2.87 2.83 2.84
3.59 3.56 3.58
4.30 4.30 432
5.02 4.92 4.94
5.74 5.65 5.68
6.46 6.39 6.42
7.17 7.13 7.16
Table A2-i1 Data from 4-Bucket algorithm
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Calculated From

Displacement using

pispacements Caleunted Fom |, LU0 S

ge/pm ESPI/pm /um

0.00 0.00 0.00

1.30 1.35 1.36

2.61 2.58 2.59

391 3.93 3.94

522 512 517

6.52 6.52 6.53

7.83 7.87 7.88

9.13 9.10 9.12

10.43 10.45 10.47

11.74 11.68 11.70

13.04 13.03 13.05

Table A2-12  Data [romt 4-Bucket algoritiun

Displacements Calculated Corrected for

errrorin9

Rotational Stage / pm ESPI/um /pm
0.00 0.00 0.00
0.65 0.71 (.71
1.30 1.29 1.30
1.96 1.88 1.89
2,61 2.59 2.60
3.26 317 319
3.91 3,88 3.90
4.56 4.47 4.49
5.22 5.17 5.20
5.87 5.76 5.79

Table A2-13

Data from 4-Bucket algorithm

)|




Displacements Calculated From |. Calculated . Correctt.ad for
Rotational Stage / wm Displacement using error in 0
! geitt ESPI/pm /um
0.00 0.00 0.00
043 0.46 0.47
0.87 0.81 0.82
1.30 1.27 1.29
1.74 1.74 1.76
2.17 2.08 2.12
2.61 2.55 2.59
3.04 3.01 3.06
3.48 3.36 3.41

Table A2-T4 Data from 4-Bucket algorithin
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Dis1)1;?:;1?::;?;::“15:'&[1 From Displc;ni]:rll:le::f ‘lllsing C(()Ell:]l:?)(l:'t‘::: é‘or |
ge/pm ESPL/pm /um
0.00 0.00 0.00
1.09 1.04 1.04
2.17 2.20 2.19
3.26 3.24 3.24
4.35 4.17 416
5.43 5.44 5.43
6.52 6.48 6.59
B 7.61 7.61 7.63
8.69 8.79 8.78
9.78 9.84 9.82

Table AZ-15

Data from 4-Bucket alpoittun

Displacements Calculated From | . Calculated Corrected for
Rotational Stage / pm Displacement using error in 0
? gerk ESPI/pm /um
0.00 0.00 0.00
0.65 0.71 0.68
1.30 1.29 1.28
1.96 2.00 1.97
2.61 2.71 2.67
3.26 3.29 3.26
3.91 4.00 3.95
4.56 4.59 453
5.22 5.29 5.23

Table A2-16

Data from 4-Bucket algorithm
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Dispncements Caleiated Fom | LG 0"
ge/nm ESPl/pm fpm
0.00 0.00 0.00
1.30 L . 1.30
2.61 2.59 2.60
3.91 3.88 3.90
5.22 5.18 5.20
6.52 6.47 6.50
7.83 1.76 7.80
9.13 906 9.10
10.43 10.35 10.40
Table A2-17 Data from 4-Bucket algoritiun
(b)  5-Frame Algorithin
piplcements Caletted rom LUl “rnorine
p ESPl/pm /um
0.00 0.00 0.00
0.72 0.74 0.73
1.43 1.45 1.47
2.15 221 2.20
2.87 2.83 2.82
3 3.59 3.56 355 o
4.30 430 4.28
5.02 5.04 5.02
5.74 5.78 575
6.46 6.52 6.49
7.17 7.13 7.10
Table A2-18 Data from 5-Frame algorithm capluring frames at a rale of 125 frames/sce

104



Dispacements Caleuated From oy ULl ot

ge/pm ESPI/um /pm
0.00 0.00 0.00
1.30 1.35 1.34
2.6l 2.58 2.56
3.91 3.93 3.90
5.22 5.29 5.24
6.52 6.64 6.58
7.83 7.87 7.81
913 - 922 915
10.43 10.57 10.49
11.74 11.80 11.71
13.04 13.15 13.05

Table A2-19 Data irom 5-Frame algorittun capturing lrames at a rate of 125 lrames/sec

