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Design, Construction and Testing of a portable ESPI contouring
System.

Tara Kneafsey

Abstract

Optical surface metrology techniques offer many advantages over conventional
methods. Some of these advantages include a greater sensitivity and a whole-field
analysis that is non-contact. They also offer greater lateral and vertical resolution and
are not subject to electromagnetic influence. Despite these many advantages, there has
been reluctance in industry to adopt these techniques. This reluctance can be attributed
to the use of high-power lasers which are considered dangerous, the expense of the
systems and complicated operation and analysis procedurés. The objective of the
fesearch described in this thesis was to utilise recent developments in laser diodes, data
acquisition techniques and software to develop a portable miniature system suitable for

industrial use.

The system described here has utilised different aspects of ESPI contouring design in
the past, to produce a system, which has been optimised for industrial use. The system is
stable, portable and robust. The software used was designed to be user friendly and to

allow for efficient data analysis.

The system 1s capable of producing fringe pattems that represent the surface contour of
an object under examination. It incorporates frequency modulation phase shifting for the
purposes of anaiysis. The sysiem has been tested extensively with satisfactory results.
Proposals for improvements and further work have been made in the conclusion of the

thesis.



Summary

This thesis is the result of extensive work in the area of Electronic Speckle Pattern
Interferometry (ESPI), particularly ESPI contouring or profilometry. It describes the
design, construction and subsequent testing of a portable and miniature ESPT contouring

system.

Chapter 1 introduces ESPI in the context of Optical Metrology and Non-Destructive

Testing. This chapter also outlines the research objectives of the project.

Chapter 2 describes in detail the theory behind the speckle phenomenon and Speckle
Correlation Interferometry. It outlines the different types of ESPI systems and their
different optical configurations. The chapter includes the theory of ESPI contouring
systems. The section also deals with fringe analysis and discusses some of the many
methods that are utilised in this field today. l't describes fringe counting as a method of

analysis along with the phase analysis technique used in this thesis.

Chapter 3 describes the experimental work carried out during the course of the
research. This includes work carried out in the European Commission Joint Research
Centre, Ispra, Itaiy on spectral contouring. It also describes bench prototypes of the final
miniature system, which were built in the early stages. of the research. Finally it
delscribes the design considerations, equipment selection and final construction of the

portable system.

Chapter 4 contains the results obtained by fringe counting analysis on two simple
shapes, showing the system to be working effectively.

Chapter 5 contains the results obtained by phase shift analysis on two different shapes.

Chapter 6 concludes the thesis by outlining the progress made, problems faced and

dealt with, suggested improvements and further work

Each chapter is referenced liberally for the reader’s convenience. Overall the thesis
presents an ESPI contouring systern with analysed results in detail showing the system

to be effective as a whole-field profilometer.
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Chapter 1.0 Introduction

1.10ptical Metrology

Over the last twenty years or so optical metrology has matured into an important
measurement tool for the engineer. Since pioneering work in the early 60’s, a variety of
interferometric techniques have been developed which are capable of measuring
displacements, strain and surface profile. While they have not been the most commonly
uséd nor user friendly methods in the past, with the considerable developments in
computing speed, digital image processing and CCD cameras, these techniques are rapidly

creating their own niche in the areas of non-destructive testing and surface profilometry.

A metrology system, be it optical or not, must meet the demands of manufacturing, and
must also provide accuracy, traceability, speed, reliability, and ease-of-use. As components
get smaller and more refined, manufacturing tolerances diminish, putting ever-increasing
pressure on the methods being utilised for quality control'. Traditional methods which tend
to be non-optical have distinct advantages in their own right and are generally designed for
a particular application. Optical techniques for surface metrology share the general
advantages that the more traditional methods exhibit but also have a great deal more to

offer.



An ideal metrology system does not cause damage to the test piece; indeed any contact at
all between the object and the measuring equipment is a distinct disadvantage. It is not
possible to assume that the contact does not affect the measurements and with some
delicate test pieces such as electronic components, the slightest contact can indeed damage
the object. Optical techniques are non-contact, giving them a useful advantage over
techniques such as ultrasound, acoustic emission, electrical transducers and stylus
profilometry. They are also nondestructive, offer high resolution, which in some cases is in
the order of nanometres, and are not affected by electromagnetic fields. They also allow
full field analysis which 1s not possible with stylus profilometry and electrical transducers

for example.

1.2 Non-destructive Testing (NDT)

1.2.1 Introduction

The purpose of non-destructive testing is to determine whether or not a test component has
a flaw or fault, without causing material damage during the test process®. In industry today,
it 1s a technology by which different parameters such as material quaiity and component
reliability are monitored. Loading of a particular material and analysis of its behaviour
under these loading conditions is one of the main NDT techniques used today. Another test

commonly performed is the measurement of crack propagation in a given material. These




tests give engineets in a particular field i.e. structural, mechanical etc. useful information
about the durability, reliability and safety of the matenal of interest. On the production
line, non-destructive testing of the product eliminates the need for costly test pieces and the
expensive practice of donating a percentage of the product output to testing. Various
techniques are utilised to measure and detect the behaviour of a material or component in
these situations. Some of these techniques include optical techniques and other non-optical
techniques such as acoustic emission®, x-ray scanning®, ultrasound® and electrical strain

gaugingﬁ’ .

1.2.2 Non optical techniques

1.2.2.1 Acoustic Emission

When subjected to a stress, many materials will emit acoustic waves arising from energy
released as the material undergoes plastic deformation and fracture. These waves
propagate through the material to the surface where they are detected by highly sensitive
piezoelectric transducers. This technique has been used extensively in the study of crack

nronagation
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1.2.2.2 X-ray scanning

While this method finds its applications more in the medical and biological fields, due to
the high penetrating capability of X-rays, it is useful when examining almost any structure.
The usual method is to use photographic film as the detector, and the X-rays pass through
the specimen to the film on the other side’. As in medical and biological applications, dark
and light regions on the film correspond to variations in the intensity of the rays passing
through the object. The differences in intensity will be caused by differences in thickness
and density within the object. ln this way, sub-surface defects can be detected. One major
disadvantage in this technique is the obvious danger to the operator and in medical

situations, the object i.e. a patient is also at risk from the X-rays.

1.2.2.3 Ultrasound

In one of the most commonly used techniques in NDT, a transducer which is coupled to a
test object emits ultrasonic pulses in the frequency range of IMHz to 20MHz°. These
pulses travel through the ohject and are either reflected, refracted or diffracted by defects or
discontinuities in the material. A receiver is used to detect the pulses on the other side of
the material, or in most cases the returning echo signal. The amplitude of the signal
detected by this receiver will change if a defect is encountered within the object. This

technique differs from other NDT methods in that it can trace defects deep within the
4




material and this is its major advantage. The object can also be examined under no load
conditions after damage or wear has already occurred. Disadvantages of the technique
however include complex image analysis and the need for direct contact between the object

and the transducer. This fact greatly dimimishes the versatility of the method.

1.2.2.4 Electrical Transducers

Deformation measurements under loading conditions are usually obtained using strain
gauges, which are applied directly to the surface of the object’”. The strain gauge method
works on the principle that a variation in length gives rise to a change in resistance of the
strain gauge material, which can be measured using suitable circuitry. Displacement
transducers arc also used in obtaining deformation measurements®. Potentiometric
displacement transducers (PDT) and linear variable differential transformers (LVDT) are
the two major types. PDT's operate on the principle of a linear variable resistor, i.c. a wiper
slides along a resistor track. When a voltage is applied to the transducer, the output-voltage

at the wiper is proportional to its position on the resistor track. LVDT's contain a metal

varying the coupling between them. The individual a. c. voltage represents the distance

travelled by the core.




A disadvantage of these methods however is the fact that it cannot always be assumed that

the presence of the gauges or transducers does not affect the measurements.

1.2.3 Optical Techniques

Optical methods for nondestructive testing have many advantages over the techniques in
the previous section. As outlined in section 1.1 they offer full-field analysis without the
need for physical contact with the surface to be examined in most cases. They also have
high sensitivity and are not affected by electro-magnetic interactions. The main techniques

. . .- 9 s r : .
in this area are holographic interferometry”, moiré methods'® and speckle tf:chmque:sI 1 12,and

13.

1.2.3.1 Holographic Interferometry

A holographic recording of a scattering surface can be used to detect the displacement of
that surface. The principle of holographic interferometry is that it records the complete

pattern of waves reflected by an object both in amplitude and phase by combining this
6



object wave with an off-axis carrier wave’. The interference of these two waves is recorded
onto a holographic plate. To enable surface displacement measurement, two of these
interference patterns are recorded, one before and one after the object has been displaced.
These are then combined to give a fringe pattern which is related to the movement that has
taken place. It is possible to view real time fringes by removing the plate after the first
exposure, developing it and replacing it in the same position. The holographic image is
then reconstructed using the reference beam and any movement of thé object will produce
interference fringes. The process of developing the plates has seriously curbed the use of
this technique in the area of NDT. Even without this problem, the method has an added
disadvantage in that it is difficult to measure displacements in different planes

independently.

1.2.3.2 Moiré Methods

The moiré effect or a moiré pattern arises when two gratings lie in contact with a small
angle between the grating lines'’. The resulting pattern has a lower spatial frequency than
the individual gratings and the exact value of the spatial frequency depends on the angle
between the gratings. When measuring in-plane deformations a grating is attached to or
projected onto, the test surface. The second grating can be obtained by using straight-line
interference fringes of known spacing. This pattern is then superimposed on the object

grating. When the surface is displaced the attached grating moves also, producing a moiré




fringe pattern which can be analysed using the usual methods. The main disadvantage of

this technique is the contact aspect and so it may not be suitable for some applications.

1.2.3.3 Speckle Techniques

The coherent nature of laser light gives rise to the speckle effect, 1.e. the grainy appearance
of an optically rough surface when illuminated by a coherent source. The speckle arises
because of the random interference which occurs due to the variation in height across the
object surface. These surface heights must have a variation of at least the order of
wavelength of the laser for the effect to occur. The resultant amplitude at any point in
space has a value which varies between zero and a maximum value determined by the
magnitudes and phases of the individual contributions from different points. As the point
of observation in space is varied, the resultant amplitude and hence the intensity will have a

different value. This random intensity variation gives rise to the speckle pattern.' " 11

In 1970, Leendertz'* utilised this speckle effect to measure surface displacements. Since
his pioneering work, speckle has evolved into an important tool in optical surface
metrology. The speckle techniques in use today can be placed into two classes: speckle
photography, where the positional changes of the speckles are measured and speckle
interferometry, which measures the change in intensity of the speckle pattern that arises due

to deformation.




1n speckle photography, light scattered from the object surface is recorded on photographic
plates, once before and once after displacement. One recorded speckle pattern is displaced
relative to the other by an amount which depends on the amount of displacement and the
magnification of the imaging system. The speckle displacement can be determined by
illuminating the developed plate with an unexpanded laser beam and examining the far-
field pattern. When using an expanded beam and an aperture in the Fourier plane to isolate
a particular frequency component, Fourier fringes in the image plane are produced. These
fringes can be used to calculate the object’s displacement. Both optical set-ups can be seen

in Fig. 1.1.

W

Fig. 1.1. A=Far-field method, B= Fourier Method

The need for development of the photographic plates has limited the use of this technique
in the past. However recent advances in digital speckle photography are beginning to

change this situation.




In electronic speckle pattern nterferometry (ESPI), as in the previous technique,
illuminating the object surface to be tested, with laser light forms a speckle pattern. This
speckle pattern is imaged onto a CCD array where it 1s allowed to interfere with a reference
pattern. This reference beam may or may not be speckled. The resultant speckle pattern is
transferred to a frame grabber on board a computer, where it is saved in the memory and
displayed. When the object is displaced, the resultant speckle pattern is different to the first
one, due to the change in path difference between the wavefront from the surface and the
reference wave. This second speckle pattern is transferred in the same way as the first and
is then either added to or subtracted from the original speckle pattern and the result is
rectified. The resulting interferogram is displayed as a pattern of bright and dark fringes
and it is possible to continuously grab frames and so watch the formation of these fringes in
real-time. The fringes are termed correlation fringes since they are obtained through
correlation of the intensities of the resultant speckle interference patterns taken before and

after displacement.

