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SUMMARY

Initial studies were undertaken concerning laser
speckle photography(sometimes called single-beam speckle
interferometryv)tc obtain information about the technigue
and determine methcds to enable specklegrams of high
contrast and definition to be produced. This required
extensive studies regarding the production, recording and
processing of doubly exposed specklegrams corresponding
to lateral surface displacements and investigation of the
generation and measurement of the interference fringes
fror these specklegrams. I+ was cGiscovered that marked
improvements in fringe contrast and definition coulc be
achieved using the measures and novel technigues which
were devised. Information ané evidence regarding the
photography of these fringes was also obtained.

The main studies built upon these findings ancé were
concerned with the exploration and formulation of precise
means of measuring fringes generated from doubly exposed
specklegrams. Three possible techniques were identified
and systems based on these were developed. One was based
on the use of a self-scanning linear photodiode axrray.,
another on a computer controlled microdensitometer system
with digitized readout and computerized fringe analyvsis,
ané the third on a moiré pattern technigue. These techn-
igues had not previously been explored in this connection,
and valuable comparative information was also acguired.

The moiré pattern system proved to be particularly
sensitive, robust andé adaptable. Conseguently, it was
exployed in conjunction with single-beam speckle photogr-
aphy in the study of three applieé problems in different
practical contexts, viz., the investigation of contaminant
layer thickness between railwav wheels and track; second
the ‘condition' monitorinc of procuction machines; and
thiré the analysis of vehicle structures in the automobile
incustry. In addéition to providing important information
these applied studies demonstrateé the potential of an
integrated system using focused speckle photography (F.S.P.)
ané the moiré fringe mesurement technigue as & measurement,
analysis and diagnostic tool.
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CHAPTER 1.

LASER SPECKLE



CHAPTER 1.

l1.1. GENERAL INTRODUCTION

The phenomenon known as 'laser speckle' was initially
observed over twenty yvears ago, but laser speckle pattern
interferometry has only evolved during the last decade or
so. This development has largely stemmed from the work of

Leendertz(l'z), Archboléd et alFB), Burch(4{ Butters and

Leendertz(S), and Stetson(6) amongst others, as will be
outlined.

As Ennos(7)acknowledges, speckle interferometry has
certain properties which parallel those of holographic
interferometry. However,with regard to the former,the basic
principle is to combine optically a speckle pattern with
either a second speckle pattern or a uniform reference
beam of comparable intensity. Speckle interferometry is
now recognized as a valuable tool and has been successfully
exploited in a variety of practical contexts.

Various technigues have been devised for obtaining,

recoréing and analysing the interference of laser speckle

fields. These include the photographic methods of

; (1,2,8) . (S) : .
Leendertz, Archbold et al.” and the electro-optical
: - o (10)
techniques of Butters and Leendertz .

An application of speckle interferometry, in metrol-

5 1 .
ogy, was reported by Groh(l )more than ten years ago.Since

12 .
then, as Gregory( )observes, there have been many

demonstrations of the usefulness of speckle interferometry

as a means of making,for example,sensitive measurements



and examinations or monitoring of objects which do not

have a specularly reflecting surface.

Nevertheless, there remain a number of problems and
difficulties concerning laser speckle pattern interferometry
and its uses. Certain of these were examined in the studies

reported in this thesis.

1.2. RIMS AND OBJECTIVES

The research was basically concerned with the
exploration and devising of technigues which would improve
the gualitative and quantitative interpretation of the
interference fringes produced in laser speckle pattern
interferometry. In particular, it was concerned with the
determination of the spatial freguency of the Young's
fringes associated with, for instance, lateral surface
movements or displacements. It was then intended to
investigate the application of the appropriate technique
devised, in conjunction with certain measures, to problems
inthree different applied industrial contexts that reguired

a sensitive, adaptable and low cost measurement system.

The laser speckle pattern interference method emploved
to record the surface movements or displacements was the
. - *
method termed 'laser speckle photography' . This is because
the method provides permanent records, in a form suitakle for

comparing the technigues devised and alsc because it

satisfies other reguirements (which will be indicated later).

Although this is not truly interferometric it depends upon
the optical properties of speckle - which itself results Irom
interference. (The theory and principles of the technique

are given in Chapter 2.)



As a preliminary, it was decided to investigate the factors
influencing the definition and quality of the interference
fringes obtained by this method so that distinct fringes

could be provided for use in the main research.

1.3. LASER SPECKLE PATTERNS

arious aspects of the nature anc properties of laser
speckle impinge upon the research which was undertakern in
laser speckle photography. For this reason,the nature,
basic theory and funcamental properties of laser speckle
per se will pe briefly examinec in the following sections
0f this introductory chapter. This background informatiorn
will subseguently be employed ané built upon in relation

-

tc the experimental investigations which were carriec out.

Whern an object, which has a diffusely reZlecting surface,
is illurcinateé by laser light the surface appears to De
covered with & fine granular structure as snown in Figure 1.3.1.
m™he random intensity éistribution, which gives the objecct
ez sparkling or twinkling appearance when the cbhserver moves,

ig called &z 'speckle pattern'.This eifect is cbserves wher.

]

pasis of this effect is founded upon Fourier optics.

o

Studies of the 'speckle' phenomenon nave been mace
since the time of Newtor in the seventeentlh century. A

. (13) . _ .. ) : . -
Dainty indicates, it attracted markec attentlion

in

towards the latter part of the last century. For exancple,







and was only studied because it caused degradation of the

gquality of holographic images.

l.4. THE NATURE OF SPECKLE

The 'speckly' appearance of optically rough surfaces
illuminated by coherent light is due to intermodulation
of the light waves scattered from individual areas. Concern-
. (16)
ing the roughness of the surface, Ennos reports that the
local irregularities in depth on the object surface should
be greater than one guarter of a wavelength of the light
o . (17) £ .
source « Tiziani suggests that the coarseness of the
surface ougnt to be at least the order of the wavelength
of the illuminating light for most applications. An
interesting comment regarding speckle patterns is made by
. (18) ; - .
Hung whe says of their nature :
"The speckle pattern, caused by the random interference
of light scattered from various depths on the object

surface, acts as a grid naturally printed on the object
surface".

BASIC THEORY OF SPECKLE PRODUCTION

[
w
.

Consider a non-specularly reflecting surface illuminatec
by coherent light. Each point on the rough surface scatters
the light as a spherical wave and thus we carn approximate
the surface as a collection of a great number of closely
packed point sources. The relative phases of these point

sources are random because of the surface roughness.

Nevertheless, they are constant with respect to time
provided that the surface is stationary. The interference
of the de-phased, but coherent, secondary spherical

5



wavefronts is responsible for the production of speckle.

In other words, the light wave reflected from any
reasonably distant point on a rough surface consists of
numerous coherent wavelets (each arising from a different
element of the surface) and the path difference between
these wavelets can differ by several wavelengths, as shown
in Figure 1.5.1. The scattered waves not only have random
phases but, as Tiziani(l7) has shown, also random real
amplitudes. It is the interference between these wavelets
which results in the granular pattern of intensity. Similar

effects are observed when highly coherent light propagates

through a medium that has random refractive index variations.

Laser
beam

Surface
Profile.
(Enlarged)

Viewing
point

Fig.l.5.1. Propogation of a Speckle Patern in free-space.




The properties of laser light, such as long coherence length,
high intensity and monochromacity have enabled these effects

to be readily exploited.

When a rough surface is illuminated by coherent light,
the scattered ligcht from each object point produces an image
which is dependent on the imaging system. As previously
indicated it is the interference between these diffraction
images which is responsible for the production of a speckle
pattern. Hence, if a photographic system is employea the
processed film image exhibits a speckle pattern which is
dependent upon the lens aperture used to record the image.

9)

. - - 1 .
Regarding the theory of speckle, narvey( points out
that each element on a surface scatters lignt in a complex
manner to give polar patterns which are different, as

indicated in Figure 1.5.2.

Incident coherent light

Polar

/patterns
swzace /S /S /) )/

Fig.l1l.5.2. Random Polar Patterns.




Harvey explains that the power received at one point from

a great number of randomly placed coherent sources has a
probakility distribution - thus causing large fluctuations

in intensity in different directions. This means that

the observed granular effect appears to scintillate when

the observer moves. Depending upon how strong the scattering
is in a given direction of observation the surface elements
appear bright or dark. The granularity which is observed

is due to spatial beats between the random Fourier

components which are scattered from the surface.

1.6. SPECKLE IMAGES

Speckle patterns are propagated in space whenever
rough surfaces are illuminated by coherent light. Thus,
the formation of an image is not necessary for speckle
patterns to be obtained and such a pattern may be recorded

at various distances from the surface. This far-£field

- . - . . 20
speckle pattern is called an ‘objective' speckle pattern( ?
The speckle pattern formed by imaging a coherently
, . . - . . Lo . . (21)
illuminated rough surface is known as subjective speckle

22 .
or 'image' SpeCkleg )Francon(23) suggests that, by

analocgy with diffraction phenomena, speckle may be regardec
as being ci the Fresnel type in the former case and

Fraunhofer when an image 1s formec.

When rough, coherently illuminated surfaces are
seen by eye, each point of lignht is imaged onto the
retina. The individual point-source images are not

themselves points of light because the pupil serves as



a circular aperture which diffracts the light waves which
' (24) . . .

enter the eye. O0'Shea et al. point out that this is

the reason why the individual point images are blurred and
because of this they overlap with each other. In practice,
the imaging system which is employed may be a photographic
system or a television camera. wWhen an optical imaging

. . . . (25)
system is used it is necessary, as Goodman stresses,

that diffraction as well as interference effects are taken

into consideration.

If an imaging system is employeca (see Figure.l.6.1l)
it is only necessary that the diffraction limited }mplitude'
point-spread function of the system is large in comparison
with the o#ject surface variations to ensure that large
numbers of de-phased coherent contributions add together

at each image point.

Laser

bean ‘ﬁl

Object
<~ Surface

(A: de-phased amplitude
spread functions)

Fig.l.6.1. Formation of speckle with an imaging systemn




The speckle size is correlated to the aperture of
the imaging lens such that the smaller the aperture the
larger the speckle. (Which is in keeping with the
relationship that the diffraction pattern of a lens
increases as the aperture of the lens decreases). This
is because intensity variations cannot be produced inside

(16,26)

the Airy disc diameter. Ennos shows that the average

diameter o of 'subjective'speckles is such that :

A O0.61X
G————

N.A. ceeeeea(lo6.1)

(Where A is the wavelength of the coherent illumination

and N.A., is the effective numerical aperture of the lens)

If the aperture of the imaging lens is reduced in order to
(2)

increase speckle size then, as Leendertz points out,

this is at the expense of image intensity.

When a non-specularly reflecting surface is illuminatec
obliguely by & coherent light source and the surface is
laterally translated, as shown in Figure 1.6.2, the optical
path lengths from the individual surface points to the
imaging systemr changes. The speckle pattern also changes
cut, because the path length changes are co-ordinateg,

£he speckle pattern moves 'with' the imaging system.

The property that any lateral translation of a rough surface

in its mean plane does not cause the relative phases Irom
the surface elements tc varv-such that the speckle pattern
in the image plane P is not modified, is one which led to

the use of speckle patterns for surface movement and

10



Laser \\\Es

beam \\\\~s

move-
/ment

Surface

Fig.l.6.2. Lateral translation of Speckle
Pattern.

displacement analysis and is particularly important in the

context of the research reported in this thesis.

1.7. FACTORS INFLUENCING SPECKLE

In the case of 'objective' speckle patterns the detailed

structure of individual speckles is aeterminec by the

magnitude of the illuminated object field. Speckle size

is inversely proportional to the area of surface illumin-

ation. The smallest detail which can occur in the

diffraction pattern is determined by the angular size of

diffracting object (as seen from the diffraction plane).

(25)

As Goodman has shown, the finest structure in the

diffraction pattern corresponds to that which arises from

11l

the



waves having the greatest mutual inclination. There are
many instances regarding the uses of speckle patterns
where it may be necessary to illuminate relatively large
areas of the object surface. The reduction in speckle
size associated with this can be influenced by factors
such as the imaging lens aperture (seé Equation 1l.6.1)

Moreover, smaller speckle size can mean that higher

resolution 1is achieved.

It has been found that speckle size is also related
to the roughness of the object surface. The spread of
the diffracted light in an arbitrary plane (such as 'P'
in Figure 1.7.1) is clearly greater if the surface height

variations on the cbject surface 's' are smaller and vice

versa.
Laser~\\i
Beam
~ - N
S~
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Fig.l1.7.1. Effect of Surface Height Variations.
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Goodman(ZS)

Asakura(27)

increase

ence on surface roughness of speckle contrast.
observation plane.

has shown statistically that there is a depend-

Furthermore,
the contrast of

reports,

has demonstrated experimentally that rms, surface
roughness is correlated to the contrast of speckles in the
variation at the observation

(due to the surface becoming coarser)

This is such that as phase variations
the degree of

plane increases.
ion in

ing source alsc affects speckle contrast.

the intensity
the speckle pattern increases.

Consequently,
contrast.

(

As Dainty
spatially coherent light is employed,

13)
spatial coherence cf the illuminat-
ed patterns.

If only partially

there is a reduct-

ratterns dependas upon whether or not they
that this

The irradiance or brightness distribution of speckle
obtained if all of

shoula,

are fully-develop-
therefore,

Fully-aevelopec speckle pattermns are only
the waves contributing to a particular
latter concdition is satisiied,

speckle are coherent with respect to each other.

In

order

the object surface
not depolarise the light.
ful

The distrirtution of rrightness amongst
al

o
H
Hhy

the speckles

ollows a rnegative
s ¢given
I
exp. (-=
is the probakbkility of an

by
an irradiance between I and I

+ 4&I.

individual speckle having

13

is the mean irradiance of speckles in the pattern.

A




graphical plot of this relationship (Figure 1.7.2) shows
that the most probable irradiance in a speckle pattern 1is

Z2ero.

Fig.l.7.2. Probability density function of
the brightness distribution of a
single speckle field.

\ 4

Thus, in a speckle pattern there are more 'dark' speckles
than there are speckles having any other irradiance.

.. (28). e s . . . .
(McKechnie has verified this relationship experimentally)
This property is an important distinguishing feature for
fully-developed (i.e.fully coherent) speckle comparec to a
speckle pattern which is less fully-developed (i.e.partially

; . . . . s . (1¢)
coherent) . It is particularly significant,as knnos

observes, if the speckle pattern is recordec on nonlinear

rhotographic film or observed visuaily.

2 measure of the contrast of a speckle pattern is the



ratio:

(0}
- S.D. .
C = A O |
I
o
OS 5 is the standard deviation of the irradiance.
IO is the mean value of the irradiance.

For the case of the distribution given by Eguation (1.7.1)

the speckle contrast is unity.

1.8. SPECIAL PROPERTIES OF SPECKLE PATTERNS.

There does nct appear to be any obvious relationship
between the macroscopic properties of the object and the
cetailed structure of the speckle pattern. Nevertheless,
the use ofAstatistical methods and propability theory has
proved useful in this context. For example, in the case
of the incicdent illumination being monochromatic and
linearly polarisecd and the object surface not depolarising
the light, Goodman(zs)has demonstrated that the analysis
is basically eguivalent to the classical proclem of a two- |
@dimensional random wealk. It is assumed that the amplitude
and phase of each component are statistically independent
and are also independent of the amplitudes and phases of all
other components. In addition,it is assumecd that the
phases are uniformly distributed over all values between

I

+IL and -ii (in other worcés, that the surface roughness is

*
greater than the wavelength of the light source). The

*
These are all assumptions which generally apply to

the investigations undertaken.

15



probability distribution for the resultant amplitude at
any point in such a case has been shown by Goodman to be
Gaussian. Thus the resultant intensity distribution
follows a negative exponential law. (see Equation 1.7,1.)
(29) . . . . .
Tanner has confirmed that the intensity variation

follows a Rayleigh distribution.

It has been shown by Goldfischer(3o) that a speckle

pattern contains all spatial frequencies up to the highest
which our observing system can resolve. Moreover, concern-
ing the spatial frequency distribution of interference
'fringes' which contribute to speckle patterns, it has

(31)

been found, as Vest points out, that the distribution

of irradiance over fringe frequency is linear.

Finally, although the effects associated with the use
of polychromatic light sources and wavelength change do

not concern us here, it must be acknowledged that these do

have effects on speckle patterns (see,for example,Francon(23)y
Similarly, there are effects due to the employment of
partially coherent light which must not be overlooked

(32) < . .- N
(see Parry ) and which have actually been applied and
developed. All these and certain other factors, which will

subsequently be identified, will be taken into account in
respect of the experimental investigations that are

described later.

1.9, SUMMARY .

(33)

The speckle effect, as Wykes points out, occurs

1lé



because the amplitude of the scattered light at a given
point is the sum of a large number of coherent components
scattered from different parts of the surface. 1If the
surface is sufficiently rough these components have random
phases and the addition of these components gives rise to
a random intensity and a random amplitude. Various asp-
ects of the nature and theory of laser speckle have been
discussea anc factors influencing the size, brightness
and contrast of speckle patterns have been analysed,since
these are particularly relevant to the studies which were
undertaken.

In conclusion it is worth noting the suggestion of
Butters and Leendertz(34), that a speckle pattern may be
regardec as a 2 dimensional coaed record of a general
3 dimensional object. Furthermore, as Francon(23)

suggests :

"The cevelopment of speckle technigque in the past
few years has been such that there is little coubt
that a new chapter in optics has been opened”.

These and certain other points will be expanded in the
followinc chapter prior to the preliminary experimental
investigations aescribec¢ in Chapter 3. The initial
investigations were intendec to examine and explore
various facets which would then be employec in the

investigations.
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CHAPTER 2.

SPECKLE PHOTOGRAPEY



CHAPTER 2.

21. INTRODUCTION

Techniqgques employing laser speckle patterns can be
separated into two broad categories, namely, speckle
interferometry and direct laser speckle photography.

. _ (16) .
However, as Ennos observes, the latter category does
not involve the use of reference beams. The distinction
between the two groups is not always clear since both
involve interference and both involve photography - or
an appropriate alternative means of visualisation. Never-
. (15) - . -
theless, Stetson has suggested a simple but fairly
satisfactory means of distinguishing between the two.
If there are regions in the two images where the speckle
patterns of each are well correlated then he proposes
that the process be classified as "speckle photography”
(see, for example, early references to technigues in this

-‘ Q
(9'56'37'38'34'40). On the other hané, if the

grouping
fringes form as the consequence of fluctuations in the
correlation of the speckle patterns between the two images
{whether there is translation or not between the
correlatec¢ regions of the speckle patterns) then Stetson

- - . . —~ . - W .
sucgests that the process 1is classifiec as speckle inter-
—~ " .
ferometry. (See, for example, early references to technigues

(1'2'3'4'33'38). The former category is

in this grcuping
the one which is of primary concern in respect of the

work that will be described here.

Speckle photography can itself be separated into



several categories(e.g. single-beam illumination(9'18’37’40’41)

(9,36)

and dual illumination beam yand sub-categories regarding

different modes or areas of application for the various

techniques. These categories include focused speckle

37 '
photography( ), defocused speckle photography(42 43),

incremental speckle photography(44)and double speckle

45
camera systems( ). The investigations which will shortly

be detailed were fundamentally based upon a form of single

beam illumination, focused speckle photography.

2.2. THE PHOTOGRAPHY OF LASER SPECKLE PATTERNS

To facilitate the explanation of the special measures
and techniques which were adopted in the experimental work,
brief consideration will be given to the theory and
principles concerning the basic photography of speckle
patterns. There are three main factors which require to
be taken into account in thiS context. These are the
camera lens aperture ratio, the film type (and exposure)

and the processing of the film.

In Section 1.6 it was shown that the size of
individual speckles in the image plane is related to the
effective numerical aperture of the lens: (see Eguation 1.6.1)
Wwhen a camera is used it is more convenient to relate
the speckle size to the aperture ratio of the lens. The
magnification (or demagnification) of the image must also
be taken into account - assuming that the lens actually
images the diffusely reflecting surface. Equation 1.6.1

concerning the speckle size o0 is then rewritten as:
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o £ 1.2 MAF .. (2.2.1)

'M' is the image magnification and 'F' is the aperture

ratio of the lens ('f' number).

A conventional 35mm single lens reflex (S.L.R.)
camera, with the lens set at a moderately high aperture,
is generally found satisfactory for speckle photography.
Ennos(7)suggests that the gquality of the photographic lens
used 1is relatively unimportant. Nevertheless, Archbold
and Ennos(37) have noted cases where lens aberrations
(particularly distortion), play a limiting role. Moreover,
Stetson(46) has reported that the effects of lens aberra-
tions not only include loss of speckle correlations and
subsequent halo fringes but also distortion of halo fringes
(which can result in false information about object motion
if the photography is undertaken in the context of surface
displacement studies). However, if a reasonable gquality
lens is employed and it is not used far off axis then
Stetson acknowledges that the effects are considerably
recuced.

Regardinc the filr used to record speckle patterns,

. - (9)
Archbold et al.

have demonstrated that fine grain, high
contrast ermulsions are more suitable than relatively
coarse grain, low contrast emulsions. Although fine grain
emulsions require longer exposures, they consiaer that the
higher density and resolution of such emulsions is more

significant in terms of the results obtained. Stetson(ls)
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points out the need for film used for speckle photography
to have a high modulation transfer function (M.T.F.)
because of the wide range of spatial frequencies in a

speckle pattern.

Film ‘speed' varies inversely with resolution and
since fairly high resolution photographic emulsions are
generally considered to be particularly suitable for
speckle photography this means that relatively long
exposures may be necessary. Tiziani(17)has indicated
that the exposure used should be one which gives an
overall intensity transmittance for the processed film
of about 50% (see Figure 2.2.1). As exposure &€ is egual

to the product of the incident irradiance distribution

I(x,y) and the duration cof the exposure this means that

"

€(x,y) I(x,y)t.

t A\

|/ Under exposed

Trans-
mittance

| Linear region (as exposure
increases there is a linear
decrease in the transmittance
of the £ilm)

C)Over exposed

m\/

Exposure

Fig.2.2.1. 2Amplitude transmittance versus exposure
for a negative after development.
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It is emphasized by Vest(Bl)

that speckle photographs
should be exposed and developed in such a way that high
contrast is achieved so that good diffraction efficiency
is achieved. He stresses that care must be taken in
developing speckle photographs so that the photographic
negative (transparency) or 'specklegram' is a complete

and true record. Manufacturers of emulsions for use in
this field also endorse the neeéd for careful processing of

the exposed film (e.g. Agfa-Gevaert (47)).

All the aforementioned factors and conditions were
taken into account as were the effects of emulsion thick-
ness, illumination levels, focusing, surface finish,
bleaching'of the processec film and further factors which
could influence the guality of the processed latent image.

(See Section 2.7).

2.3. DOUBLE EXPOSURE SPECKLE PHOTOGRAPHY

The single illumination beam, double-exposure
technigue for laser speckle photography was initially

S o . -
( ). This technigue does

demonstrated by Archbold et al.
not rely or the nor-linearity of the recording mecium
and only reguires that the object 1is illuminated by a
divergent, coherent beam 'B', from any angle, as shown in

Figure 2.3.1.

The speckle pattern produced by the object is imaged
by a camera, such as an S.L.R. 35 mm camera, located in

the image plane. Continuous wave (C.W.) low power lasers

22




are generally employed as illumination sources. For
example, Helium-Neon, Argon, Krypton and also free-running
pulsed ruby lasers can be used. Temporal coherence and
environmental stability reguirements are not so rigid as

they are for conventional holography.

Double -~exposure photographs are taken (on fine grain
film) before and after the specimen surface has been
laterally cisplaced. The two recorded speckle patterns are

locally identical,but displaced by an amount and in a

direction which is related to the movement of the correspond-

ing surface element. Surface movement in any direction

orthogonal to the line of sight may pe analysed.

Laser >
beam \EQ
Film:
: < B
. Object
. motion
Image \
Plane L
Object
plane

Fig.2.3.1. Recording Lateral Displacement.
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(7)

Ennos has explained that, because the speckle field
intensity distribution is independent of the phase of the
illuminating source and is only slowly affected by a change
in its direction, the laser does not need to be rigidly
mounted with respect to the object. However, it 1is
important to minimise any undesired movement between the
camera 'L' and the object. This is because such movement
could cause false information to be recorded by the speckle-
gram . It could also mask the surface movement which is

under investigation. If the correlation of the speckles

is maintained between the two exposures the speckles
behave like a moiré grid that is attached to the object
surface. However, unlike a moiré grid, a speckle pattern
is aperiodic ancé so normal means of observing moiré inter-

ference cannot be employecd.

Analysis of the double-exposed specklegram 1is basic-
ally undertaken by directing a narrow beam of light onto

its surface as indicated in Figure 2.4.1 (see later). The

grain structure on the film spreads the beam out by
ciffraction anéd the diffraction halo which is prodauced is
modulated by interference fringes. It is the spatial
frequency of these fringes which enables a guantitative
measure to be made of the local displacement which has

taken place on the object surface. The normal to the

fringe direction indicates the direction of the displacement.

(18) (7,37)

Hung and others have shown that this

technigue does not reguire the special vibration isolation
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which is generally demanded in dual-beam speckle inter-
ferometry. Neither does the interpretation of the inter-
ference fringes depend upon the direction of illumination.
This means that a diverging illumination beam can be
employed, and, as Hung indicates, restrictions on object

size are therefore reducead.

With regard to speckle interferometry systems the
output information is obtained by distinguishing between
parts of the field where the field is correlated and where
it is not. However, this pre-supposes that the displace-
ment of individual speckles in the image plane does not
exceed their diameter, If the translation is greater than

the speckle diametex then the lateral displacement ot

a localised area can be measured by positional correlation
of the pattern at that point, without using a reference
beam, by the technigue of double-exposure laser speckle

photography.

2.4. BASIC THEORY OF DOUBLE EXPOSURE TECHNIQUE

If a single exposure specklegram is illuminated

normally by & convergent beam oI coherent monochromatic

Hh
}o-

light, it diffracts the beam into &a cone of well-daefinec
angle. when this is projected onto an opague screen it
forms a circular halo of light surrounding the unscatterec
beam. The intensity distributicn oI the diffractea light

decreases radially as the sguare of the auto-correlation

function of the lens aperture. This diffracted light is
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called the auto-correlation halo. It can be shown that,
for an imaging system, the angular radius of this halo
corresponds to the maximum spatial freguency recorded and
it extends over approximately twice the angle of the cone
of light which generated the speckle pattern. Rrchbold et
alfg) have indicated that the angular radius of this

diffraction halo is roughly equal to the numerical aperture

of the recording lens.