Disptacements Coclated From el arorind

‘ o ESP1/pum /pm
0.00 0.00 0.00
0.65 0.71 0.71
1.30 1.29 1.30
1.96 ' 200 2.01
2.61 2.59 2.60
3.26 3.29 3.31
3.91 3.88 3.90
4.56 4.58 4.61
5.22 5.17 5.20
5.87 5.87 5.90

Table A2-20 Data from 5-Frame algorithm capturing frames at a rate ol 250 frames/sec



Displacements Calculated From p, LEL L e
ge/pm ESPl/pm /fum
0.00 0.00 0.00
0.43 0.46 0.46
0.87 0.93 0.93
1.30 1.27 1.27
1.74 1.74 1.73
2.17 2.20 2.20
2.61 2.66 2.66
©3.04 ) 3.01 3.01
3.48 3.36 347
3.91 3.94 3.93

Table A2-21 Data from 5-Frame ajgorithun capturimg frames at a rate of 500 {rames/sce

Displacements Caleulated From o, LT L | e
gerpm ESPI/um /um
0.00 0.00 0.00
1.09 1.04 1.05
2.17 2.20 221
3.26 324 3.25
4.35 4,40 4.41
5.43 5.44 5.46
6.52 6.48 6.50
7.61 7.64 7.67
- 8.69 8.68 8.71
9.78 9.72 9.76

Table A2-22 Data from >-Frame algorittun capluring frames al a rate of 500 frames/sec
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Displacements Caleuted From g LTS COO o
ge/pm ESPHpum /pm
0.00 0.00 0.00
B 0.65 0.71 0.71
1.30 1.29 1.30
1.96 2.00 2.00
2.01 2.59 2.60
3.26 3.29 3.31
3.91 3.88 3.90
4.56 4.59 4.60
5.22 518 5.20
Table A2-22  Data from 5-Frame algorithm capturing frames at a rate of 1000 frames/sec
Displ;f)?;:‘::;:lcsatl:“lmed From Dispﬁlac]ec:l];:f (lllsing C:llllf}it ‘:‘i ;‘“'

ge/pm ESPl/um fum
0.00 0.00 0.00
[.30 1.29 1.30
2.61 2.59 2.60
3.91 3.88 3.90
5.22 5.18 5.20
6.52 6.47 6.50

7.83 | 176 7.80
9.13 2.18 9.22
10.43 10.47 10.52

Tablec A2-23 Data from 5-Frame algoritlun capturing frames at a rate of 1000 frames/see
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Data recorded when using phase-shifting ESPI with
the 5-frame technique on an industrial application

Elongation/pm N/fringes d/ pm
0.00 0.0 0.00
0.60 1.5 058
0.71 2.0 0.75
1.14 3.0 1.20
1.74 4.5 1.90
2.16 5.5 2.30
2.38 6.0 2.40
2:57 7.0 2.70

Table A2-24  Data from 5-Frame algorithm on an industrial application

Elongation/pm N/fringes d/ pm
0.00 0.0 0.00
0.37 1.0 0.39
1.01 2.5 0.98

LIS 3.0 ' 118
1.36 3.5 1.37
1.77 4.5 1.77
1.99 5.0 1.96
2.40 6.0 2.36
277 7.0 2.75

Table A2-25  Data from 5-Frame algorithm on an industrial application
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Appendix 3

Equipment Specs



Frequency Doubled Yttrium Vanadate Laser’

6

System Specifications

Wavelength 532 nm
Linewidth <5 MHz

Beam Diameter 225 mm+10%
Beam Divergence <0.5 mrad
Pointing Stability <2 urad/°C
Power Stability +1%

Noise <0.03% rms
Polarization vertical, >100:1

Utility and Environmental Requirements

Operating Voltage

100 {0 240 VAC

Operating Current

13A max.@ 100 VAC

Power Consumption

1.3 kW maximum

300W typical

Frequency

50 to 60 Hz

Laser Head Cooling Requirements

Conductivity-cooled (or optional heat sink,

with or without a closed-cycle chiller)

Power Supply Cooling Requirements Air-cooled
Range of Operating Temperature 15°C to 35°C
Weights
Laser Head 10 kg (22.0 1bs.)
Power Supply 31.5 kg (69.4 1bs.)
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