The technique was first investigated by Butters and Leendertz'® at the Loughborough
University of Technology as far back as 1971. Since then the method has developed to a
highly sophisticated level and has a number of different areas and applications. Depending
on the optical configuration of the ESPI system it can be made sensitive to out-of-plane
displacements, in-plane displacements, displacement derivatives and surface contour.

These systems will be described in detail in Chapter 2.0.

Each type of ESPI system produces a fringe pattern or interferogram, but what these fringes
mean depends on the particular system. When measuring displacement, the fringe patterns

represent contours of equal displacement and the spacing between the fringes is inversely
10




proportional to the displacement. Two neighbouring dark or bright fringes represent a
displacement whose exact value depends on the wavelength of the light used and the
geometrical set-up of the system. The value of this displacement is termed the fringe
sensitivity. It is possible to obtain a value for the displacement between two points simply
by counting the number of fringes between the points and multiplying by the fringe
sensitivity. This was once the only method for analysis before the advent of automatic
techniques but it is time-consuming and inaccurate. Today fringe patterns are more likely
to be analysed by cither the Fourier Transform method or phase shifting, the method used
in this project. This latter technique involves producing a fringe pattern which depicts the
phase change, (in the range between 0 and 27) which has occurred between the two speckle
patterns. It involves introducing a phase step into the pattern in one of a number of possible
ways. This technique and other fringe analysis techniques are discussed in detail in

Chapter 2.0.

1.3 Surface Profiling

1.3.1 Introduction

The shape of certain industrial and mechanical components is sometimes of utmost
importance when it comes to the performance of the system or environment in which the

component functions. Examples of such components are optical components, ball bearings,

11



certain microelectronic chips and medical devices. From this need for standard or precise
shape or profile arises a necessity to provide methods for measuring surface shape, profile
and conformity. This class of measurement or metrology is known as profilometry and it
can generally be divided into two areas: the measurement of surface roughness and the

measurement of surface shape.

1.3.2 Non-Optical methods for profiling

1.3.2.1 Stylus Profilometry

The mechanical stylus is the popular industry standard for the measurement of surface
profile’”. In this method the probe is passed along the surface of the test object, and its
movement is converted to a voltage signal by means of a transducer (capacitative,
potentiometric etc.). Due to the high precision of the method, it can also accommodate
surface roughness measurements. However, the technique has its disadvantages. There is a
limited lateral resolution which is obviously dependent on the size of the probe tip, and this
results in a loss of surface height information. Also the technique measures along one line
of the object and this must be repeated a considerable number of times if the whole object
1s to be profiled. Whilst this may be reasonable in some cases, with larger objects the
process is very time-consuming and perhaps impractical. The major disadvantage of this

technique is the fact that the probe must be in direct contact with the object surface. As

12




described i the previous section, this can sometimes make the method unsuitable for some

applications in which the contact can cause damage to the object.

1.3.3 Optical Techniques

1.3.3.1 Introduction

As in the area of NDT, optical methods applied to surface profiling can offer a range of
advantages over the traditional methods such as stylus profilometry. They can offer better
lateral resolution, whole field analysis and non-contact to combat the problems described in
section 1.3.2.1. In addition they can provide high speed analysis and they are non-
destructive. Optical profiling techniques can be categorized according to the coherence of
the light used. The low-coherence techniques'® include white light interferometry,
coherence radar, coherence scanning and other methods. The principle of all of these
techniques is essentially the same, and they differ only in optical set-up and data analysis.
A brief description of one of these techniques is included in this section. The other
category involves the use of highly coherent sources and techniques in this category include
laser profilometry'®, phase shiﬁing interferometry and holographic techniques’.  The

technique relevant to this thesis is the speckle technique for profiling.

13




1.3.3.2 Low-coherence profiling techniques

As mentioned in the introduction to this section, these techniques have essentially the same
principle and so this section will be limited to a brief description of just one, namely
coherence radar. This technique detects the occurrence of interference while scanning the
object in depth'®. Tn a Michelson interferometer set-up, the object takes the place of one of
the mirrors. At the beginning of the procedure, the other mirror is positioned further from
the beamsplitter than the object. By moving the mirror step-wise closer to the beamsplitter,
the reference plane scans the object surface. A pixel output is modulated only when the
optical path difference between the reference mirror and the corresponding point on the
object surface is less than the coherence length of the light source used. By mapping the
point in the scan at which interference occurs for each pixel, a three dimensional image of

the surface profile can be obtained.

1.3.3.3 Speckle Profiling Techniques

As described in the section on non-destructive testing, the speckle effect has been utilised
in the measurement of displacement and strain. It is also used in the measurement of
surface roughness. However, it is also possible to use the speckle phenomenon to measure

the profile of an object surface, by ESPI contouring’. Contouring is the measurement of
14




variation in surface height, and hence is the equivalent of profiling. It is possible to achieve

this with a number of optical configurations.

Using an out-of-plane system (see Chapter 2}, the surface is illuminated sequentially by a
master wavefront at two wavelengths A, and A,. The difference between the wavelengths 1s
usually of the order of 10nm”. In the same way as in the ESPI techniques described in the
previous section, the first image is recorded but instead of displacing the object and
grabbing the second frame, the wavelength is changed to %; and the second frame is
grabbed. This frame is subtracted from the first and a fringe pattern is produced from the
result by rectifying it. This pattern represents the variation in phase along the viewing
direction between the surface and a plane wavefront and hence represents the surface

profile of the object.

For an in-plane ESPI system, the object is illuminated by two beams at equal angies 6, to
the normal at the object surface. The phase change in this situation is introduced by either
rotation of the object or of the illuminating beams instead of varying the wavelength. At
tlus point the fringe patterns produced by both contouring systems mentioned are analysed
in exactly the same way as the fringe patterns from other ESPI systems. A full discussion

of these and other variations of ESPI contouring methods is given in Chapter 2.
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1.4 Research Objective

The purpose of this research is the design, construction and testing of an ESPI contouring
systemn. It was also an objective of the project that the system be mimature, compact and
robust, computer controlled, portable and generally suitabie for industrial use. Many of the
characteristics just mentioned are required in an effort to overcome the reluctance iﬁ
industry to adopt these techniques. The portability requirement is an important one since it
has been a major disadvantage of these systems when in the past, it has been necessary to
bring the test object to the system in the laboratory. This has made these systems entirely
unsuitable for certain testing procedures. With the advent of miniature CCD cameras and
laser diodes, it has become possible to miniaturize these systems in a way that was
previously impossible. Another objective was to utilise user friendly software to control

the system to further counteract the inaccessibility mentioned previously.

The project was planned as follows: Initially, an extensive literature review would be
conducted in the extensive area of electronic speckle interferometry. Following this, the
area of ESPI contouring and profilometry would be concentrated on in particular. Based on
this study and the subsequent step of building bench sized versions of systems described in
the literature, the contouring system for this project would be designed to comply with the
requirements outlined. Sourcing of the necessary equipment would take place at this stage,

and finaily the miniature system would be assembled. Afier extensive testing, the system

16




would be used to obtain results from a particular application, which would then be

analysed.

Some building of the bench sized contouring systems took place in the European

Commission Joint Research Centre, Ispra, Italy.
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Chapter 2.0 Speckle Techniques and Analysis

2.1 The Speckle Effect

One of the fundamental properties of laser radiation is its coherence'. In fact, the high
spectral brightness, the monochromaticity and the directionality of a laser beam are
properties connected with the coherence of its emission. For two light sources to be
mutually coherent they must emit waves of the same frequency that have a constant phase
difference which may or may not be equal to zero. Due to this coherent property of light,
the phenomenon of interference can occur. Optical interference may be termed as an
interaction of two or more light waves yielding a resnltant irradiance, whose exact value

depends on the phase difference between the component waves.

A diffusely scattering surface, which is illuminated by a coherent source, will produce a

’ This grainy structure is known as a speckle pattern and it

grainy light pattem in space
arises because of the random interference of light scattered from the various points on the

object surface. The surface must be optically rough, i.e. its surface height variations must

be of the order of, or greater than the wavelength of the light source.

As can be seen in Fig. 2.1°, light is scattered in all directions. These scattered waves

interfere to form a pattern consisting of bright and dark speckles, which are randomly
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distributed in space. The light forming each individual speckle is fully coherent and can

therefore take part in optical interference.

[Huminating Beam

Fig. 2.1: Light scattering from an optically rough surface

The amplitude of the light at any point in space is the sum of the amplitudes of the light
contributed from each point on the surface. When a coherent light illuminates an optically
rough surface, every point on the surface acts as a source of spherical waves, reflecting the
light back. The complex amplitude of the scattered light at any point is the sum of the
amplitudes of the contributions from each point. If the resultant amplitude is zero, a dark
speckle will be seen, whereas if all the rays arriving at one point are in phase, then an

intensity maximum will be seen i.e. a bright speckle.
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Fig. 2.2 shows a surface in the x-y plane, whose height at any point (x, v) is given by & (x,

y). The surface is illummnated by coherent light.

/ Coherent illuminating beam
1l 3{ >

Rough
Surface

Fig. 2.2 The formation of objective speckle in the S plane

The size of the speckies at any given wavelength, which are observed in the scattered light,
depends on the distance from the surface and the size of the illumination area. Therefore
the spatial frequency of the speckle increases as the illumninated area increases. The

complex amplitude UJ, at a point (x°, ¥’} in space, at a distance ¢ from the surface may be

written as”

Ux,y)=k j ja(x,y)exp[z—/’z”iG;f(x, y)]dxa’y 2.1
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Where k is a constant, a (x, y) is the complex amplitude of the light incident at (x, y) and G
is a geomeirical factor associated with the illumination and viewing directions. The
integration is over the whole illuminated surface. Because the surface height varies
randomly, the resultant amplitude also varies with (x°, y’). The resultant amplitude has a
value which varies between zero and a maximum value determined by the magnitude and
phase of the contributing amplitudes. As the point in space is varied, the resultant
amplitude will have a different random value and thus the intensity will vary randomly.

This varying intensity effect is known as the speckle effect.

Goodman® gives a detailed account of speckle statistics, and so only the results wiil be

given here. It can be shown that the standard deviation, o of the intensity is given by

o =<I> 2.2

where <I>is the mean intensity. The intensities at two points on the speckle pattern will be
closely related when the points are close to one another. As they move apart, the intensities
become unrelated. R, the autocorrelation function, provides the relationship between the
intensities at the two points as a function of the distance between them. When the distance
between them equals zero, R = <I*>. The distance at which the intensities become
unrelated provides an estimate for the size of the speckles. Goodman derived an expression
for the autocorrelation function, where the surface, of dimensions L x L, is illuminated by a

uniform beam. From this, the average size of a speckle is found to be
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kz
(@)= 23

where z is the distance between the viewing and object planes. Thus, the speckle size is
inversely proportional to the size of the illuminated area. This type of speckle is known as

objective speckie since its size depends only on the plane in space where it is viewed.

When an image is formed of the illuminated surface, the image is a similar pattern. In this
case however, the size of the speckles in the image plane is dependent on the aperture of the
viewing system and the distance from the lens to the image plane. In Fig. 2.3 below, a
point P; on the surface is imaged onto the image plane S, forming a diffraction pattern

centred at §;

/

/

/(bherent illuminating beam

S2
S
P, —
// / ~
P, /
Imaging Image
Rough lens Plane
Surface

Fig. 2.3 The formation of subjective speckle in the S plane

24



Points around P, will produce similar diffraction patterns which will in turn overlap onto
S;. The amplitude will be different for each diffraction pattern as the light from each point
on the surface has a random phase produced by the random variations in surface height.
The point P, makes no contribution to the complex amplitude at S, as the diffraction pattern
it produces has its first minimum overlapping with S;. The contributions from points
further away from P, than P, are negligible, as the secondary maxima of the patterns are
much smaller than the primary maxima. Therefore, the intensity of the light at the point S,
is the sum of the intensity contributions from an area centred around Py with a diameter d
given by twice the distance from P; to P,. The distance d on the image plane between S

and S; can be derived from diffraction theory as

1224

a

o

2.4

Where a is the diameter of the viewing lens aperture and v is the distance from the lens to

the image plane. Thus the size of the speckle in the image plane is given by

244
dy =— 2.5
This corresponds to an object size of
2.44u
oy = P 2.6

And u is the distance from the lens to the object.
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Thus the size of the speckles in the image plane depends on the aperture of the imaging
lens. Hence it is termed subjective speckle. The light rays contributing to any one speckle
can only come from a limited arca on the object i.e. the object speckle size. Objective

speckle differs in that light from the entire illuminated surface contributes to every speckle.