When two speckle patterns are recordea on the same

film (double exposure) and if between the exposures the

object surface was laterally displacea by an amount 'dl

(the recorded speckles will displace by a corresponding
amount 'é') then two diffracted cones are generatea. They
interfere together forming equispaced parallel ZIfringes

modulating the auto-correlation halo.

These cosinusoidal fringes can be imagecd on a screen
placed in the Fourier plane, as shown 1n Figure 2.4.1.
(1l6)

Ennos has shown that the intensity 'I' ocf the recoraecd

lightis relateda to the image displacement ¢ as follows
I & [F|% cos? (kvd/2) L. (20400

tF[Z represents the Giffraction halo due to thne speckle
pattern. The cos? term represents its modulation

e - iy Ol \ < - . “ . .
(interference fringes) : k = 2I/x and v is an angular cocrdinate.

If the displacement is less than one speckle alameter
the interference fringes will fall outside the cdiffraction

halo anéd so will not be detected .
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fringes
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Doubly-exposed
Specklegramn

Fig.2.4.1. Production of Young's fringes

The angular distribution of the fringes is given by:

G sin ¢ = nX f e (2.4.2)

1

where n is the order number of the fringe and A is the
wavelength of the illuminating beam.

[?he interference fringes actually arise from a cark
speckle which nas moved between the two exposures Gue to
novement of the object surface. It thus creates a pair of

transmitting areas on the specklegram that act as the two

)

point sources of light do in Young's experiment:
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2.5, MEASUREMENT OF LATERAL MOTION

Single-beam illumination double-exposure laser speckle
photography can be used to measure the lateral displacement
of specimens(9'18'37;4821f the magnitude 'd' of the image
displacement is greater than the speckle size 'C', the
processed double exposure film will contain a pair of
identical speckle patterns which are separated by a distance
dM. (where M is the lateral magnification of the imaging
lens used for the recording). The lateral displacement of

each point of the recorded image may be evaluated from the

Young's fringe pattern as follows:

From above, the lateral displacement vector dl of the

specimen is related to this fringe pattern according

to the egquation dl = %

Hence, from equation 2.4.2,

ni .
dl = Msin¢ P N I
It has been reported(l6) that small displacements in

the line of sight direction do not affect the measurement

of lateral motion. Moreover, the sensitivity of displacement
measurement can be varied considerably by changing the
magnification. For a recording lens aperture ratio F the
speckle size o is given by Eguation 2.2.1. The correspond-

ing speckle size on the object will be given by.

o = 1.2 MAF  ...... ce e e (2.5.2)

(For HeNe laser A= 633nm)

Thus, for example, if unit magnification is employed
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and the lens aperture ratio is f£/4 then, using Equation 2.5.2
it can be seen that lateral movements greater than 3um can

be measured. Eowever, if the same aperture ratio is used

but a 10 times demagnification is employed this means that
movements greater than 30um are measurable. The upper limit
of measurable displacement is dictated by the resolution of
the Youngs fringes which can be achieved (since their spacing
is inversely proportional to the displacement). Experimental
data reported in the literature(37) on speckle photography
(not just the single-beam method) indicates that surface
motions which produce speckle translations in the range

15 - 200um (in the film plane) may be measured. The lower
limit is about five times the size of the speckles formed
with an £/4 lens and in the case of the upper limit the
corresponding object surface translation is about ten per

cent of the entrance pupil diameter of a 35mm camera lens,

at the above aperture ratio.

2.6. MEASURENMENT OF TILT

It is possible to employ double exposure speckle
photography to measure out of plane roctation or 'tilt' of
specimens(lz' 37} For instance, T:ziani(49) has shown
that, by mocdifying the recording system outlinec earlier,
small obJject tilts can be analysead. In this situation, the
recoréing f£ile is not wused in the image plane but in the
back focal plane of the lens (see Figure 2.6.1). One

exposure is taken before the object tilts and one after it

has tilted by an amount 't'.

29



Typical
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Surface

Film
A - before tilt

o
1 B - after tilt 't'.

Fig. 2.6.1. Feasurement of Surface Tilt

As shown, the speckle pattern is recorded in the

Fourier transform plane F (Fraunhofer diffraction plane).

Although there is basically no difference, it is usual

to refer to the Fourier transform plane when the speckles

of the object are recorded in the back focal plane oi the

lens anc tc the Fraunhofier plane when the interference

fringes are displayed.

When the object tilts, the speckle pattern in the

Fourier plane translates. Every ray which contributes to

the formation of a single speckle leaves the object surface
at a different location but they all travel in almost the

same direction. The effect of the object tiltimng is to

cause a systematic change of relative phase amongst these
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rays. For angles of incidence and viewing which are close
to the normal, the surface thus acts like a mirror to the
speckle pattern which rotates as if reflected by the

tilted object surface.

The double exposure recording is carried out with
the camera de-focused by a known amount (by focusing on a
plane at a predetermined distance before or behind the

d(18'37) that the

surface to be tilted ). It has been foun
Lmore de-focusing which is employec the greater the area of
the surface over which the tilt is averaged. If the angle ©
(Figure 2.6.1) is small and the aperture of the lens 1is

not too large (see below) then the translation &_ of the
[

speckle in the Fourier plane is:

¢, = f£(1 + cos€)t c e eeen.(2.6.1)
(f = focal length of imaging lens)
. - - (37) . .
Archbolc ana Ennos have confirmecd that the tolerance

on the tilt angle is inversely proportional to the camera
aperture ratioc ana to the amount of demagnification.
An aperture of f/4 and a demagnification of x7 is found

to enable a tilt of 15 mrac toc be measurec.

Interference fringes are procuced when the coukle
exposure specklegram is illuminatec by & converging beam
ané these can be related, as will be demonstrated, toO the
magnitude of the object tilt. I+ has been shown Dby

(12) . . : < -
Gregory that it is possible to record anc measure

tilt independently of lateral motion by regarding the

object surface as a mirror and focusing on the plane



behind the object which contains the 'mirror' image of the
laser source. For this to be readily achieved, the illumin-
ation direction needs to be close to the line of sight of

the recording system.

2.7. ANALYSIS OF DOUBLY-EXPOSED SPECKLEGRAMS

Data reduction technigques for processed double-exposure
specklegrams have been devised for a variety of forms or
applications of laser speckle photography. In general, these
techniques are related to particular methods or uses of
speckle photography - such as lateral displacement measure-
ment, tilt measurement, surface microstructure analysis,
vibration analysis, creep measurement and strain examin-
ation. A number of investigators (for example(g'l6'21’36'37'
42'44'45'48'49'50'51'52)) have suggested methods and
explored applications'of speckle photography for which a
number of technigues for the analysis of specklegrams have
correspondingly been described. These technigues have
chiefly involved illuminating the specklegram with coherent
monochromatic light (mainly using low power C.W.lasers -
but special white light speckle technigues have also been
devised) and it 1is upon a coherent technigque that the
studies which will be detailed later were based.
Fundamentally, they were concerned with the devising of
means which would enable detailed analysis of specklegrams
of object surfaces that had undergone lateral displacement
to be carried out with sensitivity and reliability. (This

principal objective was approached in such a way that three
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different methods were devised and the most appropriate
of these was then employed in connection with specific

applied problems).

Local in-plane translations can be determined from
double exposed specklegrams by measuring the separation
(see Section 2.5) of each speckle pair using a travelling
microscope. This method is cften inconvenient and poses
practical problems in some cases (such as when the processed
specklegram corresponds to very small displacements).
However, using simple coherent optical processing of the
specklegram the displacement can be displayed in the form
of a Young's interference fringe pattern that can be
measured and the result useda to calculate the magnitude of

the displacement.

One method of coherent optical processing which may
be used employs a spatial filtering (Fourier filtering)

. - . - - - 37
system - such as that devised by Archbola ana Ennos( )or

by Duffy (53). Alternatively, the specklegram can be
examined one region at a time by illuminating it with a
narrow beam, such as an unexpanded C.W. laser beam, as
suggested by &Archbold et alfg)(see Section 2.4 for basic
theory oi this technigue). It is this latter method which
was chosen as the means of producing the Young's fringes
for analysis and spatial freguency determination. This

is because the method is best suited to the type oIl
technique envisaged for spatial frequency measurement and

also because the point by point record of the spacing and

direction of the fringes, which the methoé enables to be

33



readily built up, is a valuable feature with regard to the

applied research that was subsequently to be undertaken.

Production of Interference fringes:

The basic arrangement to produce the interference

fringes on an opagque screen is shown in Figure 2.7.1.

Screen

Diffracted
beam

< — D

Specklegram Image
plane

Fig.2.7.1. Production of Interference Fringes

The distance 'D' between the specklegram and the
screen and the spatial frecguency 'x' of the interference
fringes are both measured. For an image magnification

» the lateral cbject displacement dl can be found (see

Equation 2.5.1) from the relationship:

AD
= - A 2 N §
d, v (2.7.1)
7
Ennos( ) suggests that it is possible to achieve an

accuracy cf at least O.lum using this method. For a

camera aperture ratio of f£/4 and image speckle size ¢ =3um
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then a film resolution of at least 300 lines per mm would
be required.* Since, for a fringe pattern to be discernible
amongst the speckle, as was indicated earlier, the fringe
spacing must be approximately 5 times larger than the
speckle size 0; then from the eguation below we have, for a

specimen of diameter '’ which is displacedé laterally by an

amount dl=

or L = 6dl B 2

Thus, for lateral displacement of an object (which
is not also undergoing tilt, deformation or rotation) the
maximum measurakble displacement is theoretically one sixth
of the latéral dimension 'l' and is not dependent on the
magnification employec. Eowever, lens aberrations will leac
to a fall in contrast of the transform fringes correspond-
ing to large lateral displacements and so this will limit

the theoretical maximum value.

2 dourle -exposure specklegram relating to surface
tilt can be measureda by illuminating it with & converging
spherical wave formec¢ by a lens (focal length 'fé) which
forms a speckle pattern on a screen locatec 1in the Fourier
plane that is mocdulated by cosinusoicdal fringes. The
spacing 'x' cf these fringes (shown in Figure 2.7.2 is founc
by :

Afs

X = - t e et e ees{2.7.3)
G

*
Holographic films (35mm) with resolving powers of
5000 lines/mm are readily available.
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Eence, the tilt 't' of the object (from Equation 2.6.1)

is found from:

A fs

t = F (1700560 % cheereeeresea{2.7.4)

Specklegram

Monochromatic Screen

Coherent source

~
=

>~
-

7

< f =~

T S ~
Transforming Fourier
lens Plane

Fig.2.7.2. Specklegram interrogated with use of
transforming lens.

Superimposed movements of an object surface, where
one movement is a lateral displacement and the other is
a tilt perpendicular toc it, can be recorded in cdifferent
planes so that the two can be easily separated for
analysis. This is carried out by recording the lateral
displacements in the image plane andé the tilt in the

Fourier transform plane. The two movements can thern be

separately measured using the techniques for in-plane
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and tilt measurement previously described. 1In the
investigations reported in the following chapters in-plane

or lateral displacements alone were measured.

2.8. LIMITATIONS OF SPECKLE PHOTOGRAPHY

Since the detection of correlation between speckle
patterns produced by the object surface at different times
is the underlying requirement in speckle photography, it
is important for the intensity distribution of the speckles
to remain unchangec- unless it is affected by changes in
those parameters which are being measured. This means
that other factcrs that could alter the speckle correlation
may impose.limitations on the applications and conditions
for which double exposure speckle photography may be
employed. However, as Archbold et alfsz)have shown,
effects such as those due to aberrations of the imaging

lens can be minimised or their influence accounted for.

High speckle correlation is also reguired in order
that good interference fringe contrast is oktained from
- (54) s
the specklegram. Francon has reportec that & change
in wavelength ¢ the object illuminaticrn beam between

exposures can produce a significant decorrelation of

speckle patterns with conseguent loss c¢f fringe visikility.

The object surface should not change microscopically
while it is being measured because a change will cause
de~correlation of the speckle patterns. This means that

mechanical wear, fracture, oxidation of the object surface
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and similar effects ocgurrnng during recording will give
rise to a reduction in fringe contrast. Furthermore, as
Archbold and Ennos(37)have shown, the nature of the
scattering surface itself can influence speckle correlation
if the object is tilted. The reason for this is that
substances such as paints and some organic materials do

not scatter the illuminating beam two-dimensionally, as

do surfaces such as abraded metal, but three-dimensionally
(i.e. the light partially penitrates the surface and 1is
scattered three dimensionally within the material). Thus,
if the surface undergoes a small tilt the path changes
which result from this will randomly vary from point to

point. This means that the tolerance on the allowable

degree of tilt is somewhat reduced.

For lateral displacement and tilt analysis, the lower
1imit is dictated by the size of individual speckles -
which is related to the lens aperture, as was shown. The
movement is recuired tc be greater than the speckle size in

. - . . . - - (55)
the particular direction. However, Vikram and Vedham
have measured subspeckle-size lateral displacements using
a modified form of single-beam speckle photograpghy.

s s . (17) X - NI \ .
Tizianl reports that Icr nign specklie cecrrelation an

accuracy of o/50 can be achieved with a speckle size ¢ of

only lum (in the appropriate rlane) .

Motion of the object surface towards or away fror
the camera nas little effect in double exposure speckle
photography if the axial movement is small. If it is not

small, then, as a result of the change in image magnifii-

cation produced by the motion, the recorded speckle

38



patterns will be displaced radially as found by Archbold
and Ennos(37). Large axial movements can also bring
about a de-correlation of the speckle patterns (because
the speckle goes out of focus as the axial displacement
gets bigger). As the image becomes progessively de-
focused the intensity distribution of the speckle can
change. It will only remain approximately the same if
the change in focus between the two exposures lies within
the Rayleigh limit. For a change in focus Af this means

that

L _=x2M2F2) ettt (2.8.1)

<
-

This limi; on the change of focus thus imposes a limit
in the line of sight movement (towards or away from the
camera) which can be tolerated - particularly if a high
aperture (small F value) is employed. Larger axial
moverxents can be tolerated if demagnification of the
object 1s employed. However, demagnification causes a
reduction in sensitivity (because the speckle displacement
in the image 1is sigpilarly demagnifieq). As Enncs(l6)has
pointed out, for unit magnification the uncertainty of
measuring the speckle displacement is approximately A/3
and progressive aemagnification produces a proportional
recuction 1in sensitivity. When an orject surface is
tilted, a point is reached when the speckles have movea
right across the imaging lens - resulting in decorrelat-
ion. The limitation on the amount of surface tilt which

can be measured by speckle photography is also dependent

on the recording camera aperture and degree of image
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magnification (if large apertures and high magnifications
are used the limit is raised). In practice the effect

of lens aberrations would obviously further lower this
limit.

There are other limitations concerning the application
of double -exposure speckle photography which must be taken
into account. Z tilt introduced between exposures produces
a shift in the speckle pattern in the entrance pupil of the
image forming system. However, lateral object displacement
produces a phase shift in the entrance pupil and a lateral
shift of the speckle pattern in the image. In speckle
photography only intensities are recorded ancd so tilts do
not affect the sensitivity of in-plane object motion measure-
ment. For small movements, in-plane displacements do not
impair the accuracy of tilt measurements. Nevertheless,
it is found that the contrast of the interference fringes
is reduced because of some decorrelations which it causes

in the speckle pattern.

2.9 SUMMARY

The theory ancd principles of laser speckle photo-
graphy have been outlined anc particular emphasis given to
the double -exposure, single-beam illumination single
aperture technicue. In addition, the applications of the
technigue with particular regard to surface lateral dis-
placement and tilt measurement, have been examined along
with means of analysing the double exposed specklegrams.
The latter was chiefly concerned with the means of obtain-
ing good definition ané contrast interference fringes
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since the experimental investigations of this research
project are directly related to the precise measurement

of these fringes.

A number of limitations and potential problems

associated with speckle photography and its uses have
been analysed. Some limitations, such as the influence
of laser spatial coherence on speckle brightness, are
not particularly significant because of improvements in
lasers and optical devices. Moreover, speckle photography
has a number of advantages, in terms of range of measure-
ment, degree of mechanical stability regquired and so on,
compared to other speckle techniques. In addition, it
must be noted that certain devices and methods such as
strain gauges, dial gauges and similar devices give either
overall information or information only on limited regions.
They often do not enable small changes across a surface to
be identified against an overall surface movement and

*
those which do may be of limited sensitivity or range.
It is for situations where these various properties are
required that speckle photography is particularly suited

ané also because expensive or complex eguipment is not

essential.

Various conclusions have been drawn regarding the

*
These methods are ones which generally require

contact with the specimen (and may not give permanent
records of the movement).
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possibilities and limitations of single-beam double exposure
speckle photography. Certain of these were examined and
explored in the preliminary investigations (see Chapter
3) as a background to the studies concerning the form-
ulation of means by which the spatial freguency of the
resulting interference fringes could be determined with
good accuracy and reliability. These fringes are
frequently of a rather indistinct nature and this has
led to various restrictions or reguirements with respect
to the uses of speckle photography. It was therefore
intended to attempt to devise means for determining the
fringe spatial freguencies that would be both sensitive
and versatile. In conjunction with the use of speckle
photography,detailed investigations of certain applied
metrology problems were subsequently carried out (in
industrial and technical research settings). This

meant that the applicability and adaptability of the
spatial frequency analysis technique that was devised

could then be assessed more fully.
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CHAPTER 3,

PRELIMINARY INVESTIGATIONS




CEAPTER 3.

3.1. INTRODUCTION.

L number of preliminary experimental investigations
of the single illumination beam technique of speckle photo-
graphy were undertaken. Lfter which various initial experi-
ments concerning the measurement of the spatial freguency
of the interference fringes produced by this technique
were carriec out. Briefly, these preliminary investig-
ations were concerned with :
(a) Exploration of the various aspects of the
technigue and examination of the factors influenc-
ing the overall guality of the specklegrams(and

resulting interference Iringes).

() Investigation of measures to improve both the
Gefinition and contrast cf the interference fringes

prcduced from double exposure specklegrams.

(c) Initial studies anc assessment of methods of

measuring the spatial freguency 0of the interference

th

ringes with gooc accuracy.

N.B. These preliminary investigations were guite

based because of the number of different

e}
H
O
v
i
}_.J
W)

tcrs invclved. Lowever, the findings anc

Hh
o)
[#]
t

ceneral experience of potential difficultlies wnich
these studies provideé was such that it more than
justified the experimental work involved. This

also enabled high gquality specklegrams to be
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produced for examination in the three main studies

of techniques for sensitive spatial frequency measure-

ment and analysis of the interference fringes.

3.2. FACTORS INFLUENCING SPECKLEGRAM CONTRAST AND

DEFINITION.

The various aspects of the single illumination beam
and aperture, double-exposure method of speckle photography
were investigated along with factors influencing the
overall guality of specklegrams(including those factors
indicated in the previous chapter which can affect the
definition and contrast of the interference fringes prod-
ucec by tHe specklegram) . There was some overlap in the
various experimental studies because account had to be

taken of the interaction of the cifferent variabkles

involvea. The main variables investigated were :

1. Object illumination (i.e. laser illumination).
2. Object surface finish anad material.

3. Camera position, aperture ratioc anc¢ focusing.
4, Film type (emulsion) ana exposure.

5. Film processing and treatment.

These studies were carried out in the context of in-
plane object displacements (see later details ofi methods)
anad the chief criteria usedé in assessing the influence of
different factors was the contrast, definition ancd 'noise
level' of the resulting interference fringes. Each of

the above five variables was examined in turn with the
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other variables fixed (at nominal values). TO limit the
extent of variation only two different power helium-neon
lasers, two different 'quality' S.L.R. cameras and two
different object materials (mild steel and aluminium) were
empioyed. However, in every case, each of the two was
sufficiently different from the other to give a reasonable
variation. Two different devices for producing lateral
displacements were also employed. One simply enabled
object displacements in the general vertical plane to be
prcvided (at various ancles - see Figures 3.2.2 and 3.2.3)
The other device was designed to enable small horizontal
displacements to be made with high accuracy (the displace-
ment was measured with a sensitive dial gauge, as shown in

Figures 3.3.1 anc 3.3.2.)

To minimize vibration the experiments were conducted
on a special bench which consisted of a heavy concrete
base with a 460Omm thick layer of expanded polystyrene on
top of this and a further 250mm thick concrete layer above.
The bench had a heavy-gauge steel top and the displacement
apparatus, camera and other eguipment were rigidly held to
this bv large magnetic clamps. Z heavy-auty ortical bench
was usec tce hold the laser anc beax expancsion components.
The camera was operated by a remote cable-release fitted
with & locking screw andéd the laser beam was cut-oif between

rated shutter.

1]

doukble exposures by a remote cable=-op

(9]

Photographic recording was carried out in darkness anc a

hana-hela safelight was used to enable fine adjustments

to be made to the displacement apparatus between exposures.
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Special facilities were provided to ensure that the

experimental environment had low atmospheric dust levels.,

1. Object (surface) illumination.

The same object surface *'S' (lightly abraded alumin-
ium) was illuminated, as shown in Figure 3.2.1, by each
laser in turn. One laser had an output power of 1lmW and
the other 8mW (checked by a laser power monitor). Both
emitted linearly polarised light of wavelength 633nm. In
each case the lasers were given 30 minutes 'warm-up' time
before they were used. The stability of the laser output
beams was monitored (every 2 minutes over a 30 minute
period) by viewing the beam pattern after it passed through
a Fabry-Perot etalon. It was found that both beams were

satisfactorily stable during the periods of use.

For the experimental work each beam was carefully
‘expanded' using a system consisting of three elements.
These were, a negative lens'L' to cause weak divergence of
the laser beam from a virtual source, a short focal length
lens 'M' (microscope objective) to bring the beam to a
real focus anéd a pinhole 'P' placed at the focal point of

*
the microscope objective. Alignment of the pinhole with

+

the objective was undertaken using a device suggested by

(56). (Basically, the pinhole cuts off the trans-

Rogers
verse modes of the laser and passes only the axial mode.

The intensity across the beam then corresponds guite

*
Several objectives were tried (a X10 was found generally

suitable) .
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closely to a Gaussian distribution).

L - laser
S - shutter
L - negative lens L
M - microscope objective
P - pinhole \gf
PL— plane of lateral L
displacement Q> S
S-.

£ test surface P
:M

S.L.R.Camera

>~

(Not to scale.)

Fig.23.2.1. Basic System for Recording Svecklegrams.

Initially, each laser beam was expanded and then

v

eafter checking the uniformity (using a screen) the beak

>

was projectec onto the test surface. The latter wa

n

Ie!

rigidly mounted in a double-plate hinge arrangement wnich

was fitted with adjusting screws that had a fine threacd

Tigure 3.2.2, was designec to

The arrangemernt, shown in

enacle the test surface to be givern smail displacements

ct
O
o
wn
2]
2]

in the vertical plane in the range 0.05mm to
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(Chosen because this would allow the demagnification ratio

M to be keptconstant).

’ Illumin-
Test ation

Surfage

Adjustment
screw

C

Camera

Clamp
Screw

AN BIRDTNL AT

Spring steel hinge

¥ig.3.2.2. Part of Surface Displacement System

Z series cfi double expcsure specklegrams were recorc-
eé ( as will later pe aescribed) for the suriface displacec
bv different amounts anc¢ illuminated at different angles
of normal incicence. The angles were increasec ZIrom 1

o . . - .
to 75, with respect to the normal with the surface,in steps

@]

Care was taken to ensure that the surface was

0
th
w

fully illuminated in each case. Specklegrams were obtain-

ed using each laser in turn. These were then examined

48




and the interference fringes produced from them were also
studied (see details). For those angles which were found
to yvield the best results, in terms of interference fringe
contrast and definition, a further series of experiments
was undertaken in which the illumination distance (from
pinhole to test surface) was varied in 50mm steps from
200mm to 1000mm. This was carried out to provide inform-
ation concerning the effect of distance between the heam
expansion system and the object surface, in terms of laser
output power and illumination angle. Similarly, the
effect of using a poorly expanded beam, which provided a
non-uniform field of illumination, was investigated (and
specklegrams recorded as before). This information was
subsequently taken into account in the further investiga-

tions.

In these experiments and the surface finish studies,
the same type of recording film (Agfa-Gevaert 1lOE75),
camera aperture (f/4), object demagnification (x2),
exposure (2 x 20 seconds) and film processing was employed.
They were chosen as being fairly typical (as indicated
in the literature outlinec in the previous chapter) and
because they would provide a good basis for comparison.

In later investigations, the influence of these variables
(with regard to the production of interference fringes

from specklegrams) was examined.

The specklegrams obtained in these experiments were
briefly examined with a densitometer so that the respect-

ive contrast levels could be assessed. Then representative
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samples of the specklegrams were illuminated by an unexpanded
laser beam and interference fringes subsequently obtained

on a screen (as described in Section 2.7). Initially

these fringes were examined visually to obtain an assess-
ment o©of respective 'noise' levels and fringe clarity. Later
the rear of the ground glass screen (onto which the fringes
were imaged) was slowly scanned with a phototransistor
(2N986)* which was mounted inside a short narrow tube (to
reduce the detection of light randomly scattered from the
screen). The output from the transistor was then displayed
on an oscilloscope for analysis of relative intensity and
'noise' levels. Several areas of each specklegram were
examined by illuminating them with the laser beam and -

obtaining interference fringes. All the variables involved

were kept constant so that the respective results could be

AT BIRFINS LAY -

more reliably compared.

2. Object surface finish.

As indicated earlier, two widely used materials
(aluminium and mild steel) were examined. For each of these,
two common surface finishes were employed (lightly abradec
and coarse ground) and, as a further study, rolled aluminium
plate coated with matt white paint was used. In each
experiment, the test surfaces (40mm x 50mm) were given the
same lateral displacement of O0.l15mm and all other variables
were kept the same (using values iadaentified in the previous

studies as producing the most satisfactory results - in

*
Preliminary investigations concerning this had

previously been undertaken.
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terms of interference fringe quality.) The only
exceptions were that the surfaces were illuminated at what
had been found from the previous investigation to be the
most desirable angle of incidence and also the least
desirable. Moreover, so that the effect of different
illumination levels could be assessed, the experiments
were carried out with a 1lmW output power laser and later
with an 6&m%w output power laser. Figure 3.2.3 shows &
typical experiment (the white painted surface is the

specimen being studiedl

Guantitative information concerning the surface fin-
ish ¢f the specimens was obtained by carrying out an
analysis of each surface using a 'stylus' type proiilo-
meter. The following traces(Figures 3.2.4 &and 3.2.5)show
typical surface profiles Ior lightly abracded aluminium

-

and coarse ground steel respectively. Table 1 gives the

* -
'Ra' value (mean value cof surface finish 1in microns) ziIor
each of the samples employec. All values given were taken
across the surface (in the same direction as the surfaces
had been Gisplaced between the double exposure photographny)
this was ‘with the lay' (i.e. the direction c¢cf the predomin-

ant surface pattern).