The speckle effect was initially regarded as a nuisance to those working with lasers in the
early days. However in 1970, Leendertz® demonstrated the use of speckle to measure
surface displacements and since then, it has become an important tool in the area of optical
surface metrology. Today, there are many different techniques based on the speckle effect
and these can largely be categorised under two headings: 1) Speckle Photography which
measures the positional changes of the speckles and 2) Speckle Pattern Interferometry
which measures intensity changes caused by phase changes. These topics will be covered

in depth in the following sections.

2.2 Speckle Photography

In speckle pattern photography, a viewing lens collects light scattered from an optically

*. A recording is made of the two

rough surface in its undisplaced and displaced positions
scattered fields on a single photographic plate. The two scattered fields can be assumed to
be identical, except that one will be displaced with respect to the other by an amount that

depends on the object displacement. If the relative displacement of the two speckle
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patterns can be determined, the displacement of the object can be determined. This can be

determined from the Fourier Transform of the doubly exposed photograph as described in

Chapter 1.

As stated previously, speckle photography measures the positional changes of the speckles.

It is by far the simplest speckle technique in terms of set-up, incorporating merely a

camera, a laser and the object. Fig. 2.4 shows a speckle photography set-up.

Object

[uninating
heam

—
—"-
-

Imaging
lens

Fig. 2.4 Speckle Photography Set-up.

iE

Image
plane

The general procedure is to expose a photographic plate to two displaced speckle patterns,

one before and one after the object has been moved. Alternatively it is also possible to

record the two speckle patterns on different plates and subsequently to superimpose one on

the other to eliminate the effect of rigid body movements undergone during deformation.
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The recorded specklegram is analysed in one of the following ways: the first method is a
point by point approach using a narrow laser beam. Diffraction of this beam by the
speckles lying in the beam area gives rise to a diffraction halo, which 1s modulated by an
equispaced system of Young’s fringes. Displacement is inversely proportional to fringe
spacing. The second method involves obtaining the Fourier Transform of the doubly
exposed photograph. Using this technique, the photograph is imaged through a lens and a
spatial filter is used to allow a particular spatial frequency through. The fringes are formed

in the Fourier plane of a second lens’.

2.3 Speckle Pattern Correlation Interferometry

2.3.1Basic Principles of Interferometry

Consider the interferometer in Fig. 2.5. A plane wavefront U, is split into two components

of equal intensity by the beamsplitter B*.
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Fig. 2.5: The Michelson arrangement of out-of-plane displacement sensitive speckle pattern

correlation interferometer

Thesc two beams illuminate the surfaces S| and S;. The wavefronts scattered from S| and
S, interfere on recombination at the beamsplitter and the result is recorded at the image
plane of the lens aperture combination, L. The intensity distribution in this image plane is

given by®:

Ji=h+1:4 24 10:Cos ' 2.7

Where I,= Intensity from wavefront 1, I,= Intensity from wavefront 2, ¥ = A phase term.
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It is important to note that in the above expression W is random, i.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. ocut-of-plane, a phase change

A¢ arises':

A, =22 2.8

Where A is the wavelength of the light source used.

This changes the intensity at the point to:

J2r= D+ 124 24 [12Cos(y + Agdr) 2.9

By correlating the intensities .JJ;, and J; (Sée Ref. 1, Aﬁpendix E) it can be shown that whecn
Ad=2nn 2.10

J; and J, have maximum correlation. The correlation coefficient is zero, t.e. J; and J;

become uncorrelated when

AP=2(n+)n 2.11

30



So, maximum correlation exists where d= % nA and minimum correlation exists where d=

a(n+ A)A.

Therefore, the variation in correlation represents the variation in the displacement of the
object surface, d. Maximum correlation occurs when no displacement occurs and a bright

fringe can be seen. A dark fringe is seen when minimum correlation occurs,

2.3.2 Electronic Speckle Pattern Interferometry (ESPI)

The resolution of the recording medium used in speckle techniques need only be low
compared with that required in holography since it is only necessary to resolve the
speckles, and not the very fine fringes formed by the interference of object and reference
beams in holography®. Therefore a standard television or CCD camera may be used to
record the pattern. In this case, the method is known as Electronic Speckle Pattern
Interferometry (ESPI) and was first demonstrated by Butters and Leendertz'®>. The main
advantage of this method over the one described previously is that it enables real-time
correlation fringes to be displayed directly on a monitor without the tedious photographic

processing.
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ESPI is based on the coherent addition of a subjective speckle pattern which is scattered
from an object and a reference field. The intensity of the resultant speckle pattern is
dependent on the relative phase distribution of the added fields. Deformation or surface
displacement causes a change in the intensity of the resultant pattern. Addition or
subtraction of the new pattern from the first one produces a fringe pattern representing the
surface displacement. Subtraction is the most commonly used method since it largely
eliminates background noise. In this subtraction process, the CCD signal corresponding to
the interferometer image-plane speckle pattern of the undisplaced object is stored
electronically. The object is then displaced and the live image, detected by the CCD
camera, is subtracted from the stored image. The output is then rectified and displayed on a
monitor where the correlation fringes may be observed live. This technique is the basis of
many different types of ESPI systems, which differ in their optical configuration and
sensitivity, but which all produce a fringe pattern in the manner just described. The
following section examines the different types of ESPI systems, particularly the one

relevant to this thesis, the ESPI contouring system.

2.4 ESPI Systems

In the interferometer described in 2.3.1, fringes are produced which represent contours of
constant out-of-plane displacement®. The phase difference A¢p which gives rise to the
variation in correlation between the two speckle patterns may be made sensitive to different

components of surface displacement. This is achieved by altering the object and reference
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beam geometries. This section deals with the various speckle interferometers for which Ad
is a function of in-plane displacement, out-of-plane displacement and out-of-plane
displacement gradients. Arrangements are also described which are sensitive to shape, for

three- dimensional profilometry.

2.4.1 In-Plane ESPI

Speckle interferometers for measuring the in-plane component of displacement all work on
the principle that the surface under investigation acts as both of the scattering elements in
the equivalent Michelson-type interferometer. Leendertz first demonstrated this, by
illuminating the surface with two beams of coherent light incident at equal angles 6 on
etther side of the normal as in Fig. 2.6. The light scattered 1s focused by a lens onto a
photographic plate or a CCD array. Each illuminating beam generates its own speckle
pattern and the two combine on the plate or array. If the surface now moves in the z
direction, i.e. normal to the plane, the two interfering beams will undergo equal path length
changes and the combined speckle pattern in the image formed by the lens will remain

unchanged.
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Fig. 2.6 In-Plane ESPI system

However, if the surface becomes displaced by a small distance d in the x-direction {defined
by the intersection of the surface plane and the illuminating beams) one path length will be
increased by dsin3, while the other will be decreased by the same amount. Correlation of

the combined speckle pattern with the original pattern before displacement will occur when

2dsind=nA\ 2.12

where 3 = angle of incident of the illuminating beam

Subtraction and rectification will generate a fringe pattern related to the compenent of
surface displacement in the x direction. The spacing of the fringes corresponds to an
incremental displacement of A/(2sinY), so that the sensitivity of the interferometer can be

varied by altering the incident angle of the illuminating beams. For example, in an
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interferometer with an illuminating angle of incidence of 45°, the sensitivity will be 0.7
times the wavelength per fringe. By plotting the fringe positions as a function of x, the

linear strain 8d,/dx may be derived.

2.4.2 Qut of Plane ESPI.

In an out-of-plane ESPI system the object is viewed normal to the surface and illuminated
by one beam, the object beam, at an angle near to normal. The resulting speckle pattern is
imaged onto the CCD array where it interferes with a reference beam®. The reference beam
1s aligned with the light coming from each particular part of the surface being examined.
The ESPI subtraction fringe patterns that are produced represent contours of equal

displacement along the viewing direction.

The optical configuration of the original Leendertz ESPI system is shown in Fig. 2.7. It is
similar to the Michelson interferometer but the mirrors have been replaced with specular
surfaces. Leendertz used a photographic plate in the image plane and used a double
exposure technique to obtain fringes by addition. The resultant speckle pattern in the image
plane is formed by the interference of the two speckle fields scattered from the surfaces.
The surfaces are illuminated by collimated hght, normal to the surface. The distance from

the image plane to the object along the optical axis is d;. When one of the surfaces is
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deformed, the relative phase change between the waves at a point (X, z) in the image is

given by®

2 2
Ag=A XAV 2.13
A 4d;

where it is assumed there is virtually no movement of the surface in the x and y planes, and
d is the displacement along the z-direction. From this equation, it is clear that the fringes
obtained are only contours of equal out-of-plane displacement for the points lying close to
the optical axis. A correction term for each point (X, z) is needed

I Diffuse Surface

i 4144% aw{.lv-x

Laser
Beam

Object i

; :
CD Imaging lens

[ - — 1 Plate or array

Fig. 2.7 The schematic of the Leenderiz out-of-plane ESPI system.
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when analysing the fringes. Thus, the phase change between the two fields at any point on

the image can be given by’:

4md 214

where n 1s the fringe order number. Maximum intensity correlation, between the images
taken before and after deformation, occurs when A¢ = 2nm and minimum correlation occurs
when A¢ = (2n + 1)n. When the system is used with a CCD camera, the frame taken before
deformation is subtracted from the frame after, and the result rectified, producing a fringe

pattern.

Areas of maximum correlation are seen as dark fringes and correspond to a displacement of

ni 2.15

Areas of minimum correlation are seen as bright fringes and occur in areas where the out-

of-plane displacement is

o~
=3
-{-

=
3@

e’
5
to
|l
(@)

Two neighbouring dark fringes represent points whose relative phase shift is 2xn, so from

the above equation they represent a relative out-of-plane displacement given by
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d=—— 2.17
1+ Cosé

2.4.3 Shearing ESPI (Shearography)

The potential of speckle techniques for the measurement of the derivatives of surface
displacements® was proposed by Butters and Leendertz'® and by Hung and Taylor’. The
principle behind this class of methods is the same as that of speckle interferometry, except
that the two interfering speckles now originate from the same object and are sheared
laterally with respect to each other, Fig. 2.8 is a schematic of the Butters and Leendertz
Michelson type of shearing interferometer. The object is illuminated by a beam which is in
the xz plane and makes an angle 8 with the surface normal. It is imaged through a
Michelson interferometer. A small tilt of one of the two mirrors introduces a lateral shift 8x

between the two speckle patterns.

38



i

Object {L:_______a _____ I 2 +D

luminating/L— Mirror
X T Beam :

i
[
P

WE ,' : Beamsplitter
" o
i
'
i

Imaging Lens
u
 — 1 Photographic

Plate or Array

Fig. 2.8 Speckle Shearing system

When the object is deformed, an arbitrary point (x, y) on the object surface is displaced to
(x+u, y+v, w) and a neighbouring point (x+8x, y) is displaced to ((x+dx+u+du, y+v+dv,
w+dw). Then the relative path length change due to the displacement between the two

contributing points is given by":

where d; = distance from the image plane to the object along the optical axis.
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(The terms containing the product udx, véx and wdx have been neglected in writing
Equation 2.18.)
In an optical set-up designed to make the angle subtended by the imaging lens at the object

surface small, d ¢ is usually large compared with x and y and the equation reduces to:
&{Sin .9% + {[(1 +Cos .9)%”—]] 2.19

Various arrangements for the implementation of different shear types namely: lateral,
radial, rotational, inversion and folding have been reported. In fact, Ganesan et al'®

presented a universal digital speckle shearing interferometer which yield all of the above

shear types.