The white matt paint employed was & cellulose type
and two coats were applied (aerosol spray) after wnich tne
specimen was left for 48 hours to dry. In acédition, &
coarse finished (Ra=3.85) aluminium sample, which hac

large (random) surface profile variatlions, was briefly

*See appendix 1 for details.
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studied to discover if such variations produced signific~
ant effects on the definition of interference fringes

obtained from doubly-exposed specklegrams of such surfaces.

Surface Finish and Material Ra value
Coarse ground steel 3.20
Coarse ground aluminium 3.60
Lightly abraded steel 0.60
Lightly abraded aluminium 0.70
White painted aluminium 1.40

TABLE 1. Surface Finish Values

3. Camera position, aperture ratio and focussing.

Each of the two cameras which were used in these
investigations were 35mm S.L.R. cameras. One was fitted
with a 58mm, 6 element, F2 lens and had a higher guality

lens system. The other camera had a 55mm, 4 element,
F2.2 lens system.

All the experimental studies were undertaken using
*
the same extension tubes fitted to the cameras. (The

same photographic emulsion and processing was employed

as had been used in the preceding investigations). The

specimen surface employed was the lightly abraded alum-

inium surface (since this would enable a critical compar-

ison to be made of the camera's imaging of the speckle

effect of these on the camera aperture was

*
The
See Appendix 2.

accounted for
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pattern). Studies were carried out using each of the lasers
in turn and the surface was illuminated at the angle of
incidence which had previously been found to be the most
satisfactory. Only this angle was used because in this
series of experiments one of the variables was the camera

to object surface angle. Two illumination distances (pin-
hole to surface) were used in these experiments. These

were 250mm and 500mm respectively.

In an initial series of experiments, concerning the
effect of camera to surface angle, a demagnification of x2
was used (as in the other studies). Starting with the
lens of the camera parallel to the object surface, a range
of angles (in 5° steps) with respect to the normal to the
surface was used, up to a maximum of 150. Doukle exposure
specklegrams were recordec iﬁ each case, with the surface
displaced laterally by the same amount (O0.l1l5mm) anc the
same procedure repeated with the illumination provided by
the higher power laser. The entire experiment was then
undertaken using the second S.L.R. camera. Finally, an
examination of the specklegrams ané the interference fringes

ob+ainec¢ from them was made, as beifore.

n seconé series of experiments was carrieda out &long
the same lines as the initial stucdies, but this time a

rance cf cifferent object demagnification values was

iea I i ps of x1) to a
employec. These variled from x1 (in steps )

demagnification of x8 and in a further experiment using

\0

a separate lens systen (200mz £/2.9 lens) a magnification
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cf x2 was used. The double exposure specklegrams were

recorded using each laser in turn and each camera (parallel

to the test surface).

Finally, with the other variables kept constant as
before and with a demagnification of x2 a series of experi-

ments using different camera aperture ratios (f£/2 to £/16)

was undertaken, As with other experiments in this section,
results were obtained for each of the two cameras and

lasers.

In addition, to explore the influence of the effect
of focusing 'errors', a set of experiments was carried out
with each camera set at f£/4 and with a x2 demagnification
factor (ail other variables fixed at optimum values).
Three sets of experiments were undertaken and only 'approx-
imate' defocus amounts were used (these were 'well focusead'’
'slightly blurred' and 'guite blurred'). 1In the latter 2
cases, the camera was focused 15% and about 35% bevond the

cbject surface focus,respectively.

4, Film type anc exposure.

For the previous experiments the Iilm usea was &gfa-

Gevaert 10E75, since this has been reported by some invest-

cators(26'37) as having producec satisfiactory specklegrams.

To explore the possibility that other tvpes of emulsicn

could help to produce interference fringes of higher

contrast and definition three other types of emulsion were

examined.
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The 35mm films which were used in these investigations

were :

hgfa-Gevaert : 1OE75.
Agfa-Gevaert : 8E75.
Kodak: SO-253.
Ilford: Pan F.

PN VO SR o

Apart from the last type of emulsion all the others are
holographic emulsions, with maximum sensitivity to illumin-
ating wavelengths in the range of approximately 600-700nm
(i.e. they are specially formulated emulsions for use with
lasers such as helium-neon lasers). The Pan F film 1is a
much faster film than the other three but is relatively
coarse-grained and of a much lower resolving power than

the others - as will be discussed in relation tc the results

obtained for the various emulsions.

L series of exposure trials was undertaken for each
of the films to determine the optimum exposure time for a
given object surface and camera aperture ratio. The surface

roughness /exposure trials fcr each film were carried out

using the surface finishes having Ra = 0.6 and Ra = 3.85
respectively. These represented the two extremes of sur-
face finish studieaq. Lperture ratios used for each of
these tests were /2, £/4 and £/8; because I/4 hac Dbeen
founc to be the aperture to yielé the highest cuality
interference iringes in the previous series 0of experiments,

ul to try a somewhat larger anc a

H

it was thou nt use

9]

smaller aperture ratio for comparison. For Pan ¥ an apert-
ure ratic of £/16 was also employed. All other variaples

were fixed at values which had been iaentified as optimum

57

x




values in the previous studies. Exposure times employed
(using the S.L.R. camera with the higher guality lens
system) were: 1, 2,4, 8, 16, 32, 64 and finally 128 seconds.
These values represent each exposure of the double exposure

employed to record lateral displacement.

If the film stretched or expandec between exposures,
this coula cause spurious results (i.e. interference fringes
produced from the double exposed specklegram woulé not be
representative of the object surface movement alone). Care
was thus taken to ensure that film tension was low in the
cassette and that when the film was loaded into the camera
it movec f;eely without pulling, when the film advance
lever was operated. The film was stcred in a refrigerator
and was allowed to reach room temperature two hours beiore
use. To test for pcssible stretching of the £ilm a series
of alternate single and double exposure photographs was
taken of an object surface which had two reference limnes
onr 1t. These lines were a known distance avart anc their
spacing was compared using a travellin¢ microscope, on the

single ané dcuble exposed photographns.

£, Film processing anc treatment.

Ls reportec in the previous chapter (Section -.2) the
processing of specklegrams can significantly influence the
contrast and guality of interference fringes produced from
them. Experimental investigations were undertaken using
various photographic developers including Neofin ‘Blue;

Kodak D8 and Kodak D19 high contrast developer - which had
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been employed in all the previous experimental studies
(using optimum development times recommended by the manu-
factu:ers). All the films (Agfa-Gevaert 8E75, 1lOE75,
Kodak S50-253 and Ilford Pan F) were developed immecdiately
following exposure, with the developer made up to the
appropriate strength at the specified temperature for
processing. The couble exposure specklegrams (recorded
under the optimum conditions which had been discovered in
the preceding experiments) were developec for times rang-
ing from two minutes to ten minutes (in intervals of one
minute) and, additionally, a development of fifteen min-
utes was employed for each batch. Continuous agitation
was employed and processing was carried out in developing
dishes (in total darkness) according to the processing

scheme csummarized in Zppendix 3.

Having determined particular processing measures for
each type of emulsion which produced specklegrams yiela-

ing interference fringes of the best aefinition and con-

trast, the effect ci bleaching the specklegrams was invest-

th

igated. This was carried ocut, after washing the negatives

or fcrty five minutes 1in ce-lonisec water tc prevernt the

Hh

forration of unwantec precipitate, using & mercury salt

ion. A chromium

rt

sclu

o}
e
vl

ancd washing with a cilute ammo

it was notec that this

ct

salt coulc have been emplovec Dbu

would give lower ccntrast.

211 tnree holographic films had residual sensitizing
dye after srocessing. The Kodak S50-253 had a gqguite high

level (this has a blue colour which could markedly absorb
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the red laser light used to produce interference fringes
from the specklegrams). This residual dye was largely
removel by washing the specklegram in a methanol (methyl

(57)

alcohol) solution .

NB. In subseguent investigations, in which Agfa-Gevaert

10E75 film was used, a safelight was employec¢ in the dark-

rOOm. This was an Ilford 603 filter which, as reported Dby
(58) - - - . L - .

Rogers , does not produce Iogging of this film. (A

hand-held version was used in making adjustments during

recording of specklegrams, as mentioned earlier).

3.3, DISPLACEMENT MEASUREMENT.

In order to assess quantitatively the sensitivity of

double exposure speckle photography in relation to laterzal
displacement measurement, and exploit the information
concerning the production of high guality specklegrams
fror the previocusly describec studies, a special device to

produce small lateral (norizontal) displacements was

utilized. This was a form of parallel spring-plate arrange-

Figure 3.3.1, fitted witnh =& micrometer

ment as shown 1n

eft,

o

adéjustment system. mhe test surface (seern on the

cf the micrometer aéjustment) could be displaced

a1

ontT

th

in
by a known amount - which was measured by a sensitive cdial

gauge (this couléd be read tc ©.005mm). Ratnher than working

to the limits of the systen, wnicn coulcd have introcucec

errors, actual object surface displacements were only taken

to two decimal places (e.g. O.1l5mm) . Moreover, the range
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of displacements that was employed was kept within the
limits outlined in Section 2.7, so that the sensitivity

was not reduced.

{not to scale) i J///7
//// Micrometer
Spring plate V/// adjustment
\\\\x //// Displacement
- ~ <
\ L
/
< " <
5; Laser
S |
: P
Test g
/ Surface E
~
- 3
Dial :
Gauge :
\ i
i& Movable £frame 'f
I
5 v (main frame i
A removed) ﬁ
Sub-frame
Fig.3.3.2. Simplified Diacgram of Horizontal
i Displacement Svstem.
The apparatus shown simplified in Figure 3.3.2 was
rigidly clamped to & pase unit which was, in turn, ZIixed

to the steel topped, anti-vibraticn bench, by magnetic
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clamps. This displacement system was designed to enable
lateral displacements to be given to the test surface

without any tilt or other movement of the surface.

As in previous experiments the photographic record-
ing was carried out in total cdarkness (although the micro-
meter adjustment ana dial gauge were briefly illuminated
bya small hand-held safelight - between the double expos-
ures) . Lateral (horizontal) cdisplacements, ranging
between 0.05mm ané 0.25mm were recorded using values,
settings and¢ so on that were discovered as being the most
apprcpriate in the previcus studies. The resulting double
exposure specklegrams, corresponding to lateral surface
displacements that had been recordeé¢ on the daial gauge,

were carefully processec for use in the next stace cf the

iN RIRWMINGHAN

preliminary investigations and in the main experimental

studies.

3.4. INTERFERENCE FRINGE PRODUCTION AND MEASUREKENT.

damental means of analvsing double exposure

was described in Section 2.7 (See Figure 2.7.1)

.
o
[
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ané this was usec as & basis for the investigation cI

measures TC improve the sroduction ané daeiinitiorn oi the
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series ci experiments.

m we (ol 2 ing Giff diam-
area of the specklegram was explorsc using different diam

eter laser beams toO interrcgate the specklegram. Beaml
diameters of apprcximately 0.75mm, lmm and 2mm were emploved
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(using a convex lens) and observations were carried out
using an 8mW and a lmW output power laser for comparison.
A series of identical location points (based on a Smm

1)

'arid' type format) on each specklegram was interrogated

in each case.

Following this investigation the effect of the throw
'D' of the projected fringes was examined using different
distances (changea by 50mm each time) ranging from 100mm
to 1000mm between specklegram and screen. Fringe defini-
tion and contrast was examined at each distance 'D' (which
was measured to *lmm) for double exposure specklegrams
correspondihg to the range of displacement values employ-
ed in the investigations detailed in Section 3.3. Various
screens were also employed in an attempt to imﬁrove the
overall contrast and definition of the fringes. Observ-
ation of the fringes from the rear of a semi-transparent
(3iffuse) screen was found to be convenient for fringe
analysis anc¢ measurement. A variety of materials, includ-
ing ground glass, white tracing paper (70 gramme),' foggeda'
Kodak 'Kodalith' £ilm, and acetate ciffusing sheet was
employea. These were mountea 1in a rigid holaer fittec
and aligned parallel to the speckle-

onto an optical bench

v 3 ve the central unaiffractec
gran. & 'stop' was usea to remo t

beamn.

Several techniques for measuring the spatial Irequ-
~ - < —————————————

terference fringes were explored. The first

ency of the in

X . .
method involved counting groups of 'bright' fringes
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({e.g. 10 fringes) using a cursor and
group width using vernier callipers.
work the spacing had been measured by
steel rule along a reference line and

spacing but this reguired rather more

then measuring the
In the previous
holding a fine
reading off the

skill and provea

+o0 be scmewhat inaccurate. (When a check was undertaken
using a grida of known spacing). Secondly, a fairly low
magnification travelling microscope was used. This was
aligneé with the edge of a bright fringe and the scale
read tefore traversing 10 fringes, when the scale was
again read. Finally, measurements were made using ‘grids'

of known spatial freguency and adjusting the 'throw' of

the projected fringes to match the gric. Several grids

=2

=X

o

and masks were made and triecd for this purpose {including E
o

_ - . . @

a 'far.' type grid which did not regulre the throw to be i
changecé - since it could »be moved to match the fringes). -

Measurements were made away from the edges of the fringe

pattern (where the contrast and definition of the fringes

was lowest.)
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£ i e ' rubes) ancé it was mounted
focal length lens and extensicn tubes; ana 1

*This was also undertaken to obtain information
concerning the photography of these interrerence

(There is little literature in this sphere.)
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on a stand fitted onto the optical bench behind the
sc;een on which the fringes were imaged. Photographs
were taken using apertures ranging from £/2 to £/4 and
exposures from 1/125 of a second to 1/30 of a second.
Films used for the recording were Ilford HP5, Kodak 2485
(high speed recording film) and Ilford Pan F. Processing
trials, using Ilford ID-1l1 and Phenisol, were carried out
as was an investigation of enlarging and printing the
photographs (using various grades of bromide paper).
Different types of photographic developer were also
tested in these trials (including Kodak PQ Universal and

Phenisol) .

A reference bar, drawn on the screen, was photograph-
ed below the fringes so that the magnification could later
be determined. Fringe spacing measurements were taken
from the photographs using a graduatea perspex scale,

which was placed over the fringes.

Photography of the fringe patterns produced by differ-

ent specklegrams was al

rather than 'transmitted' pattern. This was achieved by

using an opague white screen (painted with retroreflect-

ive paint) and mounting the camera on the same side oI the

screen as the laser.

In aadéition,
image obtained fro
reducing the effects of noise

F=
was examined as @ means OX

66

so carried out using the ‘reflected'

the effect of non-coherently blurring the

m the Dhotégraphic negative of the fringes
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(on the final printed phtographs of the fringe patterns).
The technigue which was employed for this purpose involved
the use of a convex cylindrical lens (2 and 3 dioptre
lenses were tried) placed close to the 150mm lens of a
photographic enlarger which was projecting the fringes
frorm the negatives onto photographic paper. (See typical

photograph of the effect of this - Figure 3,101

3.6. USE OF LENSES TO IMPROVE FRINGE DEFINITION.

In this series of experiments lenses were used 1in an

attempt to improve the Gefinition and contrast of the

interference fringes produced from double exposure speckle-

grams. The lenses were :

(i) Ahcrylic Fresnel screens (two back to back) .

(ii) Glass cylindérical lens (convex).

(iii) Liguic (parafifin) cylindérical lens (convex),

The Fresnel screens were used in place of the normeal

screen anc the fringes were imagec directly upocn these

so that they improvec the relative contrast.

rty of integratin

(8}

ical lenses have the prope

~
~

P

Cvlincr

light in & sarticular plane (ratner than 1in TWwO olanes~

This property was emplovead in

as aoes & convex lens) .
*

imacing the fringes onto the screen, @as shown in Figure
3.6.1 mhe interference fringes were recorded photograph-

the camera aperture, film type.,

ically in each case using

+he lens on tne ‘'throw' was taken into

*
The effect of
account.
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(including print making) which hagd

exposure, processing
in the bPreceding experiments, to produce the

been found,
most satisfactory results.
Screen

Stop

Laser

S.L.R.Camera

Specklegram
Lens

Unexpanded
beam

for improving fringe

Lens system usecd
definition.

Fig.3.6.1.

3.7. SPECKLEGRANM VIBRATION (DISPLACEMENT).
Tc reduce the effects of extraneous speckles on the
definition andé ceneral clarity oI the interfierence ZIringes
the specklegrams were displacec vertically in Zront of
an unexpanded laser beam. As shown in Figure 3.7.1 this
fitting the specklegrams intc a rigid
electromagnetic

was achieved by
* - 3 Te=SUuT YV
firame which was mounted on a neavy-Quty
side supports to prevent torsional oscillations
(which had been observed when conducting initial trials).

*
Fitted with
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vibrator that provided vertical displacement. A signal
generator was used to drive the vibrator at the different
frequencies which were employed in these experiments
(ranging from 20Hz to 1lkEz). 1In order to more fully

assess the integrating effect of displacing the speckle-

gram, a series cf different displacement amplitudes was

also employed at each freguency. The amplitudes employed

were lmm to 5me (in lmm increments) about the mean

position — measured by a dial cauge.
Screen

Specklegram S.L.R

. .L.R.,

Lase Camera
/ . rm
X .

g M L

Vibrator
(Not to scale)

Signal
Generator

system for Vibrating Specklegrams and

Fig.3.7.1. 2
Recording Fringes.
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Constancy of displacement frequency was checked
using a calibrated stroboscope and found to be *S5Hz,
overall. The interference fringes produced on the semi-
transparent screen were photographed and various trials
with different films, camera apertures, exposures and
aevelopments, were undertaken (see typical results -
Figures 3.1C.5 ané 3.10.6.) Further investigations
were carried out with the specklegram displacec, as
previously, but illuminated by an expanded laser beam anc
imagec, via a cdiffiractometer system, onto the recordcing
£ilm in the camera. In 2 final series of experiments,
the camera lens system was removecd from the camera body
andé displaced (parallel to the film plane) at low ifreque-

258z) which were different to the

o]

ncies (between 10 an

freguencies at which the specklegram was being Gisplaced,

th

Zgain the fringe patterns obtainec from double-expcsure

specklegrams, corresponaing to Gdifferent object suriace

displacements,were photographed ané prints mace - Iron
whicn measurements oI spatial freguency were taken.
3.8. RESULTS CONCERKING THE RECORDINC AND TREATMLENT OF
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5 : a 1 ¥ £ experiment
As indicatec earlier, a large numoer © experiments

~ . i} r ~';-rar'.j Studies,
and trials were undertaken in tnese p eliminarsy

i : ;£ 2 .
7t i fi ngs and significant
Conseguently, only the main finding ot

results or observations will be presented.
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1. Object (surface) illumination.

It was generally found that the 8mW output power
laser allowed greater freedom of choice of angles of
incidence and laser to surface distances than the 1lmW
laser. Nevetheless, for both lasers, relatively small
angles oI incicdence, with respect to the okject surface,
were found to produce specklegrams (for a given film,
camera aperxture and so on ) that yielded interference

ringes of higher contrast than corresponding speckle -

[}

; A . o .
grams for larger angles of incidence (»60 in particular).

imilarly, relatively small laser beam expansion

1]

to object surface distances were found to be prefereble,
in terms of producing specklegrams that, in turn, producec
nigher contrast anc¢ more distinct interference fringes
than those obtained for larger illumination distances
(especially in the case of the lower power laser). It

was ncted tnhat the uniformity of the beam expansion anc
* - »
the recuired area of illumination must be taken into

accoun* ir relation tc determining optimum illuminaticn

rance ocf 250mm from tne gfinhole tc the

8]
b
]
ct
v
o]
0
(©
0
i
9]
9
n

surfaces examinecd.)

the proximity of the reccrding camera may

overlooked that intensity across the bean

It must not be ‘ et ributs
varies approximately as 2 Gaussilan GisStributiof.
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lmpose restrictions on the closeness ang position of the

laser beam expansion apparatus to the object surface.

The uniformity of the bean expansion was found to
influence significantly the uniformity anéd overall contr-
ast of the doubly exposed specklegrams. This was espec-
ially noticable for the 1lmW output power laser - when a
poorly expandec beam was employed. However, some improve-
ment was Ifound possible by acdjusting the exposure and
processing times to compensate for areas ci low contrast
(but this meant that other areas were somewhat over-

exposed) .
2. Okbject surface finish.

The relative influence cf the ZIive basgic surface
finishes that were studied was assessea in terms of both

the measurecd specklegram contrast anc the contrast of the

H

interference fringes produced from the specklegram.
Table 2 lists tne surface finishes in terms oi the pest

overall respective contrast and frince contrast resul

(t
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(2]
(o]
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Fh
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- ai £ =211
hAccount was alsc taken of the overadil

determininc the pDositicon, on &

anc tni

peis

was incluced in

n

3

of each surface.(The lower number Iz

-

th

(941

scalile © to

the and the higher worst).

0
(3}
0
rt

The significance oI the results summarised in Tarcle

- : 1 = . v 1+ ) 3 o
2 will be discussed in Secticn 3.11. Eowever, 1t shoulcd

1 ; - 3 i £ re illuminated
be pointed out that when the suriaces were i

by a lmw laser the resultinc specklegram contrast for the

lightly abraded steel ané aluminium surfaces was markedly
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Surface finish Overall contrast/

(See also Table 1) fringe definition
Coarse ground steel 2
Coarse ground aluminium 1
Lightly abraded steel 5
Lightly abraceé aluminium 4
Matt white paintec 3

TRBELE 2. Fringe Contrast/definition
fcr different surface finishes.

poorer than when an 8mW laser was employed. &s will alsc
e discussed, it was found that the contrast was influenced
by the angle cof the incident illumination on the surfaces.

Moreover, the results obtained for the special surface,

had large non-uniform variaticns in surface rouchness,

<
o]
-
(9]
o g

indicate that this not cnly causes significant ciffer-
ences in contrast over the specklegram but also relatively

noise levels for the interference Iringes obtainecd

V3
'_l
Q2
73

fror the specklegran.
3. Cemere position, aperture ratic and Zocusing.

(a8}

, with resopect to

L small ancle of the camerz lens
“he normal with the cbject surface, &ic not produce &

")

(or on the

(43
3
o)
n
ot

i

-

' 1 £ z e clecram
significant effect on specklegram cO

contrast of the interference fringes o-tainec from the
- £
Goublv-exposed specklegrams). Eowever, at values of ¢
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equal to lOO and m i i
Ore, variations in contrast across

specklggrams were noticable. The other effect which was
observed was that since the camera lens was not parallel
with the object surface, the distance d;, was not egual
. o~ ,
to &, (See Figure 3.8.1). This not only influenced the
uniformity of focusing but t t ti i 1
% ¥ ~ut meant that the image demagnif-

ication varied across the surface.
Laser

45””’-beam

Q.
o

\
Surface Plane of
camera lens

Tig. 2.8.1. =Relation between camera angles
an¢ cistance tc suriace.
It was Ifcunc that variations i1n camera tC OCrjecCt

0]
[
8
bh
fu
0
1)
(o]
-
0n

ications) influenced the contrast anc gefinition of the

. _ X -~ S £ e S 17 7 — 2
interference fringes produced from doubly-exposed

specklecrars (for a given surface displacement). An

optimization was identified in terms of the decrease in

the signal to noise ratio (which car be thought cof as the
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ratio of fringe spacing to speckle size(g))which
accompaﬁied an increase in demagnification (and the loss
of sensitivity). k compromise was found (for the
particular surface, film and so on employed in this study)
to be gainec by using demagnification values of x2 or x3.
Nevertheless, as will be later discussed, account must
alsc be taken of the fact that higher demagnification
ratios enable object displacements of greater magnitude

to be measuredad.

The results obtained for the experiments concerning

Hh

the effect o the camera aperture ratio were such that

an aperture ratioc of if/4 was found tc be a convenient
overall compromise in accounting for :
i) deoth ci focus
ii) size cif speckle
iii) imace cemagnification

iv) surface éisplacement magnitude

These experiments were undertaken with Agfa-Gevaert

in
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6f the cepth of focus anc suriace Gdisplacement along wit

(wnich is larcer o

spechle size

demagnificatiocn (which decreases “he speckle distlacement

: ; . = i governs the exposure
ir the image). <The aperture aisc o

time and the effect of this was explored in a further

i f i i mmarisec later. Neverthe=-
series of experiments that is su

less, it shoula Dbe noted that it was rounc to be
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advantageous to use a fairly large aperture so that the
exposure time of the relatively 'slow' 10E75S enulsion could
be reducedc. Accounting for this further reinforces the
conclusion regarding the use of an aperture ratio of £/4,.
However, an aperture ratio of £/16 (which increases the
resolution oI the speckles), could be more suitable, as
will be Gescribec, Ior faster and lower resolution emuls-
icns.

The effect of & 'moderate' degree of defocus (i.e.
<15% out oi focus} c¢i the recording camera was not found
tc pe sigrnificant either in terms c¢f the contrast or the
Gefinition c¢f the interference firinges subseguently

from the doubly-exposed specklegrams. Some

o))

cenerazate
loss of definition ané contrast was observec in the case

0of the somewhat larger cedgree of deiocus(235%) which was

sOo stuciec. Little Cifference in the specklegrams or

b

a

resulting interference fringes was identifiec for corres-
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pondinc ckbject surface disglacements reco

S.L.R. cameras. I+ was nocteé¢ that fringe contrast anc
Cefiniticn recuced siichtlv more rapicly ({wnern these were
rroduced ov interrccating the edges of specklegrams)

reccrced by the =
ne &€ element T2 camera lens. (Tnis
jdefinition is considerec to Dbe

tc lens aberration effects and is in keeping
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Stetson(45)and Roblin et al.>°"),
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4, Film type and exposure.

The photographic emulsion that was found to provide
specklegrams from which interference fringes could be
generatec that were of the highest overall definition
(and had the best relative contrast) was Agfa-Gevaert
1¢e 75. This enulsion was found to be the most'adaptarle'
(in terms ocf treatment, tolerance and deneral use) of all
the emulsions that were emploved in these studies.
Llthough this emulsion has a rather higher sensitivity
than Agfa-Gevaert 8E 75 emulsion, the latter has a hicher
resclving power (5000 lines/mm compareé to approximately
300C lines/mm - accoréing to the manufacturers). Of the
three 'hclcgraphic' emulsions which were examined, the
'Zastest' (i.e. most sensitive) was Koaak S0-253. However,

this emulsion displayec the most marked reciprocity and,

H

for a given surface illumination, gave the lcwest contrast

t

svecklegrams oi the three. (Some improvement in contrast

was brought about by special measures that are describea 1in

the following section)
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fringes that were the most distinct) . Nevertheless,
these specklegrams were Senerally inferior compared to

those produced from the other emulsions using the same

exposure,

In the case of the holographic emulsions, an

aperture ratic of f£/4 was identified as being the most

suitakle. Using this aperture ratic, it was foun

Q,
ct
o3
[
ct

for the Agfa-Gevaert 1l0OE 75 emulsion expcsures of about
16 seccnds (x2: because double-~exposure) produced
cistinct fringes for both the lightly abraded anc the
coarse finishecd surfaces. The Kodak S0-253 emulsion anc
sgfa-Gevaert 8 E 75 were founa to reguire slightly
shorter and slightly lcnger exposures respectively, in
order tc provice well-defined Iringes under the sane

cendaitions. For all oI the emulsions 1t was observecd

ct

that when the 7o exposure times (of the coukle exposure,

were ecual the contrast of the interZerence Iringes

generated freonm the specklegrams was greatest.

Regarding the possircle stretcrning cof the Zilms,
during the dourle exposure intervai, nc eviaence cI any
significant stretcnlng Wwas ciscoverec for eny ¢I tne
films. Thie is attributed, in part atc least, tc the

precautions taken in order to minimise thls pOSSILI.IitTi.

. 3 a +
5. Film Processing andé treatment.

I+ was discovered that processing the doubly—exposed

-
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films with 'Kodak Dl9? developer produced higher contrast
(and definition) specklegrams than the other developers
which were employed in this investigation. It provided more
latitude for processing than Kodak D.8 and processing times
using this developer proved to be contrcllable yet fairly
flexible (although a much longer processing time was
reguirec ccmpared to that for Neofin Blue). & cevelor-
ment time cf 4 - 5 minutes proved to be suitable for all
the emulsions that were examined kut the Kodak SO - 2853

coulé kbe developed for up to 8 minutes (tc enhance the

contras%t) without toc much increase in the 'noise' level.

The ccntrast of the latter film was further improvedad
(which meant that the interference fringes cenerated Ifrom
the Gourle-exposure specklegram were &lso cf increasec
contrast) by removing the resicual sensitizing dye. This
was achieved by putting the developec film into a path

75% methanol solution for about 3 minutes.
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3.9. RESULTS OF DISPLACEMENT MEASURELN NTS

Eorizontal displacement measurements were calculated

from the result of the interference frinage spacing values

(obtained from specklegrams as described in Section 3.3.)

The horizontal in-plane displacement 'd ' was calculated

. s ~ — . *
in each case (usin¢ a form of Ecuation 2.7.1 ) andé

compared with the recorded displacement of the object
surface- which was reac on the sensitive dial gauge.

Initielly, the spacing of the interference fringes was
Getermined by cirect measurement of croups of 10 kright
fringes using special vernier callipers, as outlined in

Section 3.4.

Tyvpical results obtained were :

fringe spacing Xx = 0.0055m
film~screen cistance D = 0.50m
¥ (image demagnificaticn) = 2.¢ i
illuminating wavelength A = 0.633 x 10™°m.
.- - ©.623 x 107%x 0.5 % 2.6
c. G =
1 -
- C.0055
b C =TT
Thus surface disrlacement = 142 .62 x 10~ *m:zE

(o]
o]
ct
by
m
o3
b
m
3

(Tris was for & cisclacement set
gauce, using the micrometer acjustment, c:I
Q.l5mm)

The expected error L was calculated using the
b -

I = 22? + b4 + 2c* é“.

&

guadratic relation : Contd.

: image was demagnified not

In these experiments the
magnified.
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(where a, b, ¢ and 4 correspond to the maximum errors
in the four variables.) For the typical results overleaf
E is equal to*4.8% and this is, of course, a maximum

expected error,

3.10. SUMMARY OF FINDINGS CONCERNING THE GENERATION AND

MEASUREMENT OF THE INTERFERENCE FRINGES.

The interference fringes produced by interrogating
a doubly-exposed specklegram with an 8mW output power
laser were of higher contrast than those produced with
a lmW output laser. (Contrast also depends upon the
particular specklegram.) An interrogating beam diameter
of lmm proved to be suitable for most specklegrams (in
terms of generating interference fringes of highest con=-
trast and clarity) and this was found to apply to both
lasers. In addition, it was observed that interrogating
the specklegrams with a beam diameter of <0.75mm generally
resulted in higher relative 'noise' levels for the inter-
ference fringes. This is also in keeping with the

(44)

observations of Adams and Griffiths that for beams of

diameter rather less than lmm edge diffraction becomes a
problem.

Acetate diffusing sheet was found to be the screen
material that yielded fringes (on transmission) of sup-
erior clarity and contrast. However, this was only
marginally better than any of the other materials which,

apart from the ground glass plate, were of roughly the
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same thickness, (The latter had the advantage of being

rigid.)

The projection distances between specklegram and
screen were relatively large (e.g. 250mm) and it was
possible to measure these, on the optical bench, to *lmm
overall. This means that, except in the case of project-
ion distances of small magnitude, errors in this context

are negligikle.

It was not found to be satisfactory‘$o use a low-
magnification travelling microscope to measure the
interference fringe spacing. This was mainly because
the ‘edges' of fringes were difficult to discern, when
viewed through the microscope, owing to the magnification

cf speckle 'noise' and the limited field of view. The

Hh

employment o 'grids' of known spatial freguency to

th

enakble the ringe spacing to be determined by 'matchinc'

3

» practice but alsc lacked sensitivity

(=N
>

was simple
because c¢f the probklem of discerninc the edges of the
fringes, Nevertheless, i1t was more sensitive %than the

er callip-

[rs

simple direct measurement technigue using vern

carried out {See Chapter 4).

3 £ L d ey
mhe photographing of the interference <ringes

provided a small improvement in the definition and

contrast of the fringes. Moreover, by blurring the
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photographic image non-coherently, prior to printing on
bromide paper, the effect of speckle 'noise' was further

reduced slightly (See Figure 3.10.1) and so fringe

clarity was enhanced.

As mentioned earlier, little information is avail-

able concerning the photography of interference fringes

in this context. However, it was found that relatively
fast emulsions (such as Ilford HP5) used at a camera
aperture ratio of f£/4 (or £/5.6) and exposed (typically)
for 1/60th of a second were generally convenient and
provided superior photographs. ﬁeveloping with Phenisol
(l:4 d&lution at 2lOC) printing on No.3 bromide paper,
using a 150mm enlarger objective, set at £/5.6, proved

to be particularly suitable in most cases.

Minor additional.improvements in the contrast and
clarity of the interference fringes were obtained by
replacing the simple screen with Fresnel screens (lenses).
However, the use of a cylindrical lens, in conjunction
with the simple screen (shown earlier in Figure 3.7.1),
provided a more significant improvement in fringe contrast
and Gefinition. Figure 3.10.2 shows the effect of
employing a glass cylindrical lens and Figure 3.10.3
indicates the added improvement on fringe visibility
obtained by using a liquid cylindrical lens. In each
case, the fringe spacing was measured directly from the

photographs, as explained, but care was taken to avoid

making measurements at the extreme ends where the
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most suitable. Further comments on these and the

-

results of cther experiments will be presented in the

following section.

3.11. CONCLUSIONS REGARDING THE PRELIMINARY STUDIES.

The evidence obtained from the experiments concern-
ing single beam illumination speckle photography suggests
that low angles of incidence, with respect to the object
surface, are desirable since doubly-exposed specklegrans
recordecd under these conditions yield interference
fringes cf nhigher respective contrast. The latter is
also influenced by the degree of beam expansion (a
large area has a lower intensity of illumination than a
small area) and the uniformity of the expansion - var-
iations in intensity produces variations in contrast.
While illumination using & comparatively high power
laser (e.5. EmW output power) is not considerea to be
essential for speckle photography, it enables exposure

timee to ne shorter and gives more latitude in terms of

areas andé angles of illumination wnich may be used with-
cut significant loss of intensity.
i+ was reporzed that, ZIor specklegrams recorced

. .- . S+ nigi 1tr-
under *he same doukble-exposure concitions, nhilgnher con

-

ast photographs were obtaineé for objects naving coarser
_ s L e ral Y. This finding
surface finishes (higher R_ values. * s

(27) ‘ .
3 1 i ptained ; Asakura outlined in
endorses the results obtalnec by Asa

.

(23) . .
Section 1.7 Eowever, as Francon observes, it 1s

g9



not only the depth of the surface imperfections but also
their uniformity of distribution (i.e. spatial frequency)
which needs to be considered. This was borne out by the
results obtained for the surface which hagd large random
imperfections, as described in Section 3.8. In the case
of tnhe surface which haé been painteé (matt white) it is
probable that the illuminating laser beam partially
penetrated the surface and, as Ennos( 7)suggests, was
multiply-scattered causing depolarisation, such that a
fully-developed speckle pattern was not obtained. This
could explain the fact that fringes generated from double-
exposure spécklegrams obtained from this surface were of

relatively lower contrast than could perhaps be expected

t-h

or & surface of this roughness. If further research was
tndertaken in this context the use o a polarising filter,
fitted to the recording camera, could be examined as a

means of achieving improvements in tne subsecuent Ifrince

contrasct,

With recarcé tc the aperture ratic of the recording
camera, it was reported earlier that an aperture oo /4

suitarie for use with fine-

O
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was Ifounc t

crain emulsions. & large aperture cecreases the speckle

size and thus limits the minimunm cdisplacement that can be

measured If a smaller aperture 1is useéd the speckle size

- 5 s d t sitivity. Eowev
is increased and this decreases the sensitivity Eowever,

the effect of the latter can be partly off-set if the

degree of demagnification employed 1is not large (although
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this then limits the maximum displacement which may be

measured and so a compromise may be necessary)

There were some reductions in interference fringe
contrast and definition detected which were attributed,
as explained earlier, to lens aberration effects. It
) th . (52) - .
is noteworthy that Archbold et al. have describecd
speckle decorrelation effects which are considered to
be que to certain lens aberrations and, as they suggest,

this can reduce the accuracy of lateral displacement

measurement by speckle photography.

A fine-grained emulsion is considered to be desir-
able for recording speckle patterns in order that the
speckles are resolved.Moreover, wider camera apertures
may be employec with such emulsions (this also helps tc
compensate for their lack of speed). It was observed
that the coarse-grained emulsion which was studied prod-
uced a higher level of background 'noise' than the holo-
grarphic emulsions. This could be cue to the fact that the
larger grains woulcé scatter the light more. The Iine-

vaert 1CE75 emulsion has an average cgrairn

rainec aAgIa-G
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ize of C.0C%um ancé the silve
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However,as Archbold et al}g)have reported,

contrast does
not increase with increase in the photographic densitv of

the specklegram to the extent predicted theoretically.

As discussed in Section 2.2 an exposure time which
gives an overall intensity transmittance of 50% is desir-
able for double-exposed specklegrams to vield high
contrast fringes. Francon(23) has indicated that when
multiple exposures are employed in recording speckle
patterns, equal exposure times are preferable and this
was found to be so with regard to the experimental
results ob;ained in these preliminary studies. While,
theoretically, each exposure (of the double exposure) is
half of the total reguired exposure in & given situation,
it was founé in practice to be somewhat more than half.
This finéing, concerning Agfa-Gevaert L10E75 emulsion,

{17)

. . - P Y
enaorses the orservations oZ Tizianl .

The developer Kodak D19, wnich was reported earlier

as producing high contrast negatives and proviclng gooa

t
m
H
’_‘
(@)

processing flexirility, was founa to ce rate markedly
( sO0 it was stocrec in airtight containers and usec at

; s PR s £
full—strength). Thorough washing ©:i the €Xposec il

S
ary

-
3
\e]
3
O

3 Ful
(before and aiter development) anc carez-u-x

- - 5 ™3 S g ' S 1
heat or blown air) was observed L0 RINIT1SE random
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scattering effects when +he processe it

gated with a laser beam. Bieacning c¢f the film tans the

gelatin and can improve the interference fringe bright-

ness and uniformity (because localised variations of
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density on the specklegram are converted to phase var-
iations). Moreov (15) i

i . €r, as Stetson polnts out, by bleach-
ing the specklegram ang converting metallic silver to a
silver halide, the processed image becomes more even in
tone. Thus, 1in cases such as where an object surface

has large variations in reflectivity (which result in
variations in exposure over the specklegram surface)

tleaching o©f the specklegram can be advantageous.

The results obtained in the displacement measurement
stuGies using single illumination beam speckle photo-
graphy were all within the calculated expected error
(<x3%) as indicated in Section 3.9. These compare favour-
aply with corresponding results obtained by Luxmore et
al. under similar conditions, A major factor, in terms
of improving the overall sensitivity cf measurement, is
increasing the accuracy of the interference fringe spac-

ing measurement. (This was the chief concern in the main

ped) . As explained,

(8

studies, whicr will shecrtly be descr

it was foundéd that some improvement in thls respect was

facilitated by the use of cvlindrical lenses and photo-
rarhyv of =-re fringes (which reducecé the effects c¢ci back-

cipility of the Iringes).
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levels are high and fringe contrast is poor,

These preliminary studies not only provided valuable
information, experience ang evidence which was profitably
exploited in the main studies but also helped to reveal

possibilities which were subseguently explored.

Factors which could help to improve the recording,
processing anc analysis of specklegrams were identified
in these studies anc these were all accounted for in
obtaining and recording specklegrams for use ir the
main investigations concerning interference frince

measurement.
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CHAPTER 4

LINEAR ARRAY FRINGE
MEASUREMENT SYSTEM



CHAPTER 4.

4.1. INTRODUCTION.

As indicated in the previous chapter (3.2) a brief
investigation concerning the scanning and measurement of
the interference fringes obtained from doubly-exposed
specklegrams was undertaken using a simple solid state
opto-electronic device (phototransistor system). The
preliminary finaings suggested that the use of a solid
state opto-electronic system should be explored further.
In order to obtain high resolution, it was decided to
employ a solid state linear array instead of a photo-

transistor. The characteristics of silicon photodiode

(62

arrays, as described by Fry )were considexred to be

well suited for such an application. Moreover, as

(63)

Bartlam points out, such devices are simple, rugged
and relatively low-cost. Various types of solid state

arrays are currently available which could be employed

(64)

in this context. As Noble observes, the major types

are photodiode devices, charge injection devices (C.I.D.)

and charge coupled devices (c.c.D.). &As will later be

explained, a linear photodiode array device was employed

in this investigation.

At the time this research was undertaken, -there was

no work found to be reported in the literature regarding

the use of linear photodiode arrays in this sphere (Maddux

(65)

et al had reported the use of a large photodetector,
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which was used in conjunction with mechanical scanning

of the interference fringes.) Some work had been under-

taken by investigators such as Ineichen et alf66’67)

wvho employed a hybrid Optical and electronic system, but

the only reported system in which a linear photodiode

array was employed for fringe measurement was that cdevised
(68)

by Kaufmann et al, vhich was published some time after

this investigation was carried out.

4.2. BASIC THEORY AND PRINCIPLES OF LINEAR ARRAYS.

The photo-electric effect, which is basically the
excitation of electrons by photons, is the fundamental

process on which the operation of a solid state photo-

(62)

diode depends. Nevertheless, as Fry observes, the
overall mechanism of photocurrent production is quite

complex.

i) Solid state photodiodes.

Basically, in a semiconductor such as silicon, the
electrons occupy energy states which are divided into two

'enercy bands'. These are the ‘'valence' band and the

conduction' band (higher energy) and there are no allowed

energv states between these. Only the conduction band

electrons are mobile and able to contribute to conduction.

Electrons are thermally 'excited' into the conduction

! > ‘ ne valence
band at room temperatures and leave gaps 1n t

3t i itively charged and ma
band termed 'holes' which are posit v ¢ g Yy

also contribute to conduction.
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Excitation of electrons from the valence band to
the conduction band is called 'electron~hole' pair prod-
duction and can be brought about by the absorption of a
photon. The photon must have énergy equal to or greater
than 'Eg' the 'energy gap' between the valance and
conduction bands (fcr silicorn 'BEg' = l.leV) if it is to

excite an electron across to the conduction band.

So0lid state photodiodes consist of a layer of 'P
(positive) semiconductor material and an adjoining
layer of 'Il type (negative - excess electrons) semi-
cenductor material., If the polaritv of the electrical
connections to the photodicde are such that the P-X
junction is 'reverse biasec' (see Figure 4.2.1) ther the
electron-hole pairs that are produced will separate and
accelerate across the junction, thus constituting =&
current. The 'mobile' charge carriers (i.e. electrons

cr holes) ceneratec near the ciode juncticn must di

th

fuse
tc it in crder tc be accelerated across and contribute
tc this current.

rocuce this current

Thermal andé photon excitations p
ir. the case cZ a phctcdiode. The constituent: Dbeing
termed, respectively, 'dark' (leakage) current 'ID' anc
'photc current' ('light! current) 'IL‘, as indicated in

roportional to the number

'

Figure 4.2.1. Photcoccurrent is

of photons having sufficient energy (such that this

. - ; i i d the surface in
energy is > 'Eg') tnat are incident on

unit time.
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(This is a 'Reticon' RL256% array which was used in

investigation ancd the parameters shown are those of this

connects =sach photocdiode tc a common videc output line.

An internel shift register operates these switches and

O
o
W)
"
n
0]
m
A
}o
v
t
1A

Causes tThe informaticon Zrom each Giode &
to the 'commen line. Fcr each scan oI the linear arrsz

the light enercy inciaent on each Giode since the

preceding scan, is measured. ©Basically. this 1s done

. . .
by 'toppino-upr' the charge on the capitance 'C
associated with each of the diodes and. measuring the

A simplifiec circuit, show-

'"top up' which is required.

ing part of a typical linear array system, 1s shown in
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Figure 4.2.3. Charge is removed between each topping=~up

by a photocurrent at a rate which is in proportion to

the amocunt of light (radiant f£lux) on the photodiode.

Hence, the output gives the amount of light (integrated

with respect to time) or the radiant flux on each photo-

diode between scans.

Photodiodes

Common ///,\\\
cr -

(Digital) Shift Register Clocg
’6‘ start

< o e -

3 oo iZ e ircuit Diacrarn ©f Parc
Fig.4.2.3. Slmpl*Llec'C_ 5
cs nrray Clrcuzc.
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4.3. LINEAR ARRAY PARAMETERS AND PROPERTIES.

Responsivity

A
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Figz.4.2.1. Silicon Dicge Spectral keszonse.

2s can be seen frem refierence O Ficure 4.3.1. th
Tvypicail sSpectral response c & silicorn Gicae 1s satists
ory with recard tTo Tie light emitted frcn a nelium=-nec
laser {wavelength C.633umj.

The sencitivity of photcsensors n&l De expressed
in terms of the guantity cf charge produced per irradi
tion. However, the responsivity of a photosensor

3 1 T T3 f
depends upon the spectral distributicn ©
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This can be related to the quantum efficiency (n) of the
photosensor which basically defines the ratio of the

charges produced (in the junction) to the number of photons

which are incident:

number of electrons produced
number of incident photons

.. (4.3.1)

The particular linear array which was employed in
this investigation has relatively high responsitivity,

as indicated in Figure 4.3.2.

Output
charge
(pC.) A
4 -
Saturation
3 F |
| Gradient
i equals
| sensitivity.
2 - 1
H
{ | 1 L »
O 4 08 -2 6 v oC cx—z

rradiation
Y : -~ - e 45
ight intensity x line scan time

.L1gnT 1in

Fig.4.3.2. Signail Charge per Cell as a
Function of Irradiation

Uniformity of response along the length of a photo-

diode is a function of wavelength. For the visible
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wavelengths the response of the particular array used

*
. Again this

in this research was reasonably uniform
property is desirable with regard to the intended

application of the linear photodiode array with laser

illumination.

The charge output of each photodiode in a linear
array can be varied (see Figure 4.3.2.shown previously)
by changing the light intensity or changing the 'line
scan' time (i.e.changing the integration time - which
is controlled by the switching system). Integration
time 'tL' is the time interval between successive scan
pulses. This has a minimum value which is the product
of the number of photodiodes and the time reguired to
sample and recharge each photodiode. Typically , this
is one ‘'clock period' of an external single-phase clock.
An increase in integration time can be achieved by

adding a blank period between the end of one scan pulse

and the start of the next.

Account must be taken cf the fact that some photons

may be incident on the regions between successive photo-

diodes. As a result, there may be photocharges produced

in these regions (which can constitute & significant

I3 . .f_'
portion of the photosensitive area of the array) and

ri T ot ossible photo-
these will tend to arrive at the nearest poss o)

34 £ F i
diode. Bowever, some may GliIuse the other way, producing

(69)

* rer's data .

According to the manufactu
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a response along the array length.

Another important factor to be taken into consider-
ation regarding linear array parameters is 'crosstalk'.
This is the response of one photodiode to light falling
on an adjacent photodiode. Crosstalk is due to charge
carriers diffusing to the wrong photodiode. The deeper
in the substrate the charge carrier is produced the
further it has to diffuse and the more chance there 1is
of it arriving at the wrong photodiode. Conseguently,
crosstalk increases with increasing wavelength of the
incident light. It also increases as the distance
between adjécent photodiodes is decreased. (For the
array which was employed these factors were accounted

for.)

4.4. DETAILS OF THE ARRAY AND SYSTEM EMPLOYED.

The self-scanning linear photodiode array that was
used in the investigation was a 'Reticon' (G series)

type RL256G. This array offers adequate resoclution and

speed at relatively low cost. There are 256 photodiodes

in this array (the dimensions are shown in Figure 4.2.2

which was given earlier.) The array is a monolithic self-

scanning linear photodiode array and each photodiode has

an associated storage capacitor on which to integrate

photocurrent (anc a multiplex switch is provided for

periodic read-out via an integrated shift register
scanning circuit).
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The shift register clock driver is also integrated
-so that only a single phase T.T.L. clock is required for
scanning. Associated with the photodiodes is a row of

'‘dummy' diodes which are read out differentially with

the photodiodes to allow cancellation of multiplex switch-
ing transients (and to provide a clean video signal with

a minimum of external circuitry). As shown in Figure 4.4.1
the system basically consists of two main circuit

boards. These are the 'motherboard' (M) which contains

most of the circuitry and the small 'array board' (A).

v

Aston University

Illustration has been removed
for copyright restrictions

Fig.4.4.1. Array and Mother Boards.

The 'array board' is basically made up cf the linear photc-
diode array and the few components that must be closely

linked to it. To provide freedom of movement the ‘mother
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Fig.4.4.2. System constructed to house linear
array unit
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board' and ‘'array board' were interconnected via a
ribbon cable 'R' as indicated in Figure 4.4.2 (the ‘array

poard' is mounted at the back of the array unit YAU') .

The aperture length of the array used was 6.4mm
and the array was protected by a ground and polished
optical window. Two separate power supplies (+5V and
-8V) to the array are reqguired and these were provided
by stabilised power supplies which are shown on Figure
4.5.1 (as will later be indicated.) The ‘'array board'
employed was a Reticon 'RC104' and the'mother board'
used was a Feticon RCLOOB.See appendix 4 for the details

of these).

4.5. METEOD

The basic experimental systen which was used in
this research concerning measurement of the fringes
generated from doubly-exposed specklegrams 1is shown in
Figure 4.5.1. A special frame held the array (mounted
on the 'array board') and this had a 40nmm photographic
lens mounteé on the front. The latter was only employved
for setting up, alignment and checking (using & low
intensity light source). Care was taken to ensure that
the laser beam was not directed onto the array and, to

protect the array from damage by the undiffracted laser

beam, a small stop was used.

After undertaking a number of preliminary experiments,

it was decided to mount the array unit onr a rigid tripod,
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Fig.4.5.1. Linear array: experimental

szstém
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as can be seen in Figure 4.5.1. This enabled height
adjustments of the array to be made. It also meant that
the array could be raised, so that the interference
fringes could be checked and adjusted (using a small

screen) then lowered back into position.

A cylindrical lens 'C' was used (see Figure 4.5.2)
to compress the diffracted cone of light leaving the
specklegram onto the array such that the ‘noise' associ-
ated with each interference fringe is reduced (by
the integrating action of the lens). In order to provide
a basis for reference and comparison the specklegrams
examined were the same ones that had been obtained and
analysed in the displacement measurement study described
in the previous chapter (Sections 3.3 snd 3.9). A lmW
output power laser was employed (unexpanded beam diameter
lmm) to illuminate the specklegrams (which were mounted
in the special adjustable holder, as in the preliminary
studies) . In a final series of experiments a laser of
8mW output power, put of the same beam diameter, was
used to interrogate the same specklegrams so that the

influence of different illumination levels could be

assessed.

Precautions were taken to prevent extraneous light
reaching the array by keeping the background illumination
level relatively low and ficting shields around the array

unit (in Figure 4.4.2 and 4.5.1. the shields are removed).

The orientation of the fringe pattern and the projection
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M - Mother bocard

S - specklegram (in holder)
A - Array C - cylindrical lens
AU -Array unit (short focal length)

oscilloscope

stop

laser

Fig.4.5.2. Experimental System Using Linear Array

distance from the specklegram to the array was carefully
adjusted for each specklegram so that the projected
fringes alignedé with the photodiodes on the array. Further
adjustments were made, using the cylincérical lens, to

ensure that the fringes projected onto the array were
uniformly spaced ancd not distorted (over the length of

the array). Having set this up. the specklegrams were
then interrogated, in turn, and a series of corresponding

areas on each specklegram was examined.

The output from the array system was displayed on an

110



oscilloscope for analysis (the video waveform output

is an electrical analogue of the irradiation of the
linear array). Adjustments were made to the oscillos-
cope so that a large, stable waveform was displayed for
measurements to be taken from (a calibration check was
also made before each set of readings were taken). The
distances between a number of successive wave crest
centres (which corresponded to 'bright fringes') was
recorded, since this is proportional to the fringe
spacing. Readings of the oscilloscope settings were
reccrded in each case, in order that the fringe spacings
could be calculated. By carrying out a point by point
analysis of each specklegram in this way the mean fringe
spacing was then determined from the results in each

case.

Regarding the array processing circuit, the main
parameters that were adjusted were the clock frequency
and the time interval between the start of successive
scans. Initially, a clock frequency of S5OOKHz was
emploved - this is generatec on the ‘mother board'.
However, due tc problems of tnoise' in the output wave-
forr (as will later be explained) the clock frequency
was later changed by modifying the'mother board’
circuit. The ‘mother board' also periodically generates
a pulse which starts the array scanning. It is the
interval between these pulses that is the integration

time 'tL‘ (as outlined in Section 4.3) anc this is a
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fixed number of 'clock'periods (which were pre-set on

the 'mo;her board').

An integration time of 0.5ms. was used in the
preliminary experiments, but this was subsequently
increased, in stages, to a maximum of 35ms. This was
achieved by reducing the clock frequency ané was done,
as will be described, in order to increase the sensitivity

of the photodiode array system.