Advantages of the shearing system are obvious when it is considered that speckle
techniques measure surface displacements. Stréss analysts are usually interested in strain
measurement, which is proportional to the first derivative of the displacement. A speckle
shearing system measures directly the derivatives of the displacements, and since no
reference wave is used, the technique has considerable tolerance to environmental
disturbance. Other advantages of shearing techniques include simplicity of set-up and also
a controllable range of sensitivity. Adjustment of one of the mirrors introduces either an
increase or decrease in the amount of shear and a subsequent increase or decrease in

sensitivity.
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2.4.4 ESPI Contouring (Profilometry)

As with other speckle techniques, there are several different optical configurations which

will give rise to fringes which represent surface profile®. Fig. 2.9 shows the two-beam

11

illumination method for contouring proposed by Ganesan and Sirohi.” The specimen is

illuminated by two beams incident at equal angles 8 to the optical axis.

Object
mounted
on
Rotation
stage

Nluminating beams
/ Lens

ﬂ e Plate

-~ Armay

Illumninating
bheams

-

BN
“/"‘ Fig. 2.9 Speckle Contouring system

The speckle pattern in the image plane arises from the superposition of the individual

patterns generated by the two beams. In this set-up, either the object or the beams can be
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rotated to give rise to contour fringes. However in the arrangement of Ganesan and Sirohi,
the object was rotated by an amount A9 around an axis perpendicular to the plane
containing the two illumination beams. For this set-up the relative phase change introduced

in the interferometer as a result of the particular rotatton is given by®:

Ap= %”sin SsinA g 520

Where A is the wavelength of the laser illumination. The increment of height between two

contour planes, i.e. the system sensitivity, is then given by:

A

- * 221
2sin Fsin A&

Another method for surface contouring is the wavelength modulation method, where the
wavelength of the illuminating beam is altered between exposures or frames. In this case,

the contour sensitivity per fringe is given by*:

_ Ad
C2(Ai- A7)

-

]
S
[S=]

Yet another method involves a Michelson type set-up, where one of the mirrors is replaced
by the 3-dimensional object and the other by a scatter surface. The object is placed in an
immersion tank filled with a transparent liquid of refractive index n'. A change in the
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refractive index of the liquid, between two exposures or frames induces a relative phase
change in the interferometer related to the topographic variations of the specimen surface.

In this situation, the height difference corresponding to neighbouring fringes is®:

A
2(n"—n') 223

Where n" is the new refractive index of the liquid.

As with all the other ESPI systems: in-plane, out-of plane and shearing, an ESPI contouring
system produces a fringe pattern. To analyse the fringe pattern, one of a number of
techniques must be utilised. The major techniques and particularly the ones used in this

thesis are described in the following section.
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2.5 Fringe Analysis

2.5.1 Introduction

A fringe pattern or interferogram, is the primary result obtained from each type of ESPI]
system. Qualitative analysis of these patterns in the form of visual inspection can
sometimes be sufficient, as in the case of defect or crack detection and in the past this was
the only method of analysis available. However, with the development and decreasing cost
of digital image processing equipment, digital fringe analysis techniques have been
developed to an extremely high level in recent years. This has been instrumental in the
more widespread use of techniques like ESPI in both the laboratory and industry. There are
two automatic techniques to be discussed: the earlier intensity-based techniques and more

recently, phase-measurement techniques.

2.5.2. Intensity based techniques

Before the development of the phase-measurement techniques discussed in Section 2.5.3,
intensity based techniques were the only image-processing tools available for the automatic
analysis of interferograms. They are still important methods in that they are the only viable

methods at times such as when fringe patterns are obtained from old photographic records
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or when results are obtained from interferometric systems not suited to the application of
phase-measurement techniques. In a situation where quantitative results are not needed,

they are particularly appropriate.

For this group of techniques it is very important to minimise the level of noise’, including
speckle noise and therefore pre-processing in the form of filtering is advisable. Most
commonly, low-pass filtering and median filtering are the techniques used. Another
method is to combine two fringe patterns of opposite phase. By subtracting one from the
other the noise will be cancelled while the fringes will combine to give a higher contrast
than the original. There are two main intensity based techniques which will be co.vered

here: 1) Fringe counting and 2) Automatic fringe location

2.5.2.1 Fringe Counting

This method of fringe analysis 1s inferior, in terms of accuracy, to the methods to be
described later on, but in the absence of other means of analysis, it can be quite useful and
effective. The method involves observing the formation of the fringe pattern and noting
particular parameters while doing so. The most important of these must be the fringe order
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number n. Fig. 2.10 shows a fringe pattern obtained using an ESPI contouring system, with

the order numbers assigned.

Fig. 2.10 ESPI Contouring Fringe pattern (simple cube edge) with order numbers assigned and

Jringes midpoints marked off for analysis

By placing a scale over the image and viewing it through the lens system it is possible to
determine exactly what area is imaged. In the case of the above fringe pattern, the imaged
area was 38 mm square. The pattemn that is produced is known to cover 512 x 512 pixels.
Using this data it is possible to calculat'c the positions of the fringes in the following

manner.
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The fringe pattern is opened in an image processing package called Scion Image (see
Appendix A). Within this package it is possible to set a millimetre per pixel scale. [t is
then possible to read off the x-axis positions of the fringes by marking the exact centre of

each and noting the corresponding position in the mm scale.

To obtain the height information from the fringe pattern, the fringe orders are required.
The value of fringe sensitivity, Az, is determined from Equation 2.21. To do this, 8 the
illuminating angle and d9 the rotation which has taken place must be noted. For this

example, 3 =12.5 ° and d3 = 0.0155 °, giving a Az value of 6.7mm, where A = 785nm.

The height information is determined by multiplying this value of Az by the fringe order
number. The result is a series of x-position values with a series of corresponding height

values. When plotted, these values produce a graph, which represents the surface shape.

The method, while time consuming and inaccurate, has an advantage over more
sophisticated methods in that it does not require very high contrast in order to produce
quantitative results. However it merely provides information for points located along
fringes and so for whole-field and more accurate analysis, an automatic technique such as

described in the latter sections of this chapter, is necessary.
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2.5.2.2. Automatic fringe location

When interferometric techniques are used for non-destructive testing or inspection, it is
sometimes possible to design a relatively simple fringe analysis systemj. After identifying
the characteristics of the fringe pattern which are significant in the application, the
capabilities of the analysis system can be confined to those required for the measurement in
question. Many specialised fringe analysis procedures can be developed by utilising prior
knowledge of the fringe pattern. An example of this is discussed by Gasvik’ where
holographic interferometry is applied to the testing of honeycomb panels. Brazing is a
procedure whereby two pieces of metal, in this case the honeycomb panels, are joined
together by heating to red heat and using a high melting point solder such as copper, zinc,

or brass.
Debrazing of the honeycomb panels produces groups of nearly circular fringes. The

procedure starts with counting the number of fringes along a number of horizontal lines

through the image as in Fig. 2.11 below.
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Fig: 2.11 Count fringe peaks along horizontal vectors

When a comparatively large number of fringes appear on a given line, a flaw is presumed

to exist on that line. Short vertical scans across the line in question are then used to search

for the location of the flaw by looking for a comparatively large number of fringes in the

vertical direction as in Fig. 2.12.

z

N=512

Fig. 2.12 Count peaks along vertical vectors

Having identified the probable existence and location of a flaw, the system carries out a

further check by counting fringes along each of four short vectors angularly spaced at 45
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degrees, centred on the probable flaw site. (Fig. 2.13) If the same number of fringes appear

on each of the four vectors, then the existence of a flaw is confirmed.

=

N=512

Fig2138Scanar 0°,960°,45°, 135°

There are several other intensity based methods of fringe analysis which are discussed by
Gasvik. However, the techniques in the following section have become the more

commomly used methods due to their greater accuracy and speed.

2.5.3 Phase-Shifting

The direct measurement of phase information has many advantages over simply recording

interferograms and digitising the position of fringe maxima and minima, the basis of the

50



techniques in the previous section. The precision of phase measurement techniques is far

greater and the process is relatively simple™ ™.

Phﬁse shifting is based on the introduction of a temporal phase shift, between the object
and reference beams in the interferometer and this results in a movement of intensity peaks
across the pattern. This phase shift is introduced in calibrated phase steps or as continuous
periodic phase modulation. The phase change itself may be implemented in a number of
ways: a displacement of a murror, a tilt of a glass plate, elongation of an optical fibre,
electro-optical modulation, or a refractive index change. The method particular to this
thesis is described in Chapter 3. Many different phase shifting algorithms have been
developed, each producing another fringe pattern with considerably less noise than the
original. The fringes loose their sinusoidal characteristic and begin to resemble ramp

WwWaves.

All of the phase shifting algorithms eliminate background terms by simple arithmetic or
trigonometric operations on the acquired images. It is imperative however, that the
speckles are perfectly still and so these techniques are only effective in the absence of
mechanical or thermal instability. The most common phase shifting technique is one in
which the phase in one arm of the interferometer is stepped in N equal and controlled steps

so that the total phase shift is 27.
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By combining the resulting N+1 images it is possible to solve for ¢, the phase at each pixel.
If N=3, four frames are grabbed /2 apart and ¢ can be calculated for every pixel. Phase

shifts n/2, n, 3n/2 produce the following four equations:

L=5L+I2+2JIIz2cos¢
In=T+I,+2J 12 cos(g+ 7/2)

Is= I+ I+ 2\ TN cos(g + )

2.24

Is= L+ T2+ 2T cos(g+37/2)

Using the following algorithm'*:
Ia—12 2.25
h-1I

gives rise to:
Ii—1I - sin(¢) - tang 2.26
h—1Is  cos(g)

Which leads to:

Pis. ) = tan ' [ Loy ~ Totx ”] 2.27

[l(x,y) - [3():, ¥)
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This process produces an image in which the intensity value at each pixel represents the
phase at that pixel in the reference image. However, since the inverse tan function gives

values between -n/2 and +n/2, the phase cannot be directly evaluated over a 2n interval.

The object is then displaced and a new image is grabbed. Again the phase of one beam is
stepped N times and at each step, an image is grabbed. By combining the resulting N+1
images and using the same algorithm, it is possible to solve for ¢+Ad, where Ad is the
phase change at each pixel caused by the surface displacement. This resuits in another
intensity value at each pixel which represents the phase at that pixel in the image which was
taken after displacement. The two phase images are then subtracted from one another to
produce a resultant image containing the phase information A¢. This image is a fringe
pattern where the intensity value at each pixel represents the phase change at that pixel

caused by the surface displacement.

2.5.4 Phase Unwrapping

The previous section has discussed a typical method for determining the phase term in a

fringe pattern. This and all other methods result in an equation of the form:
¢ =tan” (C/D) 2.8

(where C / D represents the frame intensity algorithm)
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Because of the multi-valued tan™ function, the solution for ¢ is a saw-tooth function (see
Fig. 2.14(a)) and discontinuities occur everytime ¢ changes by 2n. The term phase
unwrapping arises because the final step in the fringe pattern measurement process is to
unwrap or integrate the phase along a line (or path) counting the 2n discontinuities and
adding 2m each time the phase angle jumps from 27n to O or subtracting 2m if the change is

from 0 to 2n. Fig. 2.14 (b) shows the data in Fig. 2.14 (a) afier unwrapping,.

(a)
, -
0 -
(b)
6 —
4 —
2 —_
o - 7 N

Fig. 2.14 (a) Characteristic saw-tooth “wrapped” phase function (b) Continuous function obtained by
“unwrapping” the data in (a).
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The key to reliable phase unwrapping is the ability to accurately detect the 2n phase jumps.
In the case of noise free wrapped phase data and where this data is adequately sampled (i.e.
the phase change between samples is significantly less than 2m) then a simple approach to
phase unwrapping will be adequate. All that is required in this case is a sequential scan
through the data, line by line, to integrate the phase by adding or subtracting 27 at the phase
jumps.

In many measurement situations however, notse in the sampled data is the main
contributing factor in the false identification of phase jumps. In this case as the amplitude
of the noise approaches 2n, the real phase jumps become obscured. In the case of one-
dimensional data, the only solution to this problem is to smooth the noisy sinusoidal fringe
data with a low-pass filter. This is not entirely satisfactory since filtering always results in

a loss of information.