The possibility of digitizing the output from the
array f{(using an analogue to digital converter) was finally
briefly investigated. A digitized ocutput was obtained
and this was.presented to a microprocessor (an Intel'8085")
so that the feasibility of analysing the digitized inter-

ference fringe data could be examined.

4.6. RESULTS OF THE INVESTIGATION.

The mean fringe spacing value for each specklegram
which was measured using the linear array system was used
toc calculate the object surface displacement correspond-
ing to that specklegram (using the equation described ir
3.9). These specklegrams, which corresponded to surface
displacements in the range 0.05mm to 0.25mm, were the
same ones that had been obtained and analysed in the
preliminary experiments outlined in Chapter 3. This

provided a basis for comparison for this technique of

fringe measurement.
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The calculated results obtained by this method,
with the system operating at a clock frequency of 500kEHz,
were all close to a maximum error of *5% (compared to
the object surface displacement recorded by the sensitive
dial gauge). Problems were experienced (at this clock
freguency) in measuring the videc waveform displayed

on the oscilloscope, because the waveform profiles were

distorted (due to 'noise'! effects).

*
There are three main factors which influenced the

'noise' levels (for a given specklegram) in this context:

(i) Noise due to 'dark current' (ID) - this
increased with increases in the integration time duration

(tL) and appeared as increased 'background' noise.

(ii) Fixed pattern noise - from switching

transients.
(iii) Amplifier noise.

is mentioned earlier (Section 4.4) the linear array

that was used contained a series of 'dummy' diodes which
were differentially amplified with the photodiodes, and
this meant that the ‘noise' associated with (i) ané (ii)

was somewhat reduced.

In order toc decrease the noise associated with the
waveform amplification, the gain of the oscilloscope was
reduced and the tgensitivity' of the array was lncreased

to compensate for this. This was achieved by increasing

*These are in addition to the proklems of ‘'crosstalk?
(described in 4.3).



the integration time 'tL' (initially by a factor of 10)
and increasing the illumination level (by using the laser
of higher output power). These modifications produced an
improvement in the displacement results obtained from

the measured fringe spacings - such that all the results
were now close to a maximum error of *4%. A 'pay off'
situation between increasing the integration time 't '

L

and reducing the amplifier gain was observed and examined

- as discussed later.

mhe array circuitry which was employed in this
investigation had an overall scanning time of 520us.[i.e.
256 photaﬁo&es x 2 (one clock period*is 2us) = 512 (+8
blanking pulses) giving a total of 520ns]. Initial
integration time ‘tL' was increased from approximately
0.5ms (at a clock frequency of 500kHz) to 5.0ms and in
a final experiment to 35ms (at a clock freguency of
7kBz) . For doubly-exposed specklegrams which generated
interference fringes of higher spatial freguency (i.e.
corresponding tc the higher object displacement values
used) the results obtained using a S5.0ms integration

time were actually close to a maximum error of =*3%

(compareé to the d&isplacement values recorded on the
dial gauge) .

The fringe resclution and measurement accuracy
were found to be markedly reduced when the fringes were

projected directly onto the array without the

*Sampling each photodiode takes 1 clock period.
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cylindrical lens being used. When the higher power (8mW)
laser was employed it was noted that it resulted in an
improvement in the clarity of the video waveform on the
oscilloscope (probably because it enabled the amplifier
gain to be decreased and hence amplifier noise was
reduced). Once the system was set up and operating it
was found that the measurements could be guickly made
and, with a digitized output, the system could be auto -
mated - such that fringe spacing data is automatically

processed (automatic read-out could be provided) .

4.7 . CONCLUSIOHNS.

This study confirmed the feasibility of using a
linear photodiode array for measurement of interference
fringes generated from doubly-exposed specklegrams.

It also demonstrated the practicality of using a linear
array in this context. The findings and observations
in this respect have been substantiated by Kaufmann et
alf68'7o) who also devised a fringe measurement system
emploving a linear photodiode array. (Their array
had 512 photodiodesat 50.8um centres compared to 256
photodiodes at 25um centres used in this investigation).
They only report the use of one'clock' frequency (65KHz)
ané the beam diameter used to interrogate the speckle-
gram (QC.7mm) 1is slightly smaller than that employed
(68)
in the experiments described here. Kaufmannet al.

also used a cylindrical lenmns in order to reduce speckle
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'‘noise' in the projected fringe pattern. However, the
opticaL system which they used was somewhat more complex

than that employed in this investigation.

As indicated, a number of modifications were made
to the system in order to improve the signal to noise
ratio. In an attempt to reduce amplifier noise it was

pointed out that the amplifier gain was reduced and the

integration time ‘tL' increased (in order to increase
the 'sensitivity' of the array- to offset the reduction
in amplification). According to the manufacturer's

data(69)

, the integration time should not be increased
beyond 30ms. because of significantly increasing the
‘dark current' level. Nevertheless, as reported in the
previous section, the integration time was actually
increased to 35ms. in a final experiment. This was not
founé to produce a marked increase in the background
'noise' level. It did help to further improve the
response and sensitivity of the array system but the
detection of ‘'random' speckles also increased and so
reduced the improvements which were obtained. An inte-

gration time of 5.0ms, for the array system used, 1is

thus considered to be preferable.

It is not thought that reducing the diameter of the
laser beam that was used to interrogate the specklegrams
would have brought about any significant improvements

in the fringe clarity and measurement. In fact, as

Kaufmamn et alfss) point out, for specklegrams recorded
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using an aperture ratio of f/4 the lower limit for the
interrogating beam diameter is 0O.7mn. If the beam diameter
is reduced beyond this value, the speckle noise level

becomes increasingly unacceptable.

Removal of the 'background halo' from the projected
fringe pattern could help to improve the detection and
measurement of interference fringes, in cases where fringes
having a large spacing are projected onto the array or
when fringe definition is particularly poor. Perhaps
a polariser or filter could be used for this purpose. It
could also be possible to modify the electronic system

so that the filtering is achieved electronically.

It was pointed out in an earlier section that, as a
sequel to the main investigation, a brief experimental
study was undertaken concerning digitizing the output of
the linear array system (such that computer analysis of
the fringe data could be carried out directly). The
study showed that an analogue to digital converter, used
in conjunction with a microprocessor, could be usefully
employed in this respect. (There are a large number of
analogue to digital converters and suitable microprocess-

ors now available for this purpose)

£ . .,(68,70)
It is interesting that Kaulmann et ad.

have
devised a partially automated system for this purpose

+ £
(using a punched-tape systen and a fast Fourier transiorm

computer sub-routine). More recently, fully automated

read-out systems have been repcrted. For instance,
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investigators such as Costa et al}7l)

have described an
automatic read-out system, using a serially-scanned
photodiode array(which they have employed in the context
of speckle interferometry - for thermal expansion
measurement). Certain limitations revealed by this
investigation and the overall accuracy of measurement
using a linear array system could be significantly changed
as array devices are further developed. It is suggested
that linear photodiocde array systems have considerable

potential for exploitation in the context of speckle

photography which has been identified in this study.
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CHAPTER 5

MICROPROCESSOR/COMPUTER-CONTROLLED
MICRODENSITOMETER AND COMPUTER-
ASSISTED FRINGE MEASUREMENT SYSTEM



CHAPTER 5.

5.1. INTRODUCTION.

The research described in this chapter was concerned
with the exploration and development of a computer
controlled microdensitometer system for measurement of
interference fringes (from photographic negatives of
fringes generated from doubly-exposed specklegrams) with
the provision of computer assisted analysis - using 2
specially formulated subroutine. . This investigation
was also concerned with the assessment of the overall
sensitivity and potential of the integrated system

developed for interference fringe measurement.

The detailed experimental investigation of the
analysis and measurement of the interference fringes
generated by doubly-exposed specklegrams using a micro-
processor/computer controlled microdensitometer in con=
junction with computer—assisted analysis has not been
found to have been undertaken. In the context of speckle
photography, Archbold et alfg) have reported using a
basic microdensitometer but only for determining the
dependence of interference fringe contrast on the photo-
graphic density of specklegrams. However, Luxmore et al.

(
6l’72'73}1ave employed a microdensitometer for fringe

measurement - although this was not a precision computer-
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controlled system (with digitized output) and the out-
put data was not processed usingaspecially = devised

subroutine.

An algorithm for fast digital analysis of inter-
ference fringes (not those specifically generated from
doubly-exposed specklegrams) has been formulated by

(74) . . .
Snyder . This was adapted for use with the micro-
densitometer data obtained in this investigation and
its suitability assessed. Certain other subroutines,

. : (75)
based on those developed by Pickering et al. were

also adapted and employed for the computer-assisted

analysis of the interference fringe data.

5.2. BASIC PRINCIPLES OF TEE (DIGITAL) MICRODENSITOMETER

The microdensitometer consists of a stationary
optical system which focuses light from a white light
source through an aperture on to the sample (e.g.phote-
graphic negative). Transmitted light intensity is con-
verted to optical density by a photodiode detector. The
optical density 'OD' of a 1ight absorbing medium M is
defined as the logarithm (<o base 10) of the ratio cf
incident to transmitted light, whern the medium is

-

ijliuminated as indicated in Figure 5.2.1.

.1)

[ V)

Thus OD = Log I./I, = Log, (1/T) cecevecoccencs (5.
10 "i" ¢t 10 4
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Fig.5.2.1. Optical transmission

Where the transmission factor 'T' = It/I‘< 1
1

2]

i. e. when 1l then OD = O

=1

|
[
(@)
!
-

= 10" 2" " = 2 and so on.
Reflection losses are not taken into account andé a
practical microdensitometer thus measures the ratio of
It/Ii from which the values of T and OD are calculated.
The measurement involves illuminating a small area of
the sample with a high intensity localised light source
and digitizing the output of the photodiode which
receives tbe transmitted light. (A practical microdensi-
tometer has an optical system which collects both the
specularly transmitted light and the diffuse scattered
light - so the optical density measured is actually a
mixture of these two). The density measured depends upon
features of the optical illuminating and detecting systems
(such as the detector acceptance angle)as well as on the
sample. In the case of photographic samples, account
may have to be taken, as pointed out by Dainty and Shaw(76)

*
ef the Collier effect regarding optical density results.

In practice, images are digitized by recording the
density at set positions on a regular grid. There are two
pasic forms of 'scanner'; the main difference between

these is the method of mounting samples for scanning.

* .
An optical density non-linearity effect due to the

scattering of light Dby grains in the processed film.
(Termed the Collier coefficient) .
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These are 'flat-bed' and 'drum' scanners. (The former
type was used in this investigation). A ‘flat-bed'
scanner has a flat glass plate onto which the sample is
mounted and this plate can be translated through the
optical path in two mutually perpendicular directions.
Although the rate of movement is lower than that of a
drum scanner (so the maximum data transmission rate is
less) the sample can be 'stepped' in smaller increments -

thus giving greater resolution.

When the microdensitometer is operated in the
'image scanning mode' (as in this investigation) the
region of the sample measured when an optical density
reading is taken is determined by the size of the detect-
or aperture. In this mode the source aperture can be
adjusted, as will be explained, to minimise the effects
of non-uniform illuminatiorn of the sample. There are
two important lens systems in the microdensitometer
optical system (see Appendix 5). These are the 'influx
objective' , which projects the image of the source
aperture ontc the sample, and the ‘'efflux ckjective',
which defocuses the light passing through the sampie cntce
the detector aperture (Zrorn where it passes toO the

photodiode cetector).

Apertures axe necrmally sguare, rectangular or

circular and a range of both sampling aperture and

~1!
~r

detector aperture sizes are usually available. As Swing

observes, the larger the aperture then the less
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fluctuations between consecutive readings - because there
is an 'averaging effect' from viewing a proportionally
larger amount of sample. (Some one-dimensional averaging
is made possible by the use of a rectangular aperture.)
It is not possible to use a sample aperture across which
there is a large density gradient without some loss of
accuracy (this follows from the logarithmic relationship
between intensity and optical density, as indicated in
Equation 5.2.1.). Choice of aperture size is also related
to the 'step size' chosen for the sample movement between
readings. The upper limit of aperture size which can be
employed depends upon the resolution reguired (for
features of a given image) and the granularity of the
photographic emulsion sets the lower limit. All these and
the other factors previously ocutlined were taken into
account in undertaking the experimental investigations

described later.

5.3. DETAILS OF THE DIGITAL MICRODENSITOMETER.

The microdensitometer which was employed in this
investigation was the newly introduceé Joyce-Loebl
'"Microdensitometer 6'. This 'flatbed' microdensitometer

*

was made available by S.E.R.C. (Daresbury Laboratory).

It has a solid state dual-beam photometric system (this

* .
Science and Engineering Research Council.
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makes use of a two beam principle, by which the

light source is monitored and any variations automatically
compensated for when optical density measurements are
made) . The signal to noise ratio and overall stability

of the system is enhanced by using silicon P.I.N.
(positive-intrinsic-negative) photodiode detectors

rather than photomultiplier tubes. Moreover, it has a
large sample format with resolution down to 2.5um (See
Appendix 5 for fuller data). Figure 5.3.1 shows the unit

in operation.

This microdensitometer was interfaced to a Data
General 'Nova 3/12' minicomputer. An Intel'8085' micro-
processor controlled all the basic microdensitometer
functions under instruction from the minicomputer
{including the table-drive [}canning} commands and the
storage of the digital data [?roduced by an analogue to

-

digital converter ).

The photodetector (2 photodiodes: area 5mm x 5mm)
records the intensity of the light transmitted through
the samplie and this is converted internally to an optical
density value (this is done using the standard logarithmic
comparison - see Eguation 5.2.1). Density (cr transmission)
data is measured digitally (as 10-bit binary words) and

stored on magnetic tape.

A special interactive language (WIZARD) was employed

with the minicomputer. (See AppendiXx 5)
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5.4, EXPERIMENTAL METHOD.
(a) Microdensitometer.

The photographic negatives of the interference
fringes to be measured (recorded on 35mm film) were each
mounted, in turn, on a émm thick glass platen on the
microdensitometer bed andé held in position by a lmm
thick glass ccver plate. To minimise the effects of
possible non-uniform illumination the source aperture
was adjusted (as recommended by the manufacturer) so
that the fringe photographs were over illuminated by a
factor of about 2 relative to the (hypothetical) reduced
image of the detector aperture at the film sample. (This
was kept as large as possible in order to reduce the
effects of the random speckle patterns present on the
photographic negatives of the interference/fringes). Then
the optical density range switch on the microdensitometer
was set at the lowest range which would not be exceeaed
by the optical density of the photographic negatives (If
it was set too high the effective accuracy would be

reduced ancé if it was tocc low some optical density values

could be truncated.)

As was outlined, the proprietary software fcr this

microdensitometer system uses an interactive language

calleé 'wWizard', and this allows considerable flexibility
« of the scanner table(i.e.

in programming the movement

o]

setting the position of the scanner table, moving the

table in the X and/or Y directicns, ané for taking
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Manual :' Microdensitometer ;. Digital
Control Co~ordinate
Panel < > Displays
Analogue
data \V
Table drive
A/D converter lh?ommands
and display 4\
Digital
data
f{icroprocessor
Interface T
Minicomputer RA
Keyboard Mag.Tape

Terminal

storage

Fig.5.4.1], Schematic diagram cf microdensitometer/
control system
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density readings while the table is moving). A 'Wizard'
program was employed with the microcomputer to instruct
the microprocessor to control the scanning so as to
provide full analysis of each friﬁge photograph. The
system employed for this is shown, schematically in
Figure 5.4.1. (Data obtained from each fringe photograph
was stored on magnetic tape).

After undertaking a number of trials and tests the
microprocessor was instructed to make the 'tab:e drive'
scan & rectangular area such that the longer sides of
the rectangle enclosed all the fringes in the photographic
negative. As these photographs had been recorded on
35mm f£ilm then, in order to analyse them, an area corres-
ponding to 208 units in the 'X' direction anéd 304 units
in the 'Y' direction was scanned using stepping increments
of (raster size) 1lO0ym - that is an area of 20mm X 30mm
rounded to a multiple of 16 {(for binary processing).

Care was taken in mounting each film so that the fringes
lay parallel to the 'x' direction as closely as possible.
Scanning in the 'Y' direction, successive scans were made
(parallel to the fringes) and the data obtained was sub-
seguently averaged in this direction, as will be described.
The raster size which was employed was chosen because it
enabled all the fringes to be scanned in the scan length

(See Ficure 5.4.2.)

(b) Computer Analvsis

2 range of different spatial freguency interference

ta was storec

[o])
)

photographs hac been scannec ancé this

tHh

ile was subsecuently

*
analysedé, using an I.B.M.'370/165° main-frame computer.

on magnetic tape. The data from each

ot

Initially, a modified form of the algorithm for fas

* ) . N
All programs were written 1in ‘Fortran' £for this work.

(See Appendix 6)
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w///’// ¥=300
304 Fringes
(Scan ) 42(/’/

units)

A Shaded area was
‘averaged' using
'Lint' subroutine
(see text).
Y
Total area scanned
= approx 20mm x 30mm
(Not to = == Y = 5
Scale) , K/

\\\\fOB(Scan units)

X=45 > X=115

Fig.5.4.2. Area of Fringe Photograph Scannec.

digital analysis of interference fringes devised by
Snyder(74)was tried but was neot found to pe satisfact-
ory in this context. Consequently, the date for each
fringe photcgraph was 'averaged' (in 'x'directicn - as
indicated on Fig,3.4.2,)using & subroutine based on a
subroutine called 'Lint'. This subroutine employs de-
convolution technlgues vased on a search Gaussian funct-
ion. This search Gaussian is specified by 2 half-width
at half-height and a tail cut-off which approximates the

shape of the peaks which are to be located (the values

employed are indicated on Figure 5.4.3.). Derivatives
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of this Gaussian were used to calculate an overlap
function with the intensity data at successive points.
Then the resulting deconvolution function was inspected
for evidence of peaks or troughs in the original optical

density distribution.

Search Gaussian
value specifications
used in analysis

Half-width at
half-height
= 6 units

r\ Limit of tail

half-width
| = 12 units

rFig.5.4.3. Search Gaussian Parameters.

'

The actual deconveclution of the linear profile c
each fringe photograph obtained using the 'Lint' sub-

1

ol

routine was undertaken using a subroutine called 'Fin

(Both of these are part cof the ‘Gens' progam developed

{781\ , _ .
by Pickering et alf’s') The deconvolution function

.

* - 0 3 .
employed was a Gaussian 3rd derivative because this has

*Jansen and Brouwer: Analytical Chem, 45, pp.2239(1873).
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the property that its product function with the profile
passes from positive to negative as the Gaussian is moved
along the profile and passes through a peak. It has an
added advantage, over say a Gaussian lst derivative, that
sloping background, which can be approximated by a quag-
ratic function, is removed ané does not bias the peak
positions. This produced an output, for each fringe
photograph, which was a series of interpolated peak pos-

itions(see typical results in Section 5.5).

The weak peaks at either extreme of the pattern
were discarded ané then the mean and standard deviation
for the distance between the peaks was evaluated- this
then gave the mean interference fringe spacing in each

case.

5.5. RESULTS OF FRINGE DATA ANALYSIS.

The data area that was 'averaged' in the x direction
(See Figure 5.4.2, shown earlier) using subroutine 'Lint'!

produced a profile for each fringe photograph of 295
points perpendicular tc the fringes, each point being

the mean cof 70 points (7mm)along the fringe direction.

A tyvpical graphical output (File 1,Zringe photograph
number 1) is given in Figure 5.5.1. As can be seen,this
output trace confirms that this ‘averaging' does resolve
the interference fringes (see comments on this in Section

5.6.1.

As explained, interpolated peak positions were then
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Fig.5.5.1. Graphical output (Fringe data analysis)

132



obtained using subroutine 'Find'. Table 3 gives typical
interpolated peak positions (corresponding to Figure 5.5.1.

i.e. File 1, fringe photograph number 1).

Peak Position value Peak Position value

No. No.

1. 2.27 mm 8. 14.93 mm

2. 4,23 " S. l16.68 "

3. 5.92 " 10. 18.55 "

4. 7.81 " 11. 20.3¢ "

5. 9.58 " 12. 22.12 "

6. 11.32 " 13. 23,98 "

7. 13.11 " 14. 25,72 "
(Number of distinct peaks counted = 14.)

TABLE 3. Peak Position Values.

The mean value of the distance between each of the
peaks (i.e. the mean of the 'position value' difference)
ané the standard deviation was calculated for each £fringe
photograph. Ac a2 check, and in order to discover any
significant influence, the calculations were repeated
using different Gaussian parameters (G.Ps). These were:

(i) Half-width at half-height = 5 unic

Limit of tail half-width =10 units
(ii) Half width at half-height = 4 units
Limit of tail half-width = 6 units

Typical values for mean distance between peaks (i.e.
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interference fringe spacing) for 5 different fringe
spacing photographs (each one differing in spacing from
the next by about 2%) are given in Table 4. The results
obtained using the different Gaussian parameters that

were employed are also given in this table.

File/photo G.P.(G.Param) = 6/12 GP=5/10 | GP=4/6
-graph No. |[Mean{mm) Std Dev. No.of reading|Mean (mm)| Mean (mm)
1 1.80 0.08 13 1.80 1.80
2 1.85 0.08 13 1.85 1.84
3 1.8¢ 0.08 12 1.89 1.87
4 1.9¢5 0.07 13 1.95 1.95
5 1.9 0.08 11 1.98 2.00

TABLE 4. Fringe Spacing Results.

As can be seen from the results obtained summarized
in Table 4, the mean fringe spacings of the 5 different
fringe photographs were 1.80mm, 1l.85mm, 1.8%mm, 1.95mm
and 1.99mm respectively (using a Gaussian parameter of
6/12). These values are all with a standard deviatiorn
of about ©.08mm (i.e. & maximum error of about 4%
overall). The mean spacing values obtained using differ-
ent Gaussian parameters, were, as can be seen from the
table, only slighlty céifferent in each case. Object
surface displacements corresponding to these different
fringe spacings were calculateé, as before,; and were
comparable tc the values obtained for the same doubly

exposed specklegrams (such as the results calculated in
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Section 3.9) described in Chapter 3.

5.6. CONCLUSIONS

This detailed investigation confirmed that a computer
controlled microdensitometer could be employed to analyse
interference fringe photographs of fringes generated from
doubly-exposed specklegrams. It also showed that the
cdigital output data could be processed such that the
fringe spacing was obtained. In addition, this study
demonstrated that computer subroutines can be devised for
both the controlling of the microdensitometer scanning
and recording as well as for comprehensive analysis cof
the fringe data - such that the whole process is auto-

matic and ver: rapid.

The use of fringe photographs recorded with film
larger than the 35mm film employed in this investigation
could help to improve the overall accuracy of the fringe
spacing measurement. Similarly, averaging over more
than the 70 units along the fringe direction that was
employed in this analysis could further enhance the
accuracy of the measurement. However,this would take
longer and produce much more data to be processed. It
should be pointed out that averaging less than 70 units
was also undertaken but this was found to yield proport-

ionately lower accuracy results. Moreover, when a fine

scanner resolution (<25um) was employed, this was found
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to make the fringe profiles more uneven in the ¥ direct-
ion and thus less satisfactory for analysis.

Although modified subroutines based on those devised

(75)

by Pickering et al. were found to be more suitable and

practicable than that devised by Snyder(74)

it is suggest-
ed that the latter could be used in some cases to good
effect (e.g. for analysis of digitized data of fringes
obtained from linear photodiode arrays - as described in
the previous chapter). Further research could be under-
taken to explore the effectiveness of different convol-
ution functions in improving the accuracy of the fringe
analysis. Nevertheless,it is considered that the odd
order Gaussian derivative which was employed was well
chosen since it reduces peak positioning to linear
interpolation and corrects for sloping background (which
was present in the fringe photographs) . Even though

the peaks (shown in Figure 5.5.1) are not Gaussian in
profile the deconvolution function must be relatively
blunt -since a sharp function would produce false peaks,
because of the uneveness of the profiles obtained from
fringe photographs in this context.

It may be possible to reduce the effects of speckle

'noise' by incorporating an adaptive filter in the

. 74 ; .
processing routine.(The Snyuer( )subroutlne contains a
filter process that could be modified foxr particular
(78)

purposes) . Maddux et al. have reported a fringe

analysis system (not using a microdensitometer) that has
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a 'software' filter which could be adapted for use with

other systems.

The employment of a microsdensitometer for measuring
the spacing of interference fringes from photographs has
not been considered to be practicable by some investigat-
ors concerned with the analysis of fringes generated by
doubly-exposed specklegrams. For instance, Luxmore et

al}Gl)have suggested

"....The most precise method of measurement

used microdensitometer traces taken from
photographs of the fringes, but this method
was very tedious, a disadvantage that was
considered to outweigh the advantage of
greater accuracy".

It is suggested that this investigation has demonstrated
that the use of a microcomputér control system (with
appropriate command software) and computer-assisted
analysis of the digitized output data means that the

use of a microdensitometer is practicable and is not
tedious. Furthermore, processing of fringe data can be
carried out so rapidly that extremely detailed analysis
of fringe photographs can be conveniently undertaken,

although the cost of such a system is presently gquite

high.
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CHAPTER 6.

6.1. INTRODUCTION

The'moiré fringe' effect between two transparent
overlapping grids or gratings was first employed scient-
e . _ (79) .
ifically over & hundred years ago . Since then, as

(80) - . - R
Sayce reports, the effect has been widely examined
and various techniques have been devised for using the
effect (e.g.in metrology). Nevertheless, the employment
of the moiré fringe effect, using a reference grid, for
determining the spatial frequency of fringes generated
in speckle photography has not been reported. As an
outcome of the preliminary investigations outlined in
Chapter 3, it was considered that & system could be
developed for this purpose. The system which was subse-

- . - . (81N - L
gquently devised (Pickthorne and Rogers iwas found to
be simple to use, provided very good sensitivity and was
guite adaptable. Moreover, this systen is much less

complex or costly tharn either of the

systems described in the preceding chapters.

£.2. BASIC THEORY OF MOIRE FRINGES.

When twe grids (consisting of alternate transparent

and opague elements, cf approximately egual spacing)

are placed face to face with the elements of one grid at
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a small angle to those of the other grid, no light is
transm;tted where the opague parts of one grid fall on
the transparent parts of the other grid. Consequently,
when viewed against bright background illumination, a
series of dark fringes crossing the grids is seen.
These fringes are known as 'moiré fringes' and were
giver this name by French silk weavers who originally
observed the effect with two overlapping layers of fine
fabric. As Yokozeki(sz)points out, moiré fringes may

be divided into two types - coherent and incoherent.

I+ is the former type which is of chief concern here.

-l

/

d

Fig.6.2.1. The Formation of Moiré Fringes.