For simple unwrapping methods to function satisfactorily, the data must be continuous
across the whole tmage array and extend to the boundaries of the sample window. A phase
discontinuity might be caused by a rapid change i the measurement parameter, such as a
large height step in an object under test. This causes a sudden change in the fringe spacing
or as a point where the fringe stops. In order to find methods for automatically detecting
and dealing with such problems such as this sophisticated phase-unwrapping algorithms
have been developed. Phase-unwrapping methods may be divided into path-dependant and

path-independent methods.

55




Path-dependant methods are the simplest type and involve a sequential scan through the
data, line by line. As can be see in Fig. 2.15 at the end of each line, the phase difference
between the last pixel and the pixel on the line below is determined and the next line

scanned in the reverse direction.

Fig 2.15 Line by line sequential scanning path

This approach is effective when applied to high quality data, but more complex variations
are necessary in the presence of noise. These include multiple scan directions, spiral

scanning and counting around defects.

One of the most popular methods used to avoid phase errors propagating, 1s called pixel
queueing. This involves unwrapping the regions of “good” pixel data first and then

proceeding to the “bad” pixel data, thus confining data propagation errors to small regions.
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Path-dependant phase unwrapping involves unwrapping the data by following all possible
paths between any two points as opposed to unwrapping the data following a predefined
path as in the path-dependant methods. An example of a path-independent method for
phase-unwrapping was demonstrated by Ghiglia et al'*. In a 3x3mm mask, the phase
differences between the phase of the central pixel and each of its four nearest neighbours in
the horizontal and vertical directions are calculated. If one of the differences is greater than
21 in absolute value, +2n or -2 is added to the phase of the central pixel. Whether it is +
or — depends on the majority of the 4 differences being positive or negative. When there
are 2 positive and 2 negative differences, 2n is added. When none of the absolute

differences exceeds m then the phase of the central pixel remains unchanged. This

algorithm is very processing intensive, but also very immune to noise.
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Chapter 3.0 System design-

3.1 Literature review

The first step in the design of the portable ESPI contouring system was an extensive
literature review, in order to determine the techniques in use in the area to date. It was
decided that the optimum features from each of the different techniques would be
incorporated as much as possible, into the final system. These options are covered

extensively in the following section.

3.2 Contouring Techniques

When deciding on the system design, each published method for ESPI contouring was
carefully considered, and considerations such as budget, flexibility with respect to test
objects and size were applied to each experimental component when making a decision
on its suitability. The methods being considered were a) Spectral contouring and b) Angle

of illumination change.
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3.2.1 Spectral Contouring

In 1978, Jones and Wykes developed an ESPI system for measuring the difference
between the shape of two surfaces '. A change in the relative phase between the two
waves, object and reference, is introduced by changing the wavelength of the light
between successive frames. The surface can also be illuminated stimultaneously by a
master wavefront at wavelengths A, and A, and the resultant speckle patterns are either
added together or subtracted to produce the fringe pattern. For a range of sensitivities it is
necessary to have a selection of wavelengths, and this 1s an important factor in the system
design. To allow for this -range of wavelengths, it is then necessary to have a tuneable
wavelength source. With the budget consideration of the project, this might not have been
a feasible method for the portable system. Tunecable laser diodes, with adequate output
intensities are expensive and usually operate in the mid-infra-red region Beyond the
sensitivity of a CCD camera. It was decided to investigate this method in bench version
as an opporfunity arose during a visit to the European Commission Joint Research Centre

in Italy in the early stages of the project, and this is detailed in section 3.3.1.

Using the same set-up, but immersing the object in a transparent liquid, a change in the
refractive index of the liquid between two exposures induces a relative phase change in
the interferometer related to the shape of the object surface. This method is obviously not

suitable when flexibility with the type of test objects is taken into consideration.
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3.2.2 Angle of illumination change

An alternative method for contouriﬁg a three-dimensi(')nal object -was proposed by
Ganesan and Sirohi-in 1998 2. The method involves illuminating the object by two beams
incident at equal angles on both sides of the optical axis. The object is rotated about an
axis perpendicular to the plane containing the two illumination beams, producing a fringe
pattern representing surface contour. Hertwig °> proposed a similar method which
involved rotating the illuminating beams as opposed to the object. Within the budget

constraints of the project, both of these techniques were feasible.

It is important to compare the features of both and assess their suitability for the needs of
the systern. The next important issue is the size of the actual components which would
bring about the rotation. Miniature rotation stages were found to be readily available but
expensive in terms of the budget. A rotation stage for rotating the bbject (See Appendix
A) was already available, but it would limit somewhat the type of object which could be
examined due to size constraints. 1t was decided at this point, that of the two, the.more
expensivé "rotate beams” method was superior in terms of object flexibility and the actual

cost needed to be investigated.

Much time was spent in the sourcing of the miniature rotation stages commercially. It

became clear that the prices were again out of the project budget, but that perhaps the
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components could be purchased commercially and the stages constructed. It was decided
that time spent inbuilding the stages and testing their effectiveness would be worthwhile
in the timeframe of the project. If the stages proved to be ineffective, then the "rotate

object" method would become the method of choice.

A decision was made to incorporate both methods into the'system design and to make a

final decision at the end of the test procedure, on which method was the most effective.

3.3 Bench Prototypes

In the early stages of the project, it was necessary to build bench versions of the ESPI
contouring systems {rom the literature, in order to become familiar with the set. The first

melhod to be used was the spectral contouring method.
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3.3.1 Spectral Contouring

This work took place at the European Commisston Joint Research Centre (JRC) in
Northern Italy. The mission of the JRC is to provide customer-driven scientific and
technical support for the conception, development, implementation and monitoring of
EU policies. As a service of the European Commission, the JRC functions as a reference
centre of science; and technology for the Union. Close to the policy-making process, it
serves. the common interest of the Member States, while being independent of special
interests, private or national. To carry out its mission, ihe JRC has a unique combination
of facilities and expertise transcending national boundaries. Moreover, through its
networks it stimulates éollaborative research and broadens its knowledge. The Centre for
Industrial and Engineering Optics within the School of Physics, DIT has for some years
now been involved in such collaborative research and joint ventures with the Institute for
Systems, Informatics and Safety within the JRC and it is for this reason that the

opportunity arose to visit and work there.

The bulk of the work conducted in Italy involved assisting in the development of the
spectral ESPI contouring system. Its design is based on a Michelson interferometer and
the obj ect is iilum‘inated v;.'ith Titanium: Sapl;hire laser, which is pumped by an Argon Ion
laser at a pumping power of 3.2W. The Ti:S starts lasing at a pumping power somewhere

between 2 and 3W and it is possible to achieve an output of 700mW.
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The system worked very well as an out-of-plane ESPI system, producing good quality
fringes of high contrast. A birefringent filter in the cavity of the Ti:S laser was used to
vary the wavelength in the range of 700-850nm making it suitable for contouring
purposes. However, the fringe cont}ast diminished cbnsiderably when the system was
used in this capacity and decorrelation was oBsei‘ved almost immediately after subtraction
was started. The correlation length , i.e. the range within which the wavelength could be

varied without causing decorrelation, was not even a couple of centimetres

The first objective of the work there was to assist in improving the contrast and more
importantly, to discover why decorrelation was occurring so quickly i.e. with such a
slight wavelength change (~0.05nm). An effective contouring system would need to have

the capacity to vary the wavelength over a range of 10nm.

The bulk of the initial work with the system was optimising the sét-up. This was achieved
by using different optical configurations. Also, it was ensured that the optical path
difference of the interferometer system was approximately equal to zero. The optimum
wavelength operating range, in order to have approximately constant power for the

various wavelengths, had already been éstablished.

After a considerable length of time spent on this exercise, with liftle or no improvement
in either the contrast or the correlation range, it was decided to insert an etalon into the

Ti: S laser, in an attempt to increase coherence length. Two etalons of different
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thicknesses. accompanied the laser. The thinner etalon was inserted and after realigning
the set-up, we gbtained what appeared to b.e multiple ﬁ’inge patterns, superimposed on
one another, which moved independently of one another when the wavelength was
varied. After much discussion it was proi)osed that these multiple fringe pa;ttems were
due to a number of different modes which arose due to the insertion of the etalon. At this
Stage, the time in the laboratory expireﬂ and so this problem was not solved during this

visit.

At a later stage, some of the obstacles mentioned above were over come, but the method
itself proved unsuitable for our purposes, due to the cost and low output intensity of
tuneable laser diodes. The important aspects of portability .and size, in the design of the
system could not be catered for when utilising this method. Despite the latter's' obvious
advantage of no moving parts, the angle of illumination methods were deemed to be more

suitable.

3.3.2 Angle of lllumination change

A single good quality rotation stage suitable for rotating test objects was available.
Therefore it was appropriate to first build the "rotate object " type of system. The system

proved to work successfully, producing fringe patterns that werc consistent with the
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obj.ect shape. The sin.gle.disadvantag-e to this method seefned to be the limiting factor
with respect to th.e size and shape of the object. If the object were too large or heavy, then
the rotation stage would not be capable of supporting it. If the object did not have a flat
base, thén‘ problems would continuously arise during the mounting procedure, though this
would be the most easily overcome of the two. Since this method proved successful
during the preliminary tef;t period and produced éatisfactory fﬁnge patterhs it was decided
to concentrate on the miniature rotation stage building, and thus compare and prioritise
the advantages and disadvantages of this "rotate object” method once the "rotate beams"

methdd had been tested also.

3.4 Miniature Rotation Stages

As outlined previously, in order to oblain more flexibility with the object_s which could be
cxamined using the contouring system, it was necessary to build miniature rotation stages
to change the angle of illumination. It was decided that at this point to purchase miniature
stepper motors together with gearboxes to match the resolution to those commercially
available. A suitable stepper motor driver board would also be purchased and the rotation
stages would be-custom built and would be controlied by LabVIEW®. This task was

undertaken successfully, and a list of components is included in the Appendix A.
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3.4.1 LabVIEW® software

LabVIEW® is a highly productive graphical programming environment that combines
user Vfriendly graphical development with the flexibility of a powerful programming
language. It is used particularly in the fields of engineering and science for data
acquisition, data analysis and data presentation. It features built-in compatibility with
hardware libraries for motion control and image acquisition, making it suitable for the
simultaneous control of the rotation stages and the imaging, subtraction and rectification
processes. The software for control of the system has a graphical user interface which

can be seen in Fig. 3.1.
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Fig. 3.1 LabVIEW® user interface for the ESPI contouring software
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The software -inCludés_ﬁltering and pixel intehsity‘ stretch fur.lct.io‘ns‘in addition to the
basic functions of controlling the lmotors and image aéquisition. At this ijbint, the
software did not allow for phase mapping or.unwrapping. It was df;cided to determine the
effectiveness of the miniature rotation stages in terms of fringe contrast, before investing

more time in the phase analysis capabilities of the software.

3.5 Building the system

3.5.1 System layout

The system was built using Spindler & Hoyer (See Appendix A) microbench and optics,
with an Etteymeyef GmbH laser diode (See Appendix A). The diode would allow for
frequency modulation phase shifting once the system's contrast was sufficiently high.

According to the final system design, the layout was to be as in Fig. 3.2.
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To framegrabber

<

Camera and lens

Laser beam

Laser Diode driver
Stepper Motor power supply and driver

F ig. 3.2 ESPI contouring svstem as designed and built within the project

The diode has a wavelength of 785nm and its beam enters a beamsplitter. One half of the
beam travels straight to one of the illuminating mirrors on the lefi-hand side of the
diagram. The other half travels through a series of three mirrors before arriving at the

illuminating mirror on the right-hand side of the diagram. This is necessary so as to
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introduce a path-length difference between the two.beams for the purposes of frequency
modulation phase shifting. This will be explained in more detail in section 3.5.2. The
illuminating mjﬁors are niounted on the custom-built rotation stages which have a
resolution of 0.0018°. It is possible to adjust.the angle at which the mirrors are mounted

manually, as well as rotating them on the stages.

The entire system is mounted on a duralium beam, which was specifically cut and drilled
for the purpose. The material is similar to the material of the Spindler and Hoyer
microbench and is both strong and iightwe_ight. It is attached to the system at the base of
each of the two motors.— .The bearﬂ has a dual purpose: 1). to add stability to the system
and 2) to allow the system to be bolted onto a tripod for height adjustment and
portability. The beam also allows the system to be bﬁlted onto a laboratory optical bench

which further stabilises it for testing.

The commercial Oriel Encoder Mike Controller Rotation ‘stage (see Appendix A) is
added to the laboratory set-up for the purposes of ro'tating the object. The driver box is
located away from the optical bench so as to avoid any contact with the test set-ﬁp. The
object to be examined is placed on the rotation stage and so can be tested using both

techniques witho.ut adjustment to the set-up. Fig. 3.3 shows a photograph of the system.
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Fig. 3.3 The final sys.tem

The system measures 44-cm x 25-cm x 12-cm. The miniature CCD camera indicated in
the photograph is supplied by Spindlef and Hoyer and its technical specifications are
given in Appendix A. The LabVIEW® software discussed in the pfcvious section is used
to control the system when the "rotate beams" method is used. As stated previously, the
package has not yet had the phase shifting capabilities incorporated into it. However,
when using the "rotate object" method, which does not require computer control for the
rotation, it is possible to use existing completed software developed at the Joint Research
Centre for the image acquisition etc. The software is called ESPITest© and the following

section describes it in detail.
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3.5.2 ESPITest software

ESPITest can be used to control any interferometry system that uses ldw—voltage phase
shifting devices, a standard CCD camera and a framegrabber. The package is Windows
NT based‘and 1S !equipped for acquisition, control and post-processing for electronic

speckle pattern interferometry.

The program consists of smaller sub-programs which are each résponsible for a particular
task. Or;e of these coﬁimunicates with the framegrabbef for exampie. When the program
is started, a‘tool bar at the top of the screen allows the user to. click on a particular icon to
view its sub-program menus. The two main icons are "Calibrations andv Settings" and
"Vidco Acquisition. The former contains all the controls necessary for the calibration
and settings of the various measurement devices, iﬁclﬁdihg thE; mﬁ;arhe\grabb‘er and the
analogue output board. It also contains a median filter setting. The "Video Acquisition”
menu contains the controls for yimage acquisition, ESPI subtraction, and wrapped phase
map calculation. Fig. 3.4 shows the user interface and the sub-programs previously

mentioned.
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Fig. 3.4 User interface for the ESPITest software

A Data Translation framegrabber board is used to acquire and digitise the analogue
signals from the CCD camera. The software performs subtraction and rectification and
displays the subsequent fringe pattern on the monitor. When phase shifting has been
incorporated into the system, the software uses the phase shifting algorithm described in

Chapter 2 to calculate the wrapped phase maps. It then uses an unwrapping algorithm to

unwrap this data and convert it to profile data.
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A ﬁational Instrﬁfnénts D/A Boafd is used to control the phase shifting by modulating the
currer‘lt being suppﬁed to the laser driver. This resuits in a small modulation in the laser
frequency and hence a phﬁse shift between the two illuminating beams, which have
unequal path lengths. The te_cHnique is known a‘s.fr.ea.juency modu]a&ed phase shifting *.
The soﬁwére is capablé of calibrating this phase sﬁift while an image of the surface

illuminated by the two beams is being acquired.

Each pixel in the image wiil modulate in a Sinusoidal way as the phase changes between
the illuminating beams. The ESPITest software records the intensities of 16 pixels in the
image and plots the intensities as a function of the applied voltage. If the device has a
linear response, the plbtted intensities should have a sinusoidal shape. A siﬁe wave is
fitted to the data.so that the voltage corresponding to a phase change of 27 can be
obtained. When this voltage has been determined, it is divided by four to calculate the

voltage required to change the phase by 7/4.

Only some of the pixels will Iﬁodujate in the predicted manner. Since the images are
inherently noisy, ‘the software ignores the four worst-fit data plots. It then \.Neights the
other 12 according to how closely each signal represents a sine wave. If the user does not
agrée v-vith fhel caicula:ted vbltage, "then red andr gfeén veﬁical cursor;; can be uéed to select

a new voltage.
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At this point, the.system is ready for phase map operation. It does this by taking four
images as it shifts the phase by 0, /2, , and 3n/2. It uses these images to work 6ut the
subsequent phase change caused by rotation of the object and displays the data as
wrapped phase ﬁ;inges. It is possible to unwrap -these fringes to produce a high-resolution
phase map and then the surface height map.

If it 1s only necessary' to obtain qualitative data, then the system can be used in "ESPI"

mode to simply produce contour fringe patterns.

3.6 Comparison of the two methods

3.6.1 "Rotate Beams" method

At this point, the system had been built to the design specifications decided upon in the
previéus sections. The experimental layout was such that both the "rotate beams" and
"rotate obj ect" metﬁods could both be used. The miniature rotation stages were causing
concern at this point due to excessive vibration alnd an audible noise dﬁring operation. It
was feared that 'th;.ese would I:esult n friﬁge coﬁtrast too low for phasé shifting analysis to

be pérforrned.
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Initially, the system was tested with a variety of different objects. The first results
obtained were contouring fringes of a cyliﬁdrical plastic pipe. The fringe pattern was as
expected but the contrast quality was very low. Since the plastic pipe is a volume
scatterer, which gives faster decorrelation than surface scatterers, this explains somewhat
the poor contrast. An example of a fringe pattern from this first series of results can be

seen in Fig. 3.5.

(a) | (b)

Fig. 3.5-(a) schematic showing test area. (b} Fringe pattern from area indicated in (a)

The object, i.e. a cylinder is viewed at one side, with its centre positioned on the left-hand

side of the above fringe pattern.

It could be observed while the system was operating that the poor contrast could also be

somewhat attributed to the vibration of the motors, since it improved slightly when the
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motors were stopped. However, several attempts to stabilise the system by fixing it more
formally to the optical bench, checking the components for stability and securing the

mirrors, did not improve the contrast in any way.

At this point the duralium beam was added to the system in an effort to stabilise the
motors at the base and perhaps reduce the vibration. The beam was also to be used as a
baseplate for attaching the system to a tripod for portability. This however, did nothing

to alleviate the problem of poor contrast.

The reason for this poor contrast is clear when it 1s considered how decorrelation occurs
in ESPL Speckle Interferometry measures the change in intensity between two speckle
pattems. It does this by imaging each speckle onto an clement of a detector array and
measuring the change iﬂ intensity of the light at that clement. The light must come from
the same speckle in most cases. If the speckle is displaced such that the light incident on
the pixel now comes from a different speckle, there will be no correlation between the

two intensities. This will inevitably lead to decorrelation.

Decorrelation begins as soon as the surface starts to be displaced or the beams start to
move, depending on the type of ESPI. However, the effect is insignificant initially, since
the displacement or rotation is so small, that the'Specl-(le movement is very small relative
to the size of the speckles. If each speckle on the object is imaged onto jliét one pixel, and

the object moves by the size of a speckle, total decorrelation will occur.
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Vibration is one of the rnéj or causes of decorrelation in ESPI. If the speckles are moving
as the frame is grabbed, it has the effect of averaging the fringes and so reducing the
contrasi. For tﬁis reasc;n, an ideal ESPI Systel-n will have no moving parts. The vibration
of the system under test in this project is causing the poor fringe contrast due to
decorrelation as just described. Since none of the methods attémpted to alleviate the
problem proved té be successful, the second method, "rotate object” was tested for its

level of contrast and suitability for phase shifting analysis.

3.6.2 "Rotate Object" Method

The system was tested on the same surface, the cylindrical pipe, in the same experimental
set-up. An immediate improvement was noted in the fringe contrast despite the presence
of a moving part in the set-up i.e. the rotation stage on which the object was placed. The
difference in this situation was the absence of vibration which was the reason for the poor
contrast in the "rotate beams” method.

fig. 3.6 shows an éxample of the first results obtained using this method. The contrast is

significantly better than that achieved with the previous method.
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Fig. 3.5 Fringe pattern obtained using the "rotate object” method.

it was decided that the "rotate object” method was by far the superior of the two in terms
of contrast. For phase shiﬁing analysis it is imperative that the speckles are perfectly still
and so the vibration of the motors used to rotate the beams in the first method make it
unsuitable for the purposes of the project. Whilst the 'frotate object" method does involve
4 moving part, and thereforer will exhibit dec.orrelation Iand poor. contrast when compared
with in-plane or out of plane ESPI, its contrast is still superior to the "rotate beams"
method, since the vibration factor has been removed

The following chapteré present the results obtained with the system using the "rotate
object" method. Chapter 4 contains results obtained through the fringe counting technique
described in Chapter 2. Chapter 5 contains the results obtained through phase shifting

analysis, also described in Chapter 2.
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Chapter 4.0 Results with Fringe Counting analysis

4.1. Introduction

A fringe pattern produced by the system described in Chapter 3; represents the surface
contour of the barticu]ar object being examined. In order to obtain from this fringe
pattcrn the quantitative data necessary to reconstruct the surface profile, certain

experimental conditions need to be recorded along with the patterns

Firstly, it is imperative that the areca which is being imaged by the CCD camera is
measured and recorded. To do this, a scale is placed across the object surface and

viewed on the live image in ESPITest (See Appendix B) as in figure 4.1 below.

Fig. 4.1 Live view of a cube edge with scale,
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In this example it can be seen from fhe -scale‘ that the area imaged by _the camera is
approximately 38mm square, représ.entéd.'by' 512 x 512 pixels. The number of fringes
we can expect to see depen(is.on the sys.ten‘i séngitivi£§._' As discussed also in Chapter 3,
this depends on two system ﬁar.ame'tf.:rs.‘ Firstly the .s;ens{tgvity depends on 9 the
illuminating angle and secondl)./ on d$ thé amount of rotatiqn which has taken place. It
is also important to note friﬁgé_ orderi as‘ the pe;ttem develop.s. At this point, a thorough
analysis of some simple objf.:cts. i.e. a cube edge and a cylinder will be undéﬁaken using
this fringe counting method. The contdlir patterns will be produced by rotating the

object, as decided upon in the previous chapter, "System design".

4.2 Fringe Counting analysis of a Cube edge

Inl this first serieg of _results 1.e where the'cgbe r\neptioned previously is the object and
the live image from Fig. 4.1 repres‘ents‘ the area being ima'ged, 9 is 12.5° and the value
of d9 was progressively increased by means of the Oriel Encoder Mike Controlled
Rotation Stage (see Appendix A-Equipment). As this angle d9 increases so too does
the number of fringes across the object surfacé. A schematic of the object's position
with respect to the camera and the actual area being imaged is shown in Fig. 4.2 on the

following page.




38mm

Area being imaged

R i T

Object ‘ Lens System

Fig. 4.2 Schematic of the area being imaged for the analysis of a simple cube shape

The meaning of fringe spacing has also been dealt with in Chapter 2, and so only the

equation will be given here:

A
Az=-— "
2Sin 9Sind %

where % is the wavelength of the illuminating source and the other symbols are as

before. For this series of results, the wavelength of the laser diode is 785nm. An aerial
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view of the whole optical set-up can be seen in Fig. 4.3 below. As can be seen from the

diagram, the set-up allows for the object to rotate to produce the contour fringe patterns.

ORIEL

Oriel Encoder Mike
Controller

Fig. 4.3 Optical set-up for first series of results. Object is a cube viewed at one edge




4.2.1 Rotate Object in clockwise direction

The actual values of d9 for the clockwise experimental series were 0.0062°, 0.0093°,
0.0124°, 0.0155° , 0.0186° and '0.0217"_ respectively. These angular values correspond

to increments of 0.5 of the arbitrary units which the rotation stage uses. The set of

fringe patterns corresponding to the above series can be seen in Fig. 4.4 below.