Guild(83)has developed the work of earlier investig-

ators concerning the moiré effect and has established



that moiré patterns are fundamentally diffractive effects.
It can be seen from Figure 6.2.1. that, for grids having
elements of spacing 'd' and lying at an angle 6 to each
other (& assumed small), a set of moiré fringes is produced

having a spacing S such that

S = 4/8% e s et st ess (6.2.1)

If one grid is kept stationary and the other grid is
moved in the direction perpendicular to its elements,
then it is observed that the moiré fringes move in the
direction perpendicular to the fringes themselves. One
moiré fringe will cross a point in the £field of view as

the grid advances a distance '&’'.

6.3. THEORY OF MOIRE PATTERN CALCULATIONS.

-

A simple method of calculating meiré patterns has

84)

({
been suggested by Rogers’ who points out

*
"By the use of Ewald's reciprocal space any

particular problem in moiré production may be
solved. In the case of gratings lying in
parallel planes, the reciprocal space may be
condenseé into a reciprocal plane and the moiré
patterns developed as difference vectors in
+his reciprocal plane”.

This tasic geometrical approach to moiré pattern
14 f=EhY
N = - = \83/
calculations has been subsegquently developed by Rogers.

To calculate the moiré pattern due to two linear grids,

the construction involves drawing two lines from an

*
Ewald,P.P.Phys.Z., 14, 465 (1¢13).
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origin such that each is perpendicular to its correspond-
ing grid and is of a length which is inversely proportion-
al to the grigd spacing.* When the triangle (or parallel-
ogram) is completed, a difference vector and a sum vector
are obtained. These vectors represent the spatial freg-

uencies of the moiré patterns such that their directions

are perpendicular to the moiré fringes and their lengths

inversely proportional to the spacing of the fringes.

Fig.6.3.1l. Moire fringe represerntation in frecuency
spacg.
In Figure 6.3.1, 'A' and'B' represent spatial frecg-
C 2 >

uency vectors and, by extencing vector '&j symmetrically
about the crigin, the sum vector 'Ej is displayed as the

closing side of the triangle. The case illustrated

*

i.e. directly proportional to the spatial Iregqguency
of the corresponding grid.
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refers to linear grids with a plane, parallel monochrom-
atic wave incident normally onto them. In this case,
spectra arise in angular directions which correspond to
the spatial freguency vectors. As the spectra are
coherent with the original wave they are coherent with

each other. Thus they can interfere,producing Young's

- =

Fh

nges eqguivalent to the moiré fringes.

[

interference r

6.4, PRINCIPLES OF THE MOIRé PATTERN TECENIQUE DEVISED
FOR FRINGE MEASUREMENT.

As outlined earlier, when two ¢rids, having nearly
the same spatial freguency, are lying at a small angle
to one another, they produce & low freguency moiré
patterrn. This pattern 1is a very sensitive function of
the intergrid angle and of small variations in the freg-
uency ratic of the grids. The same situation applies
if one of the grids i1s replaced by & Zringe pattern,
such as the projected fringe pattern generated from &

docubly -exposed specklegram.

mhe basis of the technigue devised ZIor frince meas-

uremernt is thet a moiré pattern is generatec bDetween a
reference (master) crid and the fringe pattern such
that the orientation of the moiré pattern is relatecd
tc the spacin of the fringe patterrn. This means that

the fringe spacing measurements carn then be made in

(81)

angular terms. As Pickthorne and Rogers point out,

this may be undertaken quite easily and the angles
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measured with high accuracy.

This technique was developed from the geometrical

approach to moiré pattern calculations suggested by

(85)

Rogers which was described in the previous section.

H

n this case, it is the fringe pattern and reference

grid which are each represented in spatial Zfrequency space
by a vecter perpendicular to the original fringes (or

grid lines) and of length inversely proportional to the
fringe {(cr grid) spacing. This case 1is illustrated in
Figure 6.4.1, where the vector '95' represents the
reference gric and vector ‘%?' represents the fringe

pattern. The latter is lying at an angle 2B to the

reference grid and the closing vector ‘%@' {which

represents the moiré pattern in £freguency and direction)
lies at an angle a tc the reference grid. 3By measuring
the angles o and 2%, the ratio R, of 0B to CA, can thus

be found since, OB _ o)
Sine Sin(a + 28)

(=8

Then, as oA{which depends on the reference ¢rid) 1is

xnown, <he spacing of the interference Zfringes is readily
calculated as will be shown.

Angle o 1is relatively easy to measure but angle 28

(43
(o]
th
ct
o g
(]

is not sc easy because it reguires allignmen
interference Zringes (which may Dbe indistinct) along a
fixed direction at the prescribed angle from the referx-

2 oy + v 1 2 .
ence grid. However, by undertaking a symmetrical pair

3 ol o4 1 *r
of measurements, & result can be obtained which 1is very
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Fig.6.4.1. General case: moiré pattern reoresentation.

insensitive to a small angular mismatch between the inter-

ference fringes andéd the reference grid.

ot
~
w
2]
th
[\
41
w
n

Considerations of symmetry suggest tha
possible, the reference grid should be swung from a
pocition to one side of the interference fringes, say DV
an ancgle '2¢, and then to an egqual angle '25%on the cther

sid._. Small departures: from symmetry will thern have

only a very small effect on the accuracy of the results

-

(as will be shownl,

is accurately known and is not large. This may be dcne

by aligning the interference fringes {approximately only)

along a fixed direction (e.c.vertical) and then swinging
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the reference grid (between stops) by an angle +2f to
the left of the interference fringes and then by an

angle ~2p to the right.

B

, Y
A A
a
2012
O
Fig.e.4.2. Symmetrical Technicue.

hj

igure 6.4.2 vector OB represents the spatial
[

in
frequency of the interference fringes {(which are kept

in space). Vector O& represents the initial pos-

(e}

fixe
ition of the spatial freguency vector that represents

the reference grid in its first position and Eé represents
the moiré pattern spatial freguency. When the reference

grid is swung into the symmetrical position it ends up
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in the position that is represented by OA' and then the
N~

moiré pattern goes over to BA', as indicated.
~—

Aithough all spatial frequency vectors are perpendic-
ular to the grid lines generating them, by rotating the
figure they may be regarded as parallel. As can be seen
in Figure 6.4.2, the spatial frequency vector ?P is great-
er than ?} ané , conseguently, the moire pattern
rotates in a direction that is opposite to the rotation
of the reference grid. However, 1if the rotation of the

-
moire pattern is in the same direction as the reference

grid, this implies that QE is less than Qﬁ. Thus it is

necessary to note the directicn of rotation when carrying

out readings.

Since, in the symmetrical technigue the total angles
ROA' (4B) and ABA' (2v) are recorded, then by halving these
angles, this means that average values are obtained that
are superior to those obtained using the direct measure-

ment technigue which was originally devised.
The triangle AOB is easily solved because:
0z/siny = O0OB/sina

If R is the ratio of the spatial frequencies OB and O&

then, since OB/OA = sina/siny
. sin(y+28)
. g o sin(y*2B8)
sin Yy

By expanding sin (y+28) and dividing through then ¢

R = cos2B + cot y.sin 28 c e ecesaerecerees s (6.4.1.)
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As the angle 2B is a constant (fixed at a set value)
therefore cos 28 and sin 28 are constants and thus

R is simple to calculate.

If the moire fringes rotate in the same sense as the
reference grid cot y is negative (R<1l) and if they rotate
in the opposite sense cot y is positive (R>1). Since
R is the ratio of the spatial frequencies and the actual
spatial frequency vectors have lengths which are inversely
proportional to the spacing of the grid or fringes, then
1/R is the ratio of the spacings. As q& is already
known (from the spacing of the reference grid) then the

spacing of the interference fringes is easily determined.

6.5. EXPERIMENTAL INVESTIGATIONS

(&) Basic System.

Experiments were first undertaken using a system
based upon the general, basic moire fringe technique
which had beer intially developed (i.e. before the
symmetrical technique had been devised). The system
that was subsequently constructed consisted of a rigid

+
[

metal plate 'P' with a large circular hole cut in it.
This hole hada recessed rim on one side anéd a circular
metal piate 'C';, which nad a lip that fitted against

this rim, was mounted in the hole. Special clips held

this circular plate in position but allowed it to be

o]

rotated within the mairn rlate, as indicated in Figure

6.5.1. As can be seen the circular plate had a hole
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cut in it (shown dotted) and the main plate was fitted
with a support arm (so that it could be mounted on an
optical bench, All the components were machined to a

high tolerance to provide smooth movement without slipp-

Reference
grid

ing or variations.

Fig.6.5.1., Part of the basic mcire fringe apparatus.

On one sicde o the circular piete, a sguare c:

acetate ciffusing sheet ts' (which actec as & screen;

was attachead. Next tc this, on the cuter zace, 3

reference (master) dgria was mounted. A transparent

cursor was fitted to the main plate, as showrn in Figure
c £

6.5.2.

Interference fringes generated from a doubly-exposed
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Fig.€6.5.2. Basic moiré fringe systen
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specklegram,which was interrogated by an unexpanded
laser beam (lmW), were projected onto the screen 'S'.(On
the side furthest away from the reference grid and cursor).
In order to match approximately the reference grid spac-
ing the 'throw'of the projected fringes (i.e. the dis-
tance 'D' between the specklegram and the screen) was
ajusted with the reference grid removed and the fringes
viewed on the screen. To simplify the setting of the
prescribed angle between the interference fringes and
the reference grid the fringes were aligned with respect
to a reference line on the main plate P and the reler-
ence grid was set at the required angle with this line.
The only 6ther angle then measured was between the moiré
pattern and the grid. These angles were measured by

the use of the cursor and a protractor (which was
positioned on a reference line on the main plate). As a
check, each reading was repeated with the reference grid
moved through the corresponding angle in the opposite

direction.

The alignment of the cursor with the moiré pattern
was carried out with the backgrcund illuminatiorn lowered
(to improve the visability of the moiré pattern; but
when readings were taken OL the protractor, &a white light
was directed ontc this. Both the specklegram, which was .
fitted in a rigid holder, ancd the moiré fringe device
were mounted on an optical bench so that the <throw D

could be precisely measured. Precautions were taken in
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aligning the system to ensure that the projected inter-

ference fringes were incident normally on the screen.

ﬁesults were obtained using a variety of doubly-
exposed specklegrams that had been recorded using a
range of different lateral surface displacements. The
image demagnification of each of these specklegrams had
been previously measured to a high degree of accuracy
using & travelling microscope. (This information was
regquired so that the fringe spacing results, subseguently
obtained, could be used to calculate the corresponding
magnitude cof the recorded surface displacements). In
each case the specklegram was interrogated on a point
by point basis on a 'grid' type format and the mean

fringe spacing was calculated from the readings obtained.

(B) Symmetrical System.

As indicated in the previous section, a symmetrical
technigque for interference fringe measurement using
moiré fringes was developed in order to improve the

overall accuracy of measurement. This technique

requires the reference ¢grid to be swung. by eguel angles,

£irst to one side ané then to the opposite side oI the

projected interference Iringes. The svstem that was

deviseé for this purpose is shown, simplified in

fwl

E

w

igure ©.5.2.

mhis system was made up ©of a thick rigid plate

which was mounted on & strong metal arm that could be
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Reference grid

[

Diffusing ~————r-/J
Screen

Annulus

Beam stop

Stop

Fig.6.5.3. Part of the symmetrical moiré fringe

szstem.

fitted into a holder on an optical bench (or held in a
clamp unit). The plate had a large circular hole in

its centre and shallow grooves were precision cut on
either side of this hole. An annulus was made to fit into
the groove on one side ané this was held in position by
two small clips. A slot was cut in the outer edge of
the annulus and this was aligned with a stop on the
main plate such that the annulus could be rotated by
20° either side of the vertical. (The choice of this

angle will be discussed later). On the annulus a ref-

erence grid of known spatial freguency was mounted as
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shown in Figure 6.5.4.

Both the main plate and the annulus were made from
a matérial ('Tufnol') which has a low thermal expansivity
and high resistance to oxidization so that accuracy
would be maintained in different working environments
and over a long period cf use. A number of annuli were
made to the same specifications so that these could be
fitted with reference grids, covering a range of
different spatial frequencies and rapidly interchanged

as needed.

Directly behind the reference grid a thin glass
diffusing screen was fixed to the main plate. Inter-
ference fringes produced by interrogating a doubly-
exposed specklegram with an unexpanded laser beam (lnW)
were imaged on this screen. The latter had a small black
stop at its centre to remove the central undiffracted
laser beamn. Both the moiré fringe system and the speckle-
gram (which was fitted into a special holder) was
mounted on an optical bench. The throw 'D' of the
projected fringe pattern was adjusted so that the fringe
spacing roughly matched that of the available reference
grid. This distance 'D' was then accurately measured

on the optical bench.

The grcove that was cut in the rim ¢f the hole on
the other side of the plate (furthest away from the
specklegram) carried a circular protractor which was

-

retained by spring cligs. This could be rotated in the



Symmetrical moire fringe syvstem

showing reference grid on annulus.

(In practice the specklegram is
close to the laser 'L').
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vertical plane and had a transparent bar across its
centre, as shown in Figure.6.5.5. The bar was aligned
with the moixré pattern and the angle read off against a
vertical reference on the main plate. A second reading
was taken when the reference grid had been moved to the
symmetrical position on the opposite side of the vertical.
The direction irn which the moiré pattern rotated when the

reference grid was moved was also noted.

Further readings were taken for each specklegram
(which were all analysed on a point by point'grid'
basis) and the mean value of these readings was used in
the calculation of the interference fringe spacing. As
when the basic moiré system was used the background
illumination was kept relatively low while the bar was
being aligned with the moiré pattern and then a lamp
was directed onto the scale to assist the reading of
the angle. For comparison purposes, a laser of higher
power (8mW) was later used to interrogate the specklegrams
(it was found that the background illumination did not

reguire to be significantly lowered in this case) .

Measurements were taken using the symmetrical system
of a number of doubly-exposed specklegrams (of known
object demagnification ratio) which were recorded for =a
range of lateral surface displacements. In addition,
to assess the sensitivity of the system, a typical
specklegram was interrogated with a glass block placec

between the specklegram and the screen. It was then
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Fig.6.5.5. Part of front of symmetrical
moiré fringe system. (Showing
protractoxr and transparent bar)
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interrogated with the glass block removed (so that the
'throw' and hence the interference fringe spacing was
changéd by a small amount). Symmetrical readings were
recorded in each case along with the thickness and

refractive index of the glass block. Since all other

conditions were kept constant in each case the fringe
spacing results could thus be compared along with the

ratio of the two throws used.

6.6. RESULTS OF EXPERIMENTAL INVESTIGATIONS.

(A) Basic system.

The following typical results, which were obtained
with the basic system, are for reference grid and moiré
pattern angles measured with a simple cursor and protract-
or as shown earlier. This enabled angular readings (ilo)
to be taken guite easily but with this system errors
could occur, as explained, in the alignment of the
interference fringes along a fixed direction at the
prescribed angle from the reference grid. Using the
nomenclazurs given in Figure 6.4.1, the mean values
obtained for a typical doubly-exposed specklegran (which
was recorded for a lateral suriace displacement of O0..:0mx

measured with a sensitive dial gauge) were as focllows



Results

Angle o = 7Oo + 1°
Angle 28= 20° + 1°
Throw D = 225mm + lmm.

Spatial freguency of the reference grid used
was: 0.5 cycles mm~l.(i.e. 2.0mm spacing). The
moiré pattern rotated in the same sense as the
reference grid. (i.e. R, the ratio of the spatial

freguencies, is less than 1).

Referring to Figure 6.4.1. (Section 6.4) it was

shown that:

OB  _ 0A
Sina Sin(a+28)

and R = OB/O2

;. R =222 2 = 0.9397

Sin(a+ 2B)

However, R is the ratio of the spatial freguenc-
ies. Thus 1/R is the ratio of the spacings =

1.064. Now, the reference grid spacing = 2.0mm.

Eence the interference fringe spacing =

(2.0 x 1.064})mn

= 2.128mm.

[@sing this result and the measured value of the
throw D given above, along with the known speckle-
gram demagnification ratio, the calculated

surface displacementwas found to be 0.150mn,

compareé to the measured value of O.lSOmm:]

Figure 6.6.1 shows typical fringes with the cursor

set along the moiré fringe angle. This was recorded with
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a 35mm S.L.R. camera using an exposure of 4 seconds with
an aperture of £2.8. It was found that Ilford Pan F
developed in 'Phenisol'® (l:4 dilution) at 20° for five
minutes produced superior photographic negatives. The
photograph shown was printed on Number 1 bromide paper
using a 1l50mm enlarger lens and Kodak Universal developer
(1:7 dilution) at 20°C. & 50mm enlarger lens was tried
but, because it produced quite high magnification, the
moiré fringes could not easily be discerned on the photo-

graphs

(B) Symmetrical system.

With the system which was devised, the angle 25 was
fixed (at 20o either side of the vertical)and the only
angle which it was necessary tc measure was the angle Y
(shown earlier in Figure 6.4.2). As explained in Section
6.4, the total angles (i.e. 48 and 2y) were actually
recorded in order to reduce the effects of errors in
measuring these. The angles could be read to :O.So
using the system that was constructed and the only other
information which it was necessary to record was the
direction in which the moiré pattern rotated with respect

to the rotation of the reference gric.

The results which follow are representative of a
large number of experimental investigations that were
undertaken using this symmetrical systemn. In this case,

the results were obtained using an 8mW output power laser
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rather than a 1lmW laser(so that the moiré patterns

*
could subsequently be photographed more satisfactorily).

These results are mean values obtained from the analysis
of a doubly-exposed specklegram recorded for a known

surface displacement (and of a known demagnification

ratio). The reference grid which was employed in this

analysis had a spacing of 2.00mm.

1

200 o)

Angle 28 oi 0.5
128°+ 0.5°
6 (@]

Angle 2y

¢° + 0.25°

The moiré fringes rotated in the same sense

Hence, angle y =

as the reference grid (thus R<1l).

A A
@)

54° 44

Symmetrical
position

. . - + - .- N
Fig.6.6.2. Svmmetrical system: molre pattern analvsis.

*For the purpose of illustration not measurement.
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Solving the triangle shown in Figure 6.6.2 gives:

Sin44°

R
Sin64°

= 0.773 (ratio of spatial
frequencies)

e the ratio of the spacings 1/R = 1.294

Thus 1.294 x reference grid spacing gives the spac-
ing of the interference fringes = 2.588mn.
This value Ziffers from the result calculated (using the
known surface displacement, throw and demagnification)

which was 2.564mm, by less than 1%.

Figure 6.6.3 1is an enlarged photograph of the fringe
vattern showing part of the transparent bar of the protr-
acter aligped with the moiré fringes. The fringes with
the reference grid moved over toc the symmetrical position

are shown in Figure €.6.4.

To examine the sensitivity of the system, as explain-
ed earlier, a glass block was introducel betweer the same
specklegram and screen (with all else kept constant) in
order to procduce a small change in the interference fringe
spacing. This only produced a change in the spacing of

7% but the change in ancle that resulted In this case,

which was £.25°, was eaesily observed. The results chtaine

h

for this experiment (see Appencdix 7 for fuller cetails)

t

<
O
th
]
oy
(0]
&
ot
N
}r
i

learly incdicate that an overall accurac

[#]

can guite readily be achievecd (i.e. in the context of the
fringes generated by doubly—-exposel specklegrams and their
use in calculating lateral displacementdwith the symmetri-

cal system.



Fig.6.6.3. Protractor bar aligned on moiré
fringes

le3




Corresponding moiré fringes

in

symmetrical position
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6.7. CONCLUSIONS

The systems based upon a moiré pattern technique
which were devised for the measurement of fringe spacings
were not only found to be simpler and more portable than
the methods reported in the previous two chapters but
alsoc considerably cheaper to fabricate and maintain.

In addition, the symmetrical system was found to be
particularly sensitive and suitable for measuring the
spacing of indistinct fringes - such as occur in speckle

photography.

Regaréing the basic fringe measurement system(see
Ficure 6.4.1. shown earlier) if the vector representing
the reference grid is not too different (e.¢g. about =25%)
from that representing the interference fringes (which
means that the two spatial frequencies are reasonably
close) then this method is most sensitive. In turn, this
depends upon the magnitude of the angle 2B between the
reference grid and the interierence fringes. As can be
seen from Figure 6.4.1, 1f this angie is small, then the

sensitivity will be high. However, this means that <the

-

spatial freguencies of the nce fIringes angd

Hy

ncerrer

)]

jore

Hh

reference grid must only differ by 2 csmall amount (e.g.

£5%). I+ is possible to achieve this by naving & wide
range of different spatial Zfreguency reference grics
available and/or using carefully adjusted throws tToO match

the interference fringe spacing to that of the reference

grid. Nevertheless, in practice, 1t was founé that using

[
o
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O
an angle of 28 = 20, which allowed a difference of *20%
in the reference grid and interference fringe spatial
frequencies, was quite satisfactory. Moreover, this

enabled a reasonably large throw (between 200 and 300mmn)

to be generally employed - thus reducing the significance
of small errors made in the measurement of the throw, and

also meant that a large number of reference grids was not

required (e.g. & grid of spatial freguency 0.5 cycles mm~

could be used with interference fringes of spatial

freguencies from about 0.4 cycles mn~! to over 0.6 cycles

mm” ! without needing to adjust the throw - which would

obviously enable the range to be extended).

The basic system requires that the interference
fringes are aligned along a fixed direction at the pres-
scribeé angle {2R) from the reference grid. As was
explained, this may not be easy and can lead to errors,
Thus if the ratic of the spatial frequencies R is Iixed
and the angle 28 is incorrectly set, such that there is

ar error cof &y in the angle Yy between the moiré pattern

and the fringes. This exror is
cY -
5\'=(=*#) 82 O O T A
' DDR

Gowever, with the symmetrical syster this probierm
and the attencant errors were considerably redauced by
aligning the interference fringes (approximately only)
along a fixed direction (vertical) and then swinging the

reference grid between angles +28 and -2B8. (The use of

l66
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a precision machined annulus and a slot/stop system
meant that these angles could be accurately set without
needing to be measured each time.) The total angle 2y
through which the resulting moiré pattern swung was still
a very sensitive function of the ratio of the spatial
frequencies but was less sensitive to small errors in the
original interference fringe settings. This is because,
if the two original angles were 28 + §f and 28 - 8B
either side of the symmetry point, then corresponding
errors in the moiré pattern angles will compensate for
this. In other words, the errors +8y in the value of ¥y
will cancel in the total angle 2y providecd that the

error 68 is small enough to leave (%%L unchanged. The
actual error depends upon \%%%>R which is very small. If
the magnitude of angle 2£ which is used is 20o this means
that the resulting error in R will be less than 1%,
provided 8& is less than 3°. 1t was found in practice
that the settings could easily be made to the nearest

degree and sO such errors were negligible.

Concerning the alignment of the projected interfer-
ence fringes with respect <0 = fixed direction, it was

subsequently noted that this could also be undertaken

Vo)

using such moiré patterns. mris was done by alignin
the reference gridé alonc a reference line ané then adjust- .
ing the angle oi the prcjectec £fringe pattern such that

the resulting moiré pattern fringes were halfwayv between

the two limits of infinite spacings - the interference
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fringes are then aligned with the reference. In addition,
it was noted that the throw 'D' could also be accurately
measured with the use of moiré patterns. This may be
undertaken by employing a standaré reference grid in place
cf the specklegram and projecting an image of this onto
the screen of the fringe measurement system. In this
case, the spacing is already accurately known and so the

results can be used to calculate 'D' instead.

In addition to the use of the system for the measure-
ment of projected images, fringe svstems or grids, the
system coulcd be used as an angular amplifier. For example,
L e o . (81)
it 1is evident, as Pickthorne and Rogers have outlineg,

that it could be employed for the detection of small

angular mctions over a limited range.

The effectiveness of the symmetrical system was

examined, in conjunction with its use with single illum-

[

ination beam speckle photography, with regard to certain
practical and applied problems in industrial and engineer-
ing contexts. These investigations, which are described

ir the f£cllowincg chapters, roviéed 2 comprehensive basis

or the assessment c¢f the system ané revealed furthex

I

possibilities
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CHAPTER 7

INVESTIGATION OF RAIL
CONTAMINANT THICKNESS USING

SPECKLE PHOTOGRAPHY



CHAPTER 7.

7.1. INTRODUCTION

In the context of railway engineering, very little
information is available regarding the thickness of
contaminant films present on the track, when the wheel

and rail are in contact. There is alsc little known

regarding the influence of wheel loading and the duration
of the loading on the thickness of such films. Current

and proposed developments (now that the Advanced Passenger
Train is to be replaced) with respect to safety, perform-
ance, efficiency and maintenance make the need for this

irformation particularly important.

Some attempts have been made by British Railways
Research Department to obtain such information but various
problems, reguirements and difficulties concerning the

examination and analysis of the thickness of contaminant

1]

fi1mes andé the very small changes cdue tC Lo0ad changes

have meant that the necessary inforration has not Dbeen
satisfactorily obtairned. However, as will be discussed,

i+ was considered that laser speckle photography combined

ble interference fringe

)

with a highly sensitive anéd adapt
measurement system could be successfully employed for

this examination ané analysis.
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An initial investigation was undertaken to determine
if single illumination beam speckle photography in con-
junction with the sensitive and accurate moiré pattern
frince measurement system that was detailed in the previous
chapter, could be used for the purposes outlined. Having
established that the syster coulé be emploved, a detailed
investigation, involving the study of the thickness of
different contaminant films in the wheel/rail contact
region with a variety of loading conditions, was then
carried out. Much of the applied experimental work was
undertaken at the British Railways Board Research Depart-

ment where special egquipment and facilities were provided.

7.2. QUTLINE OF INVESTIGATION.

As will be explained, certain thin contaminant £ilms
on railway track are thought to affect the interaction of
the reilway wheel and rail. The thickness oI these films
is believed to influence their effects in this respect
and this thickness (and changes in thickness due to
different loads) has not been determined in the wheel

s initially intended to investigate

)]

contact region. It w
the use of speckle photography anc the symmetrical mciré

n fringe measurement system for the arnalysis and

Ue]

e

H

t

at

surement of the thickness cf a common contaminant Zilm

2]
fu

e
bpetween a simple wheel/rail arrangement. If this proved
satisfactory the intention was then to build upon this
experience and undertake a detailed study using an actual

full-size railway wheel and appropriate loading systemn.
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The chief objective in this respect was the obtaining of
information concerning the thickness of commonly occurr-
ing contaminant or debris films for typical wheel loadings

and respective changes in thickness for given changes

in applied load.