-

Fig. 4.4 Fringe patterns corresponding to rotations of:. A= 0.0062< B=0.0093 C=0.0{24

D=0.0155° E=0.0/86°and F= 0.0217°
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As'én e;(ample, one fringe patterﬁ vs;'as chosen i.e. Witﬁ ds = b.OlSS".‘ This'gives'a Az
value gf 67mm | Thérfrin'ge pattern wa§ .opened"ir_l an'i.‘mage t)roc'essing package called
Scion Imagé (See Appeﬁdix B). With.ihlt.his packaée; it was possible to set a millimetre
per pixel scale ‘an.d' hence assign x-axis ppsitions to the fringes as can be seen in Fig.

e e L

as. - T SRS

Order: 123 32 1
Fig. 45 Fr.ii'ag.e pattern with fringe positions marked off and order number assigned

Cube edge, 9= 0.0155° A2 = 6.7mm

Fringe order number, as s-tated earlier is-noted whilst the p;ittem is developing. Since
the ﬁ'inges appear from the cube edge which is.approximately at the centre of the image

in this example 1e the 19mm mark- on the horizontal axis (see red line), then the fringe

nearest to the cube edge_is assigned the highest order number as it has appeared most

recently. - o

The order number for each fringe is multipliéd by the Az value, 6.7mm to give the z-

axis values corresponding to the x-axis fringe positions, seeTable 4-A:
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TABLE 4-A
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Table 4-A: X- and Z-Axis position / mm with corresponding fringe order number for a cube

viewed at one edge with a clockwise rotation of 0.0155 °

From this data, it is ﬁossible to produce a graph which illustrates the surface proﬁle of

the object, by plotting the dlfference in depth between adjacent frmges Az versus the x-

axis position ofthe ﬁmges Thls is illustrated in FIQ 4 6
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Fig. 4.6 Diagram of relationship between fringe pattern and Az values

it is safe to assume that a graph

Since in this case the object is the edge of a cube,

whose best fit lines meet at a 90°

b4

displaying a set of points for each side of the cube
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angle will show the system to be effective. Such a graph is shown in Fig. 4.7 and the

product of the slopes of the best fit lines is -1 proving that the 90° angle has been

constructed.
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Fig. 4.7 Surface profile of a cube edge.

Cube edge, d 3 = 0.0155 ¢ clockwise, Az = 6.7mm

As can be seen from this graph (Fig. 4.7), the position of the edge of the cube is
determined by extrapolation of the best-fit lines to be approximately 18.5 mm. From
Fig. 4.1 we can see that this agrees with the measurement taken from the scale of
between 18-19mm. This shows that not only is the system produping the correct profile
but that with respect to the image view of the camera, the spatial information which the

graph produces is in agreement with the physical set-up.




Fig. 4.7 represents the fringe pattermn in Fig. 4.5, a pattern which contains 6 fringes. In a
further test, a fringe pattern (Fig. 4.8) with 8 fringes and a d9 value of 0.02177° was
chosen. The value of ¥ is again 12.5°. The value of Az for this fringe pattern was

found to be 4.8mm.

Order: 1 2 3 4 4 3 2 1
Fig. 4.8 Fringe pattern with fringe positions marked off and order number assigned

Cube edge, d3=0.02177% Az = 4.8 mm

As in the previous example, the x- and z-axis co-ordinates are determined and the

values in this instance can be seen in Table 4-B.



TABLE 4-B

'@X?Ajiiszllositiom’mmm' Fringe Z-Axis Position/mm
| S | Order No.

e 1 48
e ) e 2 9.6
ey “--mwlo 99-;, ’M g 3 14.4
mwlﬁ 25“’*"‘*.' ufﬁf— 4 19.2
e 1D 3m&éwmm 4 19.2
69 3 14.4
— :3‘1}5 o 2 9.6
375 j«] 1 43

Table 4-B: X- and Z-Axis position / mm with corresponding fringe order number for a cube

“viewed at one edge with a clockwise rotation of 0.02177°

R o " R W

Using the values from the above table, the graph in Fig. 4.9 was produced. Again, the

angle made by the best-fit linés is approximately 90° and the product of the slopes of

the best fit lines which represent the sides is -1, showing the system and method of

analysis to be effective with the cube edgé agaih extrapdlated-to between 18-19mm.
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Fig. 4.9 Surface profile of a cube edge

Cube edge, d 3 = 0.02177% clockwise, Az = 4.8 mm

With this set of results, the system has been proved to be an effective in producing a
profile of a simple shape. This section of this analysis has tested a simple shape by
rotation in the clockwise direction. In order to ensure that the system is indeed
producing valid results, it is necessary to test for rotation in the anticlockwise direction

also. The following section deals with this comparison.
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4.2.2 Rotate Object in the anti-clockwise direction

The next step in the analysis is a test of the direction of rotation on the effectiveness of
the system. In this instance, the same series of results is repeated with d8 taken in the
anticlockwise direction as opposed to the clockwise direction from the previous section.
A fringe pattern with 8 fringes suitable for analysis was chosen, with a dd value of
0.01866° giving a Az value of 5.6mm. As before, the fringe pattern in Fig. 4.10 was

analysed using the Scion Image package.

Order: 1 2 3 4 4 3 2 1
Fig. 4.10 Fringe pattern with fringe positions marked off and order number assigned

Cube edge, d3 = 0.01866 Az = 5.6 mm

The values for x- and z-axis position and fringe order can be seen in Table 4-C.




TABLE 4-C

WX-AHW Fringe ' Z-Axis Position/mm
" Position/inin - |~ Order No.
[ w— 1 ‘ 5.6
980 3 16.8
gmw@l_ﬁ?}%ﬁﬁ . 4 1 22.4
iy 22:04 i 4 r | 22.4
‘ R |

3 . 6.8
e ey
3800 ﬁ"] 1 ! | 5.6

Table 4-C: X- and Z-Axis position / mm with corresponding fringe order nuumber for a cube

viewed at one edge with an anti-clockwise rotation of 0.01866 <

As in the case of clockwise rotation in the previous section, pIotting of this quantitative
data retrieved from the fringe pattern produces a graph representing two sides of the
cube object under evaluation. Again, these two sides are represented by the data on Fig.
4.11. Tﬁe best-fit lines meet at an aﬁgle of approximétely 90°, w1th wthe prbdui of the

slopes of each side being -1, proving that the system works just as éffectively while

being rotated in the anticlockwise direction.




Z Pasition (am)

X Pasition {mm)

Fig. 4.11 Surface profile of a cube edge

Cube edge, d 3 = 0.01866 ° anticlockwise, 4z = 5.6 mm

Also, as in the previous examples for clockwise rotation, the graph is extrapolated to
determine the position of the cube edge along the horizontal or x-axis to be between 18-
19mm, which again, in in agreement with the actual measurements taken of the

experimental set-up.

The system has been proven to work effectively using fringe-counting analysis. The

following section describes the same analysis on another simple shape i.e. a cylindrical

pipe.
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4.3 Fringe Counting Analysis of a Cylinder

In this second series of results, the object under examination is a cylinder, a live image
of which can be seen in Fig. 4.12 below. As before, the area being imaged is 37mm
squared, represented by 512 by 512 pixels. In this case 3 is 14.4° and the value of d3

was progr.essive‘ly increased by means of the Oriel Encoder Mike Controlled Rotation

Stage.

*i."”fb"

e..f'h% s “h-.m

J -

Fig 4.12 Live image of cylinder with scale

The experimental set-up is exactly as before,” with the cylinder taking the place of the

cube on the rotation stage. The diameter of the cylinder is 40mm and its circumference

126mm and a 48mm section of this is imaged by the camera as shown in Fig. 4.13.




Ariel view of
cylinder

37mm

Lens system of the
ESPI contouring
system

Fig. 4.13 Ariel view of the experimental set-up

The actual values of d8 for the clockwise experimental series were 0.0062°, 0.01806°,
0.02488°, 0.0311°, 0.0373° and 0.0435°respectively. These angular values correspond
to increments of 0.5 of the arbitrary units which the rotation stage uses and are taken for
this series of results,. The set of fringe patterns representing the above series is shown

in Fig. 4.14 on the following page.




Fig. 4.14 Fringe patterns corresponding to rotations of-. A= 0.0062.5 B= 0.01806 ° C=

0.024885 D= 0.0311°, E= 0.0373 “and F= 0.0435°

The fringe contrast diminishes as the fringe number increases. A fringe pattern was

chosen with d9 - 0.02;18". Tl{is g.ivgs a Az value of 3.64mm. The fringe pattern was
opened- in thé image probeséiﬁg package Scion Imﬁge as béfaré. -Withix-l this package,
the millixineére; pé:r pixlel scale was set and the x-axis i)ositions of the fringes were
assigne-d, sce Fig. 4.15. The fringe patterns are slightly assymetrical about the vertical
axis, as fe .plastib“pi'pié used in'these é}_(}'g_;ﬁiﬁ&i‘xtS__ was light and hence difficuit to secure

in a perfectly vertical position and tended to lean backwards somewhat.




Fig. 4.15 Fringe pattern from cylindrical pipe. . d =0.0248°

The fringe order was noted and multiplied by the Az value 3.64mm to give the z-axis

values corresponding to the x-axis fringe positions, see Table 4-D:

TABLE 4-D
—X-Axis:Position/mm—  Fringe Order No. ErzEE ZEAXIS Position/ Mm s
< . 067 e 1 e ,butfrs;&qﬁgmwg
i 0 e 2 ey R e
el 0T 3 e LV R P et
e ———36:81— 1 —

Table 4-D: X- and Z-Axis position / mm with corresponding fringe order number for a cylinder

viewed off centre with a clockwise rotation of 0.0248 °

From this tabulated data, it is possible to produce a graph which illustrates the surface

profile of the object. by plotting the difference in depth between adjacent fringes, Az

versus the x-axis position of the fringes. This is illustrated in Fig. 4.16.
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Plotting the data from Table 4-D, a profile of the cylinder surface is produced See Fig.

4.17.
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Fig. 4.17 Surface profile of a cylinder

The graph in Fig. 4.17 gives a surface profile which appears to be in agreement with the
physical shape of the cylinder being examined. However, in order to prove that the
system is effective it is important to read some physical value from this graph and to
check its value againest measurements taken from the object. Essentially the graph
forms an arc from the circumference of the cylinder with its baseline forming a chord
which joins the two points on the circumference which form the arc. This relationship

is shown in Fig. 4.18.
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Fig. 4.18 Geometry of the cylinder depth

From Fig. 4.18 , it is clear that there is a relationship between the length of a chord c,
and the maximum height h, from the centre of that chord to the circumference. This

relationship is easily shown to be'

h=r—%(’4r2—c2) 4.1



—— e

For the cylinder under test in this situation, the radius is 20mm. The chord length is the
same as the horizontal area being imaged by the camera, 37mm. Using these
measurements, the value for h, the surface height being profiled is 12.4mm. To
determine whether or not the system is profiling effectively, the surface height can be
read from the graph in Fig. 4.17. By extrapolating from the maximum of the curve to
the z-axis, a value of approximately 12.5 mm for the surface height arises. This value,
which compares favourably with the geometrically determined value of 12.4mm, shows

the system to be an effective and accurate profiler.

It is necessary to analyse another fringe pattern from the same series to demonstrate
consistency. A fringe pattern (Fig. 4.19) with 10 fringes and a d8 value of 0.0021° was
chosen. Since this fringe pattern was obtained using the same optical set-up as before,
the value of 8 is again 14.4°. The value of Az for this fringe pattern was found to be

2.1mm.

Fig. 4.19 Fringe pattern from cylindrical pipe. d 3=0.0436 ¢

104




Using the same procedure as before, the necessay data is extracted from the pattern and

presented in Table 4-E on the following page.

TABLE 4-E
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Table 4-E: X- and Z-Axis position / mm with corresponding fringe order number for a cylinder

viewed off centre with a clockwise rotation of 0.0436 ©




Plotting of this quantitative data retrieved from the fringe pattern produces a graph

which represents the surface profile of the cylinder as before. See Fig. 4.20.
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Fig. 4.20 Surface profile of a cylindrical pipe.d 9=0.0021 °

The surface height is determined from the graph to be approximately 12.2 mm which

compares favourably with the known value of 12.4mm.

Through this second series of results, the system has proven to be an effective and
accurate method for surface profiling. This section concludes the analysis by fringe
counting. In the following chapter, the system is tested again using frequency
modulation phase shifting as the method of analysis. The results of these tests are

presented.
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5.0 ESPI Results with Phase Shift analysis

5.1 Introduction

As described in earlier chapters, the initial result from an ESPI contouring system is a
fringe pattern which maps points of equal! surface height. Using the fringe counting
method from the previous chapter produced results which show the system to be
working effectively. As mentioned in Chapter 2, in the early days of ESPI, before the
advent of the phase shifting techniques for analysis, these methods were the only

possible way to obtain quantitative data from a fringe pattern.

With the development and decreasing cost of digital image processing equipment,
digital fringe analysis techniques have been developed to an extremely high level in
recent years. This has been instrumental in the more widespread use of ESPT in both the
laboratory and industry due to the fact that it leads to higher accuracy, greater speed and

an automated process.

The phase shifting technique haé been described in Chapters 2 and 3 along with the
algorithm to be used. The technique involves taking one image before rotating the
object and 4 images after the 6bject has been rotated with a n/2 phase shift between
these four. The algorithm then works out the change in phase due to thé change in the
illumination angle. The application of the".phase shifting algorithm results in the

wrapped phase fringe pattern and this can be unwrapped using an appropriate algorithm.
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Too much of a change in illumination angle will lead to decorrelation, as discussed in
previous chapters. Indeed, the maximum number of fringes which was achieved before
decorrelation during the tests was 8 fringes in most cases. A method to overcome this

decorrelation problem is suggested in Chapter 6, "recommendations for further work™.

Decorrelation occurs more quickly in this type of ESPI system due to the presence of
moving parts. This results in a significant difference in the quality of contrast between
this type of system and an in-plane ESPI system for example. The moving part gives
rise to a noisy pattern when using the "rotate object” method. While it is possible to
produce a phase map and unwrap it using this method, through experiment it has proven
fo be of poorer contrast than with other ESPI methods. As detailed in Chapter 3, the
"rotate beams! method was so unstable in this case as to be incapable of incorporating

phase shift analysis due to vibration.

The results presented in this chapter were produced using the "rotate object” method
which eliminated the problem with vibration. However, despite the contrast being of
high enough quality tolenable phase shift analysis, for the most part, the results were
affected _by noise and resulted in lower quality phase maps, boti'l lwrapped and
unwrapped. Again, a'recommendation h.;:lsAbeen made in the conclusion 'r;a;garding these
problems. |

The Oriel rotation stage has a resolution of 0.0006 © and so this was the minimum d$§
value possible. In genéral, decorrelation was observed for this exbérimental set-up after
a maximum rotation of 0.0436°. The followiﬁg expet'-iment‘srwere dndertaken witAh the
object at a distance of 800mm from the-leﬁé,-to allow as much of the object sﬁrface to

be viewed as possible and to allow for more fringes across the object.
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5.2 Phase Shift Analysis of a Cube Edge

The cube edge under analysis in Chapter 4, was again the object under test for the first
of the "phase -shift analysis” results. As described in the introduction to this chapter, a
phase map is produced using the ESPITest software. Such a phase map can be seen in

Fig. 5.1 below. The Az value for this fringe pattern is 7.3 mm.

Fig. 5.1 Wrapped phase map corresponding to the surface profile of a cube edge

The software is then used to unwrap this wrapped phase map as mentioned previously.

The corresponding unwrapped phase map can be seen in Fig. 5.2.




Fig. 5.2 Unwrapped phase map corresponding to Fig. 5.2

+

The phase map is extremely noisy, displayed as the uneven colour distribution in the
grey and white areas. This 1s due to the continuous movement of the object which is
necessary to produce the contour fringes resulting in an averaging of the pixel intensity
values. Some median filtering was performed on the data. However, despite this noise,
it is clear that surface height information about the cube édge is clearly illustrated in the
unwrapped phase map. The white area in the centre COITCSpondIS to the edge of the
cube, which is closest to the CCD array. The black area at thc edges represents the
sections of the sides of the cube, which are furthest away while the grey level
corresponds to the area in between. Were the data to be less noisy, -the grey and white

areas would be smoother and blend into one another in a more seamless greyscale, but

Fig. 5.3 shows a three—d'il'ner'lsionafsurface"plot, the' data for which has been retrieved

from the unwrapped phase map.




Fig. 5.3 Three-dimensional plot of the cube edge

Despite the presence of considerable noise in the 3-D plot in Fig. 5.3, the basic shape of
the cube edge is still clear. The red area in the centre corresponds to the cube edge and
the blue regions correspond to the sections of the cube, which were furthest away from

the CCD array.



5.3 Phase Shift Analysis of a Pyramid

A pyramid viewed, using the set-up in Fig. 5.4 was then examined using the system.

Pyramid: Side view

Lens
system

Pyramid:
Camera view

(B)

Fig. 5.4 Experimental layout A) Side view B) Camera view of pyramid

As described in the introduction to this chapter, a phase map is produced using the
ESPITest software. Such a phase map can be seen in Fig. 5.5. The Az value for this

{ringe pattem is 6.6 mm.
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Fig. 5.5 Wrapped phase map of the pyramid

The software is then used to unwrap this wrapped phase map. The corresponding

unwrapped phase map can be seen in Fig. 5.6 below.
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As before, the bright area in the centre corresponds to the apex of the pyramid which lay
closet to the lens in the experimental set-up and hence has the least surface height. The
darker area around the edges corresponds to the areas on the pyramid surface, which

were furthest away from the viewing system.

Fig. 5.7 illustrates a three dimensional plot using data retrieved from the unwrapped

phase map as beiore.
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Fig. 5.7 Three dimensional surface plot of the pyramid.

As in the previous example, the noise in the phase map has resulted in a three-
dimensional plot with many errors. However, the red region in the centre clearly

represents the apex of the pyramid.




5.4 Conclusions

The "rotate object’” method has been utilised to prodhce wrapped phase maps
representing the surface profile of the object under test. The software was then used to
unwrap these phase maps to produce a greyscale representing surface height. In both

cases, this greyscale was converted to a 3D plot of the object.

In each case, the patterns _exhibited a great deal of noise due to the movement of the
object during operation. With the present system, every effort was made to reduce this
effect, however, the final résults reflected the movement in tﬁe system. The three
diimensional plots suggested the basic shape of thelobject in each case, however, the
noise tended to obscure thé fine detail of the surface in question. Recommendations to

over come this problem have been made in Chapter 6-Conclusions.
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Chapter 6.0 Conclusions .

6.1 Project conclusions

The ESPI contouring system outlined in the research objectives in Chapter 1 has been

produced within the timeframe and budget of the project.

As outlined in the research objectives, it was imperative that the system be miniature,
compact-and robust, computer controlled, portable and generally suitable for industrial use.
Many of the characteristics just mentioned were required in an effort to overcome the

reluctance in industry to adopt these techniques.

The system is both miniature and portable, using a laser diode as the light source, miniature
optics and measuring 44-cm X 25-cm x 12.5-cm. The duralium beam adds stability to the
system making it more robust and enables the system to be mounted on a tripod for

portability and industrial use.

The ESPI system 1s controlled by advanced software, ESPITest which was developed at the

Institute for Systems Informatics and Safety laboratories in the European Commission Joint




Research Centre. This user-friendly software acquires the images, subtracts and rectifies the
result to produce ESPI fringe patterns which represent the surface profile of an object. It also
calibrates and controls the phase shifting device in order to produce wrapped phase maps. - These
images are then unwrépped by the software. The software also éllows filtering of the captured

images.

The system provides a whole-field profile of the object under examination, giving it a distinct
advantage over some traditional methods for contouring i.e. stylus profilometry. It has been
used to produce quantitative results using two different techniques: 1) Fringe counting and 2)

phase shifling analysis.

The ESPI contouring system is capable of being used in an industrial environment and the user
friendly software means that the user does not necessarily need to be qualified in the particular

field of ESPI.

6.2 Reco}nmendations for improvements and further work

Of the two methods for ESPI contouring by angle of illumination change, the "rotate

beams" method is the more practically favoured. This is due to the flexibility that the
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method allows with the object to be examined. Within the budget constraints of this
project, it was not possible to successfully incorporate this method into the system and the

"rotate object” method became the method of choice.

The problem of decorrelation with this method coﬁld Be overcome by using a technique
known as phase map addition. Using this technique, the angle of illumination is changed
by a small amount, which does not lead to decorrelation, and a phase map produced. The
process is repeated and the two resulting wrapped phase maps can be addeld together to

produce a high sensitivity wrapped phase map.

The noise which resulted in reduced quality phase maps occurred due to the movement of
the object. Should a suitable budget become available, it is recommended that. high quality
miniature rotation stages be purchased and incorporated into the system to rotate the beams.
This would eliminate the movement of the object and allow the ‘system more flexibility.
High quality rotation stages would not exhibit the vibration which the custom made stages

did and therefore the contrast should be much improved.

An ideal ESPI contouring system contains no moving parts and so the spectral contouring
method described in Chapters 2 and 3 is the most attractive method for shape measurement.
It is only a matter of time before high power tunable laser diodes with Wavelengths which
are compatible with CCD cameras become available so that spectral contouring of large

objects can be implemented.




; Appendix A- Equipment

1. CCD Camera:

Spindler & Hoyer 930-177 Remote Monochrome CCD Camera
930-535 Wall mounted PSU
512 x 512 pixels

2. Laser:

Make & Model: Ettemeyer laser diode
Wavelength: 785 nm

Max. cw output power: 50 mW
Spectral bandwidth: 2 MHz
Mounting: 9-pin D-sub & cable

3. Laser Current controller;

Make & Model: Ettemeyer LDC 202
Output current range: 0-200mA
Compliance voltage: >6V

Temperature co-efficient: < 50ppm/° C
Operation temperature: 0-40 ° C

4. Frame Grabber:

! Make & Model: Data Translation DT 3152
Main Features:

PCI Bus
Can transfer directly to computer monitor
4 monochrome inputs '
Intertaced or non-interlaced
Programmable gain
8-bit resolution
Pixel Acquisition rate of 20MHz
One 256 x 8-bit Look up table
Compatible windows software




5. D/A Board:

Make & Model: National Instruments PC1200/A1
Main Features:

PCI Bus

Two channels

12-bit resolution

1 kS/s update rate

0-10V or £ 5V output

DC output coupling

0.2Q) impedence

6. Custom built Rotation Stage components (From Radionics, Irefand)

440-420 Motor (1.7 deg.) x 2
718-925 Gearbox x 2

718-931 Adapter kit x 2
217-361 Drive System x 2
160-972 33R 50W resistor x 3
158-468 SR 50W resistor x 3
476-075 D Connector x 1
446-478 Plug x 2

446-513 Socket x 2

469-392 Plug shell x 2
469-443 Socket shell x 2
795-937 Heatsink x 4

215-523 Enclosure x 1
597-576 24V 6 A Power Supply

¥ 7. Oriel Encoder Mike controlled Rotation Stage

Make & Model: Oriel Encoder Mike Controller:

‘Display resolution 0.1microns

Max speed 200 microns/sec

Min. speed 0.5 microns/sec

Power requirements 110/220-240 VAC 50/60 Hz switch
selectable

Mike Specifications

) Travel length- 25mm
' Angular deviation-




Maximum load-45kg

Angular deviation-22.4 arc sec
Resolution- <0.1 microns
Unidirectional repeatability- <2 microns
Max. speed - 300 microns/sec

Min speed- 0.5 microns/sec
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Appendix B- Software

1. ESPITest® written at the Europcan Comimission Joint Research Centre, Ispra, Italy
Windows NT bascd softwarc package for acquisition, mecasurement, control and

post-processing for electronic speckle pattern interferometry

2. Scion Image
Base on NTH Image for Macintosh by Wayne Rasband
National Institutes of Health, U.S A.
Modified for Windows by Scion Corporation

© Scton Corporation 1998, 82, Worman's Mill Com't, Suite H, Frederick,

Maryland 21703 http://www.scioncorp.com

3. MATLAB © 1984-1999 by The MathWorks, Inc.
MATLARB is a registered trademark of The MathWorks, Inc.

Used for all graph'ing and polynomial fits in Chapter 4.
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