The proposed develcpment of a faster version cf the
High Speed Train (H.S.T.) and also increases in loadings
of freight trains will mean that contaminant films may be
subjected to rapidly changing loads sustained for some
time. 2 further objiective was thus tc investigate these
factors and explore their influence on the thickness and
changes in thickness, o¢f common contaminant £f£ilms. In

addition, it was intended tc examine the resulting latereal

splacement &t the wheel bearing for the different wheel

[N

cé
loadings and contaminant films.
211 this information wouldé mean that & fundamentel

picture of the thickness, changes in thickness under

(o]

erent loading conditicns and loads,of common rail

th
th

i
contaminant films could be providec. Llthough some of the
relative differences anc changes in thickness may be

guite small, the sensitive moiré pattern Iringe measure-
ment system should enable these toO pe detectel and

accurately determined.

7.3. THEORY AND PRINCIPLES OF INVESTIGATION,

The ability of a rail traction unit to drive a

171



wheel and the breaking system to provide a braking effect
are both influenced by the contact conditions between the
‘ ; (86) . .

wheel and rail. As Kalker explains, theoretical
predictions of the force which can be transmitted through
the contact reguires knowledge of the contact size.

. . (87) . .
Timoshenko and Goodier point out that contact size
is determined by the geometry ané elastic deformation of
the contacting solids. For a railway wheel and rail the
contact area is elliptical in shape as shown in Figure 7.3.1.

The railway wheel has a steel'wear band' which is harder

than the rail and the deformation is relatively small.

wheel

Plan View
o 'contact'

E i (elliptical)
Elastic

; £ ; Rail
(Deformation of rail

not shown) i-contact length
(varies with load)

Fig.7.3.1. Static Contact conditions : clean surface.

According to Smith(88) various contaminant

{({debris) films such as water and iron oxide, oil (of
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. . . 4
various types), oil and iron oxide and coal dust

frequently exist on railway track. If there is a
contahinant layer present between a railway wheel and
rail then, as Johnson and Roberts(ag) report, the nature
and thickness of this layer can influence the force that
can be transmitted through the contact. The thickness 't'
of this layer for a particular wheel geometry depends upon
the type of contaminant and the load on the wheel (i.e.
the compressive force between wheel and rail) as shown

in Figure 7.3.2. It is also possible that the magnitude
of 't' will depend upon the frequency of changes in the
compressive force (i.e. as successive wheels pass over

the layer). In addition, it may be influenced by the

- . , . . (S0)
duration for which the force 1is sustained. Cameron
indicates that certain films may be squeezed out, by a
particular force, in a very short time. This depends

on the viscosity of the film which, in turn, depends upon
pressure and temperature. However, other films (contain-

ing elastic particles) will not be squeezed out under such

conditions and will compress.

1f the load (force) on a railway wheel is changecd
then the displacement due toO elastic deformation at the
wheel/rail contact will change (there will Dbe displacement
also at the wheel bearing). It is possible to measure

the respective lateral displacements in this context using

* .
On track used by coal-carrying freight trains.
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Wheel

Contaminant
layer

’ Elastic
t\l/ \& / deformation
———— of wheel

=
<

Rail
(Deformation of rail not shown)

Fig.7.3.2. Static Contact conditions: contaminant

Eresent.

speckle photography. Thus, if a contaminant layer is
introduced between the wheel and rail the change in thick-
ness of this layer with the same change in load will
produce a corresponding difference in the wheel/rail
lateral displacements measured by speckle photography.
This difference is equal to the change in thickness cf the

contaminant layer, as indicated in Figure 7.3.3.

Hence, the thickness 0of a contaminant f£ilm under
typical wheel load conditions may be determined by compar-
ing the lateral displacements, with and without the

contaminant , when the load is increased from a typical
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value to one which will significantly compress (or squeeze
out) the contaminant so that only an insignificant amount
remains. This method can also be applied to cases where
changing loads or loads maintained for some time rather than
than a particular (typical)load are of interest-in terms

of their influence on contaminant layer thickness. The

W
Wheel i 4\}/ -2 e /T\yl ?

Without £ilm wWith film of thickness't'
(t=z-y*')

Fig.7.3.3. Displacement with and without contaminant

film.

lateral displacement of the wheel bearing and the corres-
ponding influence of load and contaminant layers can

similarly be measured and assessed.

7.4. METHEOD OF INVESTIGATION.

A preliminary study was carried out to assess the
experimental requirements and possible problems concern-
ing the measurement of contaminant film thickness using

single illumination beam speckle photography. This

175



involved a basic investigation with a simple small-scale
wheel and rail section. With this arrangement the loads
were hpplied directly to the wheel and double-exposure
photographs were recorded of the wheel/rail interface
before and after loading.Corresponding doubly-exposed
specklegrams were recorded after a typical thin layer of
contaminant material had been introduced between the
wheel and rail. The information and experience gained
from the preliminary studies reported in Chapter 3,regard-
such factors as optimum surface illumination positions,
camera settings, film processing and so on was fruitfully
exploited in relation to this initial investigation.
Various exploratory experiments were undertaken with this
simple wheel/rail arrangement and the information
obtained utilized when subseguent experiments were carr-
ied out with a full-size test rig. The measurement and
analysis of the resulting doubly-exposed specklegrams
using the symmetrical moiré pattern fringe measurement
system was found to be guite satisfactory and so it was

decided to proceed to more detailed research.

In the main investigations, a test arrangement
which consisted of a full-sized railway wheel complete
with normal axle and bearing mounted on a steel girder
chassis was employed. A section of rail was rigidly
mounted in a holder and held in position under the
wheel. Different applied forces between wheel and rail

could be introduced, as shown in Figure 7.4.1, by a
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hydraulic ram which acted on the rail section holder.
Technical assistance concerning this test rig, wheel and
rail gurface finish and the associated factors of contam-
inant film condition and position was provided by British

Railways research engineers, as was the test equipment.

Wheel
bearing

Wheel
Sample
(Segments)

Rail

Rail Sample
holaer
Ram
Fig.7.4.1. Simplified full-scale wheel rig.

The rim of the wheel (*tyre'section) had a section
cut out in the region of the wheel/rail contact. Differ-
ent wheel segments could be rigidly mounted in this
section as reguired. By lowering the rail section, using
the hydraulic ram, contaminant lavers such as water and

iron oxide could be introduced between the wheel and rail.
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The hydraulic loading system was designed to enable
considerable forces, typical of those encountered in

actuai railway operating conditions, to be provided bet-
ween the wheel and rail. A pressure transducer was fitt-
ed to the system in order that the force which was being
applied could be monitored. This system was capable of
providing a sustained force, without significant variation,
for several hours. As can be seen from Figure 7.4.2,

the whole wheel rig system was accessible yet robust and

rigidly constructed.

Both the laser and recording camera were Ifirmly
mounted adjacent to the main chassis such that there was
no relative movement with respect to the test system.

When the necessary adjustments to the camera and lasar had
been made, a light blackout unit was put in position
before the wheel/rail interface. The camera used in this
investigation was a 35mm. S.L.R. camera with a 6 element
lens system. An aperture ratio of f/4 was employved for
all recordings and a helium-neon laser of 8mW output
power, with a beam expansion systemn similar to that ces-

ncexr-

P

cribed& in Section 3.3, was used tc illuminate the
face area. Reﬁote cables, outside the blackout unit,

were useé to operate the camera shutter and a beam cut-
cff shutter - which was used to cut out “he illumination
between each double exposure. Actual wheel/rail contact
length 'f#' was approximately 3.5 X 10" %rp and equal regiomns

either side of the contact were included in the illuminated
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Fig.7.4.2. Part of main test rig
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area recorded photographically. The wheel segment and
rail section both had non-specularly reflecting surfaces.
Once the camera and laser had been set up,as indicated in
Figure 7.4.3, they were clamped in position and remained

fixed for the duration of the investigations.

wheel

rail

/ section

£
Part of
t:j?Ram Beam — '
Expansion
system

/f Laser

S.L.R. (In practice camera and (Not to scale)
camera laser are closer
together)

Fig.7.4.3. Simplified arrangement for speckle
photography of wheel and rail.

A small force was applied(via the hydraulic ram)
which was known to just bring the wheel and rail into
contact. Then a single exposure photograph was recorded

using Agfa-Gevaert 10E75 film. After increasing the
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force to 40kN a second (double) exposure was recorded.
The recorded image size was almost the same size as the
interface area being photographed and exposures of 15 sec-
onds for each exposure were found to be most effective.
This procedure was repeated when doubly-exposed speckle-
grams were recorded for different contaminant films
introduced between the wheel and rail. As outlined
earlier, in order that contaminant film thickness for
typical wheel load conditions <could be determined a
second set of specklegrams was recorded each time. For
these the initial exposure was recorded when the applied
force was 40kK and the second after the force had been
increased to 50kN (which squeezed most of the contaminant
layer out). An ambient temperature of 20°%c (#1°%c) was
maintained during the photographic recordings and also
the same initial contaminant layer thickness {lmm) and

applied wheel/rail forces were employeé in each experiment.

Corresponding doubly-exposed specklegrams were
recorded at the lower edge of the wheel bearing so that
the relative lateral displacements could be measured. The
camera ané laser were kept inrn the same respective positions
but raised vertically and mountec on the same level as
the bearing. 211 settings, recording conéitions anc
exposure times were the same as those used for the wheel/
rail examinations. In all cases a few seconds was allow-
ed for the system to settle down before the second

exposure was recorded.
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A further series of experiments was carried out with
regard to contaminant film thickness, in which the effect of
the load (force) being successively applied and removed
was simulated. (As when a wheel passes over the film and a
further wheel follows and so on.) Experimentally, this
was achieved by applying and guickly removing a force of
40kN having taken the first exposure before the force was
initially applied and the second exposure {when the force
was 40kN) after the process of applying and removing
had been repeated 30 times. (The latter figure was report-
ed as being fairly representative of actual minimum
conditions). In addition, experiments were undertaken
to exploré the possible influence of sustained loads on
contaminant film thickness. In this instance, the first
exposure was recorded as before but the second exposure
was not recorded until the applied force of 40kN had

been maintained for 5 minutes.

The treatment and processing o= the doubly-exposed
photographs was carried out (with Kodak D19 developer)
using the measures outlined in Chapter 3 which hac been

found to produce specklegrams of high contrast anc

definition. Precise measurements were made of the
respective image and object sizes s© that the demagnificat-

ion ratio could be accurately calculated.

As indicated earlier, a sensitive and adaptable
fringe measurement system was required for this investi-

gation and the symmetrical moiré pattern system was
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considered to be most suitable for this purpose. The
specklegrams were fixed into a rigid holder which was
held :'in a base clamp. It had fine, calibrated adjust-
ments in both horizontal and vertical planes so that
small known movements of each specklegram could be made
with respect to the interrogating beam, as shown in
Figure 7.4.4. This meant that the specklegrams could be
interrogated in precise steps and corresponding regions
on each specklegram could be accurately located. An
unexpanded laser beam (lmm diameter) provided by an 8mW
output power helium-neon laser was employed to interro-
gate the specklegrams. The symmetrical moiré pattern
fringe analysis apparatus was fitted into a base clamp
mounted on a small optical bench along with the speckle-
gram holder. Adjustments to the 'throw' D were conven-
iently and quickly made and then D was measured using
the moiré fringe technigue described in the previous

chapter.

Each doubly-exposed specklegram was interrogated on
a grid type format, on a 5Smm raster, and the moiré fringe
angles accordingly measured. The precision specklegram
adjustment arrangement enabled the wheel and rail
contact regions to be isolated and the respective lateral
displacements were then determined so that the various
contaminant film thicknesses could be found. Similarly,
the wheel bearing displacements were determined in each

case using this system. Owing to the fact that the moiré

[
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Fig.7.4.4. Precision specklegram translation
apparatus (Laser not shown)
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pattern system allowed a difference of *20% between the
reference spatial frequency and that of the interference
fringes without significant loss of precision, it was

not found necessary to adjust the throw very much for a

particular set of experiments.

7.5. RESULTS.

Mean interference fringe spacing values for the
lateral displacement of the wheel at the wheel/rail
contact were obtained, using the moiré pattern system,
from doubly-exposed specklegrams recorded with and with-
out contaminant films present. These were in correspond-
ing sets such that the first set was of a wheel/rail
contact force increased from a small initial (contacting)
force to a force of 40kN and the second set was for a
force initially of 40kN increased to 50kN for the second
(Gouble) exposure. The conditions and region cf contact
for which the displacement was measured were all kept
the same. Thus the respective differences between each
set, compared to the set recorded with no contaminant
present, were proportional to the relative Zilm thick =
ness for a typical wheel/rail force of 4OkK. Using the
Gifferences in fringe spacing obtained in this way, the
actual lateral displacements, and hence relative contam-
inant film thicknesses were calculated using the equation
given earlier in Section 3.9. Table 5 gives the results

obtained for common rail contaminant films of the same



initial thickness and temperature.

Contaminant Relative thickness for wheel/
rail force of 40kN.

Water and iron oxide 0.12 x 107 %m % 1%
0il and iron oxide 0.16 x 1073%m + 1%
0il 0.08 x 107 3%m * 1%
Coal dust 0.10 x 107 %m = 1%

TABLE 5. Contaminant layer thickness results.

The wheel displacement results without a contarinant

layer present were

0.06 x 10~ 3m (40kN wheel/rail force)

0.08 x 10~ 3°m (50kN " " ")

These values agree with theoretical values calculated
by BEritish Rail research staff. The correspvonding displace-

ments at the wheel bearing were founé tc be

0.21 x 107 3m (40kN applied force)

0.25 x 10" 3m (50kN " ")

Wheel bearing movements measured when contaminant lavers
were present were all found to Dbe related to the change
in thickness of the contaminant layer. The elastic

deformation of the rail was not measured but it could be
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examined in future investigations.

In keeping with sensitivity and overall accuracy
of the symmetrical moiré pattern system, the displacement.
results (calculated from the fringe spacing values

obtained) are all within a tl% error.

No significant differences in displacement results
and relative film thicknesses were detected for the cases
when the applied wheel/rail force was repeatedly applied
and removed or when the force weas sustained for 5 minutes
before the second exposure was recorded. Figure 7.5.1.
shows (for corresponding doubly-exposed specklegrams of
coal dust contaminant £film) the moiré fringes obtained
in the same symmetrical position for (a) applied force
repeatedly removed/applied (b) applied force sustained.
As can be seen the moiré fringe angles are virtually

identical.

Finally, it should be pointed out that, when a
rain water containment layer was introduced between the
wheel and rail, and a doubly—exposed specklegram recora-
ed before and after applying a 4OkN force, the results
showed that the film had virtually zero thickness efter
the force was applied. This is in keeping with predicted
results for this particular wheel radius (0.5m) and
applied force, calculated by British Rail Research

Department.
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Fig.7.5.1. Moire fringes for coal dust

contaminant

b

orce repeatedly removed/applied
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7.6. CONCLUSIONS.

The employment of single illumination beam laser
speckie photography for this investigation proved most
satisfactory. Various methods of non-contact measurement
had been explored or considered for this purpose by the
British Railways research section but had been found to
be not sufficiently sensitive and adaptable or were
impracticable. Moreover, since speckle photography is
relatively insensitive to small movements towards or away
from the camera then displacement of the wheel at right
angles to the lateral displacement, due to the elastic
deformation of the wheel and rail at the contact, does
not impose difficulties in interpreting results, Eowever,
it was the use of the moiré pattern £fringe analysis
system which was particularly important for this invest-
igation since it enabled comprehensive analysis of the
interference fringes to be carried out over the whole
contact region quickly and precisely. The sensitivity
of this system was especially valuable because correspond-
ing differences in interference fringes generated from
doubly-expocsed specklegrams recordeé under normal and
higher wheel loadings were freguently very small. Never-
theless, these differences were detectec and measured

with good accuracy.

This investigation providecd definitive information

concerning the relative thicknesses of common rail

contaminant films under typical wheel/rail load conditions.
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The findings indicate that, except for a water film
(which was virtually all squeezed out) the various
contaminant films were of sufficient thickness to modify
the contact area and influence wheel/rail interaction-
Furthermore,the results which were obtained for the
wheel bearing displacements corresponding to different
wheel/rail contaminant films show that the change in
bearing displacement is directly proportional to the
change in film thickness with change in wheel load.

This is considered to be due to the contaminant £ilm
altering the contact area over which the load is
distributed as its thickness changes. In addition, the
investigaﬁion also confirmed the theoretically predicted
magnitudes of the lateral displacement of the wheel

(at the contact) due to elastic deformation under typical

and higher wheel loadings.

Further investigations could be undertaken which
could build upon the findings reported here and explore
the possible influence of rail and wheel surface rough-
ness and also ambient of temperature on contaminant film
thickness. Moreover, the effect of wheel geometry ir this
context could be examined by changing the wneel segment
for ones of different profiles. Although the respective
differences in the resulting interference fringes could
be quite small the moiré pattern system should enable
these differences to be determined. This property of the

fringe measurement system, along with certain others
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outlined in the previous Chapter, was of specific
importance in relation to the final applied investigations

which are next reported.
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CEAPTER 8

INVESTIGATION OF MACHINE MONITORING
AND STRUCTURAL ANALYSIS USING SPECKLE

PHOTOGRAPHY



CEAPTER 8.

8.1. INTRODUCTION

Significant changes are beginning to emerge in both
automobile manufacturing technology and vehicle structures.
Associated with these innovaticns are certain applied
problems and special demands for information. In some
cases, the reguirements are for sensitive measurements
or examinations to be undertaken and in others, detailed
investigations of such factors as component reliability
or structural defects are necessary. Specific applied
technical problems in each of these two main contexts
were identified with respect to developments currently
taking place in the British Leyland Technology (B.L.T.)
car division. Various measures had been adopted in order
to -‘esolve these problems but these had not been proved
to be completely satisfactory in relation to the parti-

cular reguirements demandec.

Following initial encuiries and experiments, it was
considered that single illumination beam laser speckle
photography supported by & reasonably simple,portable and
highly sensitive interference fringe measurement system
could be used to good effect with regard to the above two

cases. In view of the interference fringe measurement
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reguirements, it was decided, on the basis of the evidence
and findings reported in Chapter 6, that the symmetrical
moiré:pattern fringe measurement system would be most
appropriate and suitable. The subseguent investigations
of these diverse problems provided valuable opportunities
for exploring the use of both speckle photography and the
interference fringe measurement system in conditions which
imposed various demands and restrictions not previously
encountered. Consequently, this enabled an appraisal

to be made, with particular reference to manufacturing and
vehicle testing environments, of the complete measurement

and analysis system.

8.2. OUTLINE OF APPLIED PROBLEMS INVESTIGATED.

(A) Monitoring of prototype production machines..

The increasing complexity of numerically controlled
(N.C.) multiple-operation machines and the development of

sophisticated ‘robots' means that machines are becoming

. . . 91

more expensive. For this and other reasons as Collacott( !
g2) . . (e3) | < . X
and Williams cbserve,; so callec machine health

monitoring' is becoming more important. Lt British Levlanc

Technology, various investigations in this context have
beern undertaken by the Materials and Manufacturing Technol-
ogy section in relation to certain prototype multiple—
operation machines. With regard to the monitoring of
several multiple-operation automatic machines which were

being developed difficulties had been experienced in
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detecting the development of faults and deterioration in
performance in good time. 1In the actual production con-
text,:this could lead to serious disruption of the
manufacturing process and poor quality products which
could have to be rejected. Bowever, if means of detect-
ing potential faults due to wear, aging and other factors
could be provided that would enable earlier indications
to be given in this respect, then regular monitoring with
such means should help prevent these serious stages being
reached and remedial measures could also be taken much

earlier.

The monitoring method and system would need to be
sensitive, relatively portable and robust to enable it to
be suitably employed in alarge -scale production engineer-
ing environment such as that in an automobile manufactur-
ing plant. An electronic continuous monitoring system
had been devised for use with the particular prototype
automatic production machine put had been found to be

unreliable and unsatisfactory when used in an actual

production conteXxt. Nevertheless, initial evidence concern-

ing the employment of single-bearc speckie photography

and the moiré pattern frirnge measurement systen suggested
that this could used in this conteXxt. It was considered
that, because of the good reliability and reproducibility
of the speckle photcgraphy/mciré pattern system as well
as the high sensitivity, it could be possible to make

'time domain' measurements to determine variations over
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time. Thus periodic monitoring of key machine units
should be adequate to provide the necessary advance inf-
ormation on machine deterioration and condition. This
information could be obtained fairly quickly, could be
easily re-checked and would not be difficult tc interpret,
as will subsequently be explained. Since continuous
monitoring would not be necessary when using this techni-
gue, one monitoring unit could actually be employed with
a number of automatic production machines thus signifi-
cantly reducing overall monitoring costs. In addition,
because of the relative flexibility and adaptability of
this method it could readily be emploved with successive

prototype machines and with modified machine systems.

(B) Automobile structure and component analysis.

New vehicles are being developed by British Leyland
Technology car division that have very advanced and
specialised structural and main component specifications.
Stringent requirements have been detailed concerning the
testing and examination of certain major components and
sections of these vehicles. Investigations are being
carried out in order tc obtain information regarcing
manufacturing or design factcrs which may ultimately
result in the creation of localised stress concentrations
or structural weaknesses. It was with the obtaining of
such information for a relatively large and complex vehicle

component that certain technical difficulties haé been
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experienced. This particular problem was the one which
was chiefly investigated in this case, as will shortly

be indicated.

For complicated structures subject to complex load-
ing patterns stresses may be derived from the study and
measurement of the strains that are related to very small
dimensional changes in the structures or components.
Within the range of the elasticity of a particular mat-
erial stress is directly proportional to strain. The
latter may be simply expressed as Ax/x, such that Ax is
the increase in the original length x. Strain is a
dimensionless gquantity and is often conveniently expressed
as microstrain or u strain (where u is 107%). Moreover,

(31)

as Vest observes :

"Strain is a kinematic quantity related to
the derivatives of displacement.”

52) . . . .

Thus, as Archbold et alf ) have explained, since
speckle photography is a simple technigue for measuring
displacement in the plane of a surface it thus enables the
strain field to be determined in two dimensions. Further-

(94) . .
more, Erf points out that measurements of the in-sur-
face displacement followed by differentiation provides
the strain magnitude. Therefore, it was considered that

speckle photography could be employed fcr the examination

of surface strain of the vehicle components in guestion.

Following preliminary investigation, the viability of
speckle photography in this respect was confirmed. How=-

ever, it was noted that an accurate and sensitive method
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of measuring the interference fringes obtained from the
doubly-exposed specklegrams would be necessary and, as
will shortly be indicated, the moiré pattern fringe
measurement system was conseguently used for this purpose.
This system could also be guickly modified to enable
interference fringe angles to be respectively measured,

as will be later described.

8.3. EXPERIMENTAL METHOD.

(A) Monitoring of production machines.

Initial experiments were undertaken to see if small
lateral displacements could be detected and measured using
single-beam speckle photography in an industrial product-
ion environment. Small, known displacements of a coarse
ground steel surface produced by the displacement system
described in Chapter 3 (Figure 3.2.2.) were used for this
purpose. The system was clamped to a machine bed and the
laser and recording camera were mounted on a steel work-
shop table adjacent to this. A black plastic sheet was
placed over a simple wire frame which was arranged around
the set-up sco that ambient light levels coulé be reduced
during photographic recording. This was subseguently
modified and a cowl arrangement which could be used to
provide safe and sufficient backgroundé light reduction
for a variety of machines was devised. Originally a l.5mW
output laser was employed to provide surface illumination

but an 8mW output power helium-neon laser was later used
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and this enabled photographic exposure times to be sign-

ificantly reduced.

following these initial experiments an investigation
was carried out to see if small lateral displacements and
small changes in displacements of certain machine operating
units, due to wear or the development of faults, could be
detected using speckle photography and & sensitive inter-
ference fringe measurement system. The machine system
employed for this investigation is shown in Figure 8.3.1.
This consisted of four automatically controlled drilling
units each fitted with an electrical power level monitor
which could detect small differences in power levels due
to such factors as drills becoming blunted. Unit number 1
had only been operated for a few hours before the monitor-
ing investigation commenced as had unit number 3. However,
unit number 2 had been operated for the eguivalent normal
production use of several tens of thousands of hours and
unit number 4 had been modified to simulate the onset of
Geterioration in the drill pressure feed unit. All other
factors were kept the same for each unit and all were

fitted with identical new drills.

The recording camera, laser and beam expansion system

were held by magnetic clamps on 'I' section bars bolted onto

a neavy steel plate resting on a rici steel trolley

]

(fitted with pneumatic tyres). This plate had a 50mm

=

thick foam rubber cushion between it and the top of the

trolley as a further precaution to prevent any vibrations
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Fig.8.3.1.

Basic test machines monitored

using speckle photography
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being transmitted through the floor. Each 'I' section
bar protruded a short distance beyond the edge of the steel
plate’ so that the recording camera and laser could be
positioned relatively close to the machine section being
photographed,as required. The trolley could be adjusted
to different heights and the wheels could be locked in
position. Remote cables were used to operate the laser
peam cut-off shutter and the 35mm S.L.R. camera shutter.
A camera aperture ratio of f£/4 was employed and the
camerz position and illumination angle that had been
found in the preliminary studies to produce specklegrams

of high contrast and definition was used.

When the camera and laser had been adjusted and
positioned a cowl was fixed over them and extended over
the region of the machine being photographed. This was
made of flameproof blackout material fitted on an adjust-
able frame. Small magnets were used to holdé it in posi-
tion and prevent it getting caught up on the machine.
Commencing with Unit number 1 the section at the ktase of
the quill 'P', shown in Figure 8.3.1l. was photographed
pefore a érilling operation started using an exposure of
15 seconds. A second, double—exposure was recorded at
+the end of the drilling operation before a new operation
commenced, using the same exposure. The intention was t0o
detect any relatively sigrificant displacement in this
non-specularly reflecting operating section, as will be

explained, since this could be associated with deterioration



and unsatisfactory operation. This was repeated for each
of the drill units in turn and care was taken to ensure
that the machine temperature, ambient temperature and other
variables which could influence the displacement exam-
ination did not vary significantly during the recording

of the successive specklegrams. Agfa-Gevaert 10E75 film
was used for the recording and a demagnification ratio of

approximately X2 was employed in each case.

After the drilling units had each been operated for
the eguivalent of 1000 hours production use a second set
of doubly-exposed specklegrams Wwas recorded as before.
A further set was recorded after the units had been
operated for the eguivalent production use of another
1000 hours. All the photographs in each set were care-
fully numbered so that they could be identified. They
were all processed using Kodak D19 developer and the
measures outlined in Chapter 3, which had been found to
vield high quality specklegrams, were employed. In this
investigation, the processing was undertaken in the works
laboratory'but arrangements could be made for this to be
done on the spot if required. Analysis of the resulting
interference fringes generated by the specklegrams
could also be carried out on the shop-floor if this was

needed.

An interrogating laser beam of 1lmm diameter provided
by an 8mW output power helium-neon laser was used at

normal incidence to each specklegram in turn. The latter
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were mounted in a co-ordinate slide which had micrometer
adjustments in the vertical and horizontal planes.
Identical regions on each doubly-exposed specklegram were
examined on a grid type format and, using the symmetrical
moiré pattern fringe measurement apparatus, the inter-
ference fringe spacings were determined and the mean value
recorded in each case. In those cases where there was a
lateral displacement of the section P, the magnitude of
the displacement was calculated, as will be shortly

described.

A new N.C. multiple-operation machine that was being
developed by B.L.T. was also monitored to determine if the
speckle photography displacement measurement scheme could
be used in connection with the‘health monitoring’of more
complex machines. This machine and the associated control
system 1is completely new and a confidentiality undertaking
has been imposed by B.L.T. (See Appendix 8). Nevertheless,
in the context of this investigation it can be saicd that
the same basic method and apparatus used in monitoring
the automatically—controlled drilling units was employed,
with minor modifications to aid acdjustment and position-
ing cf the laser and camere in relation to less accessible
units of this machine. Monitoring was carried out as
pefore (i.e. exposures were taken prior to the commence-
ment of an operation ané again at the engc, before a
successive operation) wher the machine had been in oper-

ation for the eguivalent of thousands of hours of
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production use. In this case, not all units or sections
of the machine were monitored using this system of
speckie photography for reasons which will later be
explained. However, it was found that useful monitoring
data could be obtained with the aid of this system of

recording and interference fringe analysis.

(B) Automobile structure and component analysis.

Preliminary experiments using single illumination
beam speckle photography and the moiré pattern interfer-
ence fringe measurement system were carried out with
regard to simple surface strain examination. It was
found that this could be undertaken with the materials
and surface finishes of the automobile unit and components
for which a more detailed investigation was to be carried
out, without the need to treat the surfaces to obtain
high contrast speckle patterns. In adcéition, it was
noted that a relatively large area of surface could be
photographed without a serious loss of sensitivity due
to increased demagnification ratio. These and other find-
ings, which will later Dbe outlined, were taken into
account when undertaking the examination of the vehicle

unit and associated components.

The particular unit which was investigated was the
rear suspension assembly of a vehicle being comprehensively
tested by B.L.T. Detailed information concerning this is

restricted by a confidentiality undertaking but it does not
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apply to the details necessary in this context. This
assembly and associated components had previously been
examined by various means, including the use of brittle
lacguers, in order to identify possible localised stress
concentrations and potential weaknesses. However, the
guality of the data obtained was not considered satis-
factory and so it was decided to explore the use of
speckle photography in this respect, as previously out-
lined. This work was mainly undertaken in an automobile
structure testing and analysis laboratory using a typical

rear suspension assembly.

The main suspension assembly was firmly clamped on
2 base unit which was bolted to an air suspension optical
bed. Illumination of the surfaces which were photographed
was provided by a 1l5mW output power helium-neon laser
fitted with a beam exXpansion system. A laser of this
particular output power is not essential for this purpose
(an 8mW output power laser was used in the preliminary
experiments) but its availability was exploited so that

relatively short exposure times could be useé for con-

venience. Photographic recording was carried out witn

[s1}

35mr S.L.R. camera fitted with & 1lOmm extension tube.

An aperture ratio of f/4 was emploved and Agfa-Cevaerc
10E75 £film was used for the recording. The actual regions
of the rear suspension assembly which were photographed
were chiefly those where there were welded jecints, since

it was for these regions that strain information was
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basically fequired. In most cases, these were photo-
graphed such that the demagnification ratio was between

2 and '3 times. In order that regions of welding could be
identified and examined on the specklegrams (in the sub-
sequent analysis), care was taken in focussing the camera

and in selecting exposure, and film processing times.

Figure 8.3.2 shows part of the rear suspension
assembly and the arrangement for recording the speckle-
grams. In this case, the welded joint along one side of
the flange was being photographed. An initial exposure
was recorded with no applied load on the assembly section
and then a double-exposure recording was made after a
load producing an anticipated strain of about 500w strain
had been applied. (This value had been specified by B.L.T.
vehicle testing section). Each of the exposures was of
the same dGuration, namely 15 seconds. Similar recordings
were made of other regions of the assembly and conmponents
using appropriate strain-producing loads specifiec for
the particular section or part. Reference points and
known surface lengths were used in each case so that

strain magnitudes coulad subsecuently be determinec.

As shown in Figure 8.3.2. the 35mm S.L.R. recording
camera was mounted on the optical bed and operatec by a
remote cable to avoid possible vibrations. The laser was
mounted below the bed and passed by a series of mirrors
to the beam expansion systenm. An air release remote

control, which can be seen in the right-hand foreground
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Fig.8.3,2. Arrangement for recording specklegrams
cf part of suspension unit




of Figure 8.3.2 operateda shutter which cut off the laser
beam between exposures. A safelight was used when the
strain-producing loads were being applied prior to double-
exposure recordings. For identification purposes, a
record was made of the specklegram number and the region
of the assembly to which it corresponded. Film processing
was undertaken according to the measures previously
identified as producing doubly-exposed specklegrams which

were of high ccntrast and definition.

These specklegrams were mounted in a coordinate sliade
unit which enabled precise movements cf the specklegrams
to be made with respect to the interrogating laser beam.
Interference fringes obtained in this way were measured
using the moiré pattern system as explained. Moreover,
this system also enabled the orientation of the interfer-
ence fringes to be measured with regard to the horizontal,
so that differences in fringe angles could be identified
along with the corresponding displacements. This was
done by removing the reference grid and measuring the
angles of the projected interference fringes on the
system using the built-in protractor arrangement. A series
of interference fringe spacings was obtained for each of
the various regions of the assembly which were examined.
The corresponding displacement values were then calculated,
using the accurately known values of the ‘'throw' D oI the
projected fringes ané the demagnification ratio, Dby employ-

ing a form of Eguation 2.7.1,as before.
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8.4. EXPERIMENTAL RESULTS.

(A) Monitoring of production machines.

After interrogating the doubly-exposed specklegrams
initially recorded for each of the 4 automatically-
controlled drilling units, it was found that only in the
cases of units 2 and 4 were there significant interference
fringes detectable in the region of section P (shown
earlier in Figure 8.3.1.) Moreover, when the specklegrams
that had been recorded after the machines had been operated
for the equivalent of 1000 hours production use were
interrogated, it was again found that only for units 2
and 4 were there detectable and measurable interference
fringes. Similarly, for the specklegrams recorded after
the machines had been operated for the eguivalent of a
further 1000 hours normal production use, only for units 2
and 4 were interference fringes detected and measured.

The cisplacement results calculated for each successive
monitoring in the case of these two units, were such that
a small increase in displacement was identified after

each period of use. For unit 2 the initial mean displace-
ment increased from 0.040 X 10" °m=z 1% to C.044 x 107 m=21l%
and for unit 4 the displacement was initially

0.052 x 10~ 3%m * 1%, this increased to C.060 x 107 %m * 1s.
There were no detectable fringes identified in the case cf
units 1 and 3 which had originally been almost new before
the monitoring commencecd. As pointed out, unit 2 hagd

already been operated for the eqguivalent of several tens
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of thousands of hours when the monitoring started and
unit 4 had been modified to simulate the onset of deterior-

ation.

A built—-in electronic power level monitor failed to
reveal any of the differences between the 4 units which
were identified in this investigation. After units 2 and
4 had been stripped down the respective wear and deterior-
ation in the components that were monitored was confirmed.
This suggests that periodic monitoring using the speckle
photography/moiré pattern system could be used in this
context as a means of obtaining advance warning of deter-
joraticn or possible malfunction of this particular machine

section.

There were no significant displacements observed for
any of the sections of the new N.C. multiple-operation
machine during the course of monitoring. Neverthless,
displacements were detectec in each case when the effects
of significant wear or deterioration were simulated. Thus
a '‘profile' could be built up for each section so that any
displacements or changes in displacement identified during
periodic monitoring could be related to a particular cause
and appropriate action taken. The fregquency of monitoring
could be adjusted as necessary, but, as this study has
indicated, the process is so easy:, cheap and reliakle and
does not disrupt manufacturing, that monitoring could be

done with high freguency and a monitoring 'log' kept.
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(B) Automobile structure and component analysis.

The interference fringes generated from the doubly~
exposéd specklegrams of the various sections of the rear
suspension assembly were guite distinct, as can be seen
from Figure 8.4.1. which shows interference fringes
corresponding to strain produced by loading the mounting
bush at the end of the vehicle rear suspension arm.
Interrogation of the doubly—exposed specklegrams recorded
of welded sections of the main assembly revealed signif-
jcant differences in fringe spacing for regions on the
welds compared to corresponding regions on the adjoining
parent metal. Some differences in respective fringe

orientation were also detected. This information could

be linked to possible structural weaknesses.

Fig.8.4.1 Interference fringes corresponding
to strain-producing loading of part
of rear suspension arm.

Baving determined the interference fringe spacing

for particular regions of the main structure subjected to

specified strain producing loads, as outlined in
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Section 8.3, the corresponding surface displacement
magnitudes were calculated using the method previously
outlined in Section 3.9. Differentiation of these
results enabled the strain magnitudes to be obtained.
Typically, the calculated strain values were between

400 and 500 u strain. However, for some regions of the
main assembly corresponding strains of around €50y strein
were determined (hence, the strain concentration factor
for one such region would be: 650/500 = 1.3). This
information is important because respective differences
in strains of this magnitude indicate that there are
stress concentrations in these regions. As a result of
the detailed analysis of this information, a complete
picture of the stress fields for the whole rear suspens=

ion assembly was built up.

8.5. CONCLUSIONS.

although each of the two applied investigations
which were undertaken using single illumination beamn
speckle photography and the moiré pattern fringe measure-
ment svstem were different and the problems examined were
different, they each demonstrated the applicability of
this complete measurement scheme in industrial contexts.
They also provided further evidence of the versatility,
practicality anc sensitivity of the moiré pattern fringe

measurement systemn and showed that this simple, rcbust

and portable systen could be used in quite different

environments.



The exploratory investigation of machine 'health
monitoring' which was carried out in an actual factory
production situation suggests that laser speckle photo-
graphy, combined with the sensitive moiré pattern fringe
measurement system, can be employed as a monitoring tool
in situations where displacement and displacement changes
can be linked to significant wear, premature failure or
the development of faults in particular machine units.
It could also be possible ﬁo employ the technigue for
assisting fault diagnosis of machines in cases where
displacement identification can help to pinpoint or

isolate faults .

Tt is clear that not all machine ‘'health monitoring'
coulé be undertaken with this technigue since not all
machine units will produce displacements or displacement
changes measurable in this way as a result of deterior-
ation or malfunctioning. Nevertheless, in those cases
where this is possible, the technigue can enable reliable,
low-cost routine monitoring to be undertaken. Once
'‘profiles' have been built up for particular machine units,
all tnat woulé bpe reguirecd would be monitoring according
to a time schedule so that changes are identified in goocd
time.

(95)

Vikram andé Vedham have shown that it is possible
o provide an increase in the lower measurement range of

h

1%

displacement of the needle

ct

a dial gauge Dby measuring

oY)

using speckle photography. similar strategy could be
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employed for monitoring certain machine control and
adjustment units. This task would be simplified by
using the moiré pattern fringe measurement system in

conjunction with speckle photography.

Strain analysis and measurement using laser speckle

photography has been described by investigators such as
(52) 21 . L
Archbold et al. Gregory( 1 Ennos and Vlrcee(96)and
(97) . . . .
Luxmore . The employment of single illumination beam
speckle photography for the strain analysis of large
; . (98)
structures has been reported by Martin . He observes
that a limitation of speckle photography in this context
is that interference fringe analysis can be time-consuming.
Nevertheless, as a result of the investigations undertaken
using the moiré pattern £fringe measurement system it is
suggested that the time taken for this task 1is much red-
< X L. e . . (©9).

uced with the aid of this system. Ineichen et al. have
devised a Young's fringe processor wnich automatically
measures fringe separation and they have employed this
for the analysis of doubly-exposed specklegrams recordecd
for strain determination purposes. However, this system
i fairly large anc nmcre complex than the moiré patzern

system ané is not gquite so sensitive overall.

u . 100 .
It is pointed out by Dandllker( ) that, although

speckle photography may be less accurate ancé sensitive
+han holographic interferometry, for objects having fairly
simple geometry, the former may be simpler to operate.

Luxmore et al}72) observe that speckle photography has
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the advantage of being a non-contact method of strain
measurement when compared to a strain gauge. Moreover,
aé explained in the introduction to a recent meeting of
the Midland Region cf the British'Society for Strain
Measurement, strain gauges cannot cheaply or easily provide
full-field information. While it may be possible to
employ brittle lacquers in some situations these must be
allowed to 'cure' and their use generally requires that
strains are fairly high-. When speckle photography and
the moiré pattern fringe measurement system 1is used 1t 1is
possible to measure strains of quite small magnitude and
no treatment of the surface may be necessary, providing

it is non-specularly reflecting.
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CHAPTER 9

CONCLUSIONS



CHAPTER 9.

9.1. SUMMARY OF INVESTIGATIONS.

Initial investigations were primarily concerned with
the exploration and gualitative examination of laser
speckle photography,with regard to identifying medns of
improving the technigue and obtaining well-defined inter-
ference fringes. In particular, these investigations werc
concerned with single illumination beam, focused speckle
photography (F.S.P.) and its application tc lateral dis-

placement analysis or measurement.

The research undertaken in this context was quite
extensive and ranged from e#ploration of the effects of
different surface illuminations, camera positions, surface
finishes and camera aperture ratios to studies of differ-
ent photographic emulsions, exposures, film processing
conditions and treatment. This was carried out with a
view to determining measures which would enable doubly -
exposel specklegrams to be produced that were of high
contrast ané definition. These investigations resulted
in 2 number of factors anc measures being determinec which

oroved to be significant in this respect.

Further studies were then undertaken with regard to
devising means of producing interference fringes from

these specklegrams that were of good definition and also
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with determining basic ways of measuring the spacing of
these fringes with good precision. Various techniqgues

for improving the definition of these fringes were devised
and explored and certain means of enhancing the precision

of the fringe spacing measurement were determined.

Detailed investigations followed this with the aim
of devising and developing methods and systems for the
sensitive and accurate measurement of the interference
fringes arising from speckle photography. Three distinct
and novel systems were devised and subsequently explored.
Their appraisal also provided useful comparative inform-

ation.

Finally, the fringe measurement system which was
found to be most practicable, appropriate and provided
good accuracy of measurement, namely a method based upon
a moiré pattern technigue, was employed, in conjunction
with speckle photography, for the investigation of certain
applied, technical and engineering problems. These
investigations not only provided significant information
with regard to the problems explored but also enablec
the applications of speckle photography to be demonstratec
and, more importantly, provided evidence of the effective-

ness and versatility of the moiré pattern fringe measure-

ment system in applied contexts.

9.2. OVERALL CONCLUSIONS AND IMPLICATIONS ARISING FROM

THE INVESTIGATIONS.

specific conclusions and implications, both theoretical
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and practical concerning the initial investigations, the
fringe measurement systems and their properties, as well
as theé applied investigations, have been presented at
appropriate stages in the preceding chapters. However,
there are certain overall conclusions and general implic-
ations resulting from these integrated studies which will
now be outlined. One such implication is that single
illumination beam laser speckle photography, combined
with a sensitive interference fringe measurement system,
is not only a valuable method for measuring or examining
such things as small in-plane translations in its own
right, but can also be a useful complementary method in
relation to other non-contact technigues. Briers(lOl)
has stressed the importance of the eguivalence and
appropriateness of measurement techniques being accounted
for. With respect to this particular method, it is sugg
~ested that it is somewhat simpler, more adaptable and, if

the moiré pattern fringe measurement system is emploved,

more robust and portable than certain holographic methoads.

Regarding the single illumination beam method, the
Gefinition and contrast of the resulting interference
fringes was not merely found to be improved by the use ol
measures related to the recording of the doublyv-exposead
specklegrams but also to the wayvs of generating and
observing the fringes. Conseqguently, it 1is considered that

attention is not isoclated to the cbtaining of the speckle-

gram but to the composite factors wnich were identified
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as influencing the clarity of the fringes subsequently
measured. The exploitation of these factors can enable
speckle photography to be a viable means of studying
surface lateral displacement in situations, such as in a
factory production environment, where the method may

otherwise not provide satisfactory data.

Interference fringe measurement using a self-scanning
linear photodiode array was shown to be feasible and, as

(68)

Kaufmann et al. later confirmed, it was indicated that
automatic read-out of fringe spacings could be provided.
I1f improvements in the electronic processing system are
introduced so that the overall accuracy of measurement
could be improved, as pointed out in Chapter 4,and the
cost of such systems is somewhat reduced, then this method
could be used to provide rapid analysis of fringes. This
would be useful in cases of routine examination, such as
in the context of 'guality control', where large numbers

of specklegrams relating to large components reguire

analysis.

Computer-controlled microdensitometers with digitiz-
eéd data output are becinning to be moOore common in indust-
rial and research laboratories. As was demonstratec, it
is possible to devise operating programmes for such syst-
ems and produce data analysis computer routines such that
a photographic negative of interference fringes generated
from a doubly-—exposed speéklegram can be analysed.

Although such systems are very expensive they are fully
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automatic and provide rapid but detailed analysis. Eence,
if such a system is available and reasonable accuracy is
acceptable, then it can be a valuable means of undertaking
detailed analysis - such as when small changes in inter-

ference fringe spacings are being examined.

The interference fringe measurement systems based
upon a moiré pattern technigue were found to be particul-
arly suitable in this context since the measurement of
the fringe spatial freguency is actually made in angular
terms. Consequently,the problem of speckle 'noise' and
interference fringes being indistinct is less significant.
Thus means of improving fringe definition, such as the
use of a diffractometer system to produce the fringes,
are not so necessary. Consequently, the systems are
guite simple to set up, operate and transport. Moreover,
the 'symmetrical'’ moiré pattern system provides good
accuracy (*1%) and does not reguire great precision for
its use. It is suggested that this system could,
therefore, be employed by relatively unskilled persons
and could mean that speckle photography could be usec¢ in
applications such as 'reliability analysis' inveolving
simple in-plane strain examination at a fairly low cost.
In addition, the flexibility and high sensitivity of the
symmetrical moiré pattern system for interference fringe
spacing Getermination could help to make speckle photo-
graphy more widely used than it currently appears to be.

It is interesting to note that although moiré pattern

219



and laser speckle technigues are guite different in

7)

concept and practice, 1’..1.1xmor:e(9 points out:

®....both techniques depend on optical inter-
ferometry and diffraction, and conceptually

they are similar”.

A final overall implication arising from the
applied investigations is that speckle photography
combined with the moiré pattern fringe measurement system

can be employed in all stages of manufacturing, that is,

in research and prototype development, in production and
machine monitoring and then in the non-destructive test-

*
ing (N.D.T.) and examination of the finished product.

9.3. SUGGESTIONS CONCERNING FURTHER RESEARCE.

In addition to the factors and possibilities mentioned

in earlier chapters as meriting further exploration, there
are a number of other theoretical and experimental
aspects which require investigation. One such aspect is
that, as reported in Chapter 4, hybrid charge coupled
photosensors anad photodiode arrays called charge coupled
photodiode arrays are becoming available. An investiga-
tion could be undertaken to discover if such a device
could be employed in place of a photodiode self~scanning

linear array for measurement of interference fringe

*Shakher(lOZ)has recently reported the use of a form of
speckle photography for N.D.T.
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spacing. It may be possible that a system incorporating

a charge coupled photodiode array could be devised which
would ‘'enable greater accuracy of measurement to be achieved

along with improved control of sensitivity.

Although exploration of the measurement of small
rotations and tilts was not undertaken using single
illumination beam speckle photography in conjunction with
the moiré pattern fringe measurement system, it is consid-
ered that such exploration would be valuable. The use
of the moiré pattern system in this context could enable
small tilts or rotations to be determined with good
precision. A data analysis programme could be devised
for this purpose so that the data from the moiré system

could be simply fed in and the processed results read out.

The employvment of speckle photograpny and the moiré
pattern fringe analysis system in connection with the
applied problems which were investigated enabled useful
evidence and information to pe gained but there is still

further research that could be undertaken in each of the

areas investigated. For instance, it 1is thought that a

study of rail contaminant behaviour and thickness at low

bi 3 w the freezing point of
ambient temperatures (at and below = g

water) could provide important information. Similarly,

further investigations of complex machine 'health monitor-

. 5 1 3 :iscover more regarding the
ing' could bpe undertaken to ci

uses of this system of monitoring. Furthermore, in view

of the successful application of single illumination beam
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speckle photography and the moiré pattern fringe analysis
system with respect to applied and industrial problems,

it is suggested that other problems could be investigated

with the aid of this technique. Problems concerning

strain measurement and the detection of small displace-
ments in certain components or structures being developed
for employment in nuclear power stations have been
investigated by Martin(103) using speckle photography.
However, there is further research which has yet to be
undertaken in this sphere and it is believed that in this
and other such investigations singie illumination beam
speckle photography, used in conjunction with the
symmetrical moiré pattern fringe analysis system, could

be profitably exploited.

9.4. SUMMARY CONCERNING THE APPLIED MOIRF:‘ PATTERN
FRINGE MEASUREMENT TECHNIQUE

Focused speckle photography (F.S.P.) reguires that
lateral displacements of the object surface are greater
than the imaged speckle diameter — in order that the inter-
ference fringes generated from the doubly-exposed specklegram
do not fall outside the diffraction halo. Hence using the
relation o = 1.2 MAF, derived in Chapter 2, for helium-neon

laser illumination and an aperture ratio of £/4 the speckle

diameter, for unit magnification;, is 3um. By employing

i £ i i f about 800um
very high demagnification. displacements ol abou i

cnuld be measured put, due to optical and photographic

limitations, it was found most satisfactory to employ F.S5.P.
’

and the moiré pattern technigque for displacements chiefly

in the range 1l5um to around 300um.
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When using F.S.P to study surface movements due to
deformation, strain and displacement the resulting interference
fringes were sometimes indistinct - such that precise
measurement of their spacing was difficult (e.g. for a recorded
displacement of 150um a displacement error of *5% was typicall.

However, with a moire pattern technique this problem is

resolved since the fringe spacing is determined in terms of
the moire fringe angle,

Moreover, by using the 'symmetrical' moiré system
both sensitivity and accuracy are improved (so that the above
displacement could be measured with an érror of +1% overall.)
This property, plus the adaptability, simplicity, fobustness
and portability of the system enabled a variety of applied
industrial and technical problems, which had previously not
been satisfactorily examined by other means, to be success-
fully investigated.

For example, concerning railway track contaminant layer
thickness determination it had been found that eddy current
probes were too fragile and sensitive to the target material
and surrounding metal to be of practical use in this context.
Both inductive and capacitive displacement probes were also
found unsuitable because of difficulties in mounting the
contacting probes and because of their sensitivity to
temperature changes. A fibre optic system was unsatisfactory

because it was sensitive to texture changes. Using moiré

fringe gratings it was found difficult to count the fringes
while the displacement at the wheel/rail interface was
occurring.

The presence of oily matter, consisting of o0ils deagraded



due to polymerization and oxidation plus oil additives

(some of which are surface active), was also found to

impare the viability of the latter two methods. Nevertheless,
the F.S.P./moiré pattern method, with helium-neon mono-
chromatic laser illumination, was not found to suffer in

any such respect. Moreover, as it is a non-contact method
the presence of extraneous matter does not pPose problems

of adhesion or contact of probes. Neither does the Presence
of water based contaminants (which are common on railway
track) create difficulties for this method of measurement.
In addition, small movements in the direction normal to the
recording camera, such as those due to deformation of the
wheel with increased loading, do not influence lateral
displacement measurement using this system.

It was possible to record the complete wheel/rail 'contact’
region, using a 2 to 3 times demagnification ratio, on a
single specklegram and thus interrogate the whole regicn under
the same conditions. This meant that variations in thickness
along the contact could easily be detected. The sensitivity
of the moiré system enabled differences between contaminant
layer thicknesses (e.g. of 20um)to be measured to an error of
*1%, which was required in this case, even under conditions
of changing wheel loadings or sustained loadings of long
duration.,

The machine 'health' monitoring problem which was studied
required an adaptable, reliable and portable monitoring
system which could be used in a production environment. An
electronic power level variation monitor, capable of detecting

machine power and drive variations of #10W (in levels between



0.2kW - 3.5kW) was not found to enable machine wear and
deterioration to be detected in good time. It was also
complex and did not give data which would allow wear Or
potential malfunctions to be pinpointed. What was required
was a simple, easily set-up system which was sensitive

enough to enable wear and the onset of failure to be isolated
pefore this reached a specified level. The F.S.p/moiré
pattern system not only satisfied these criteria but also

provided permanent records which could readily be reproduced.

Furthermore, it did not need the long exposures, comprehensive
vibration isolation and peripheral equipment which some
holographic and optical systems regquire.

In monitoring keyvmachine units, of different shapes
and sizes, double exposure recordings were made on a time-
domain basis - SO that the development of small displacements
and displacement changes due to wear, aging and the onset of
malfunction could pbe pinpointed. A 'profile' for each key
unit was built up from data recorded in a monitoring ‘log'
and this enabled predetermined displacement magnitudes to be
specified, so that the systen could be used by relatively
unskilled personnel for monitoring eophisticated machinese.
(For instance; displacement changes from 40 to 49um, over
2 X 103 hours, were measured on the shop floor.) The same
system could be employed to monitor a number of machines
since it does not regquire mounting. However, it was noted
that not all key units produced displacements OI displacement
changes that could be associated with wear or deterioration
and so the method cannot always be used for all machine

‘health' monitoring.
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The motor vehicle structure and automobile component;
strain analysis and measurement problems which were explored
required a method capable of providing data for regions
ranging from welds of a few millimetres to body sections of
several hundreds of millimetres, Oor moIre, in area. Electric
strain gauges did not adequately provide the regquired full-
field data. Moreover, the units were generally of complex
shape and difficulties had been experienced in interpreting
data obtained using certain holographic methods. The
magnitude of the displacements in some instances also meant
that other techniques were not appropriate and, because of
the time necessary to allow them to 'cure', brittle lacquers were
not suitable for many of the necessary stress and strain
analyses which were carried out in the manufacturing plant.
These difficulties were not found to apply with regard to
the F.S.P/moiré pattern method. However, in relation toO
checking the integrity of '‘rectified’ vehicle body shells
it was difficult to specify a viable maximum figure for strain
for some body sections (which was acceptable in both
structural safety and economic commercial terms) because of
the effects of tflow' in the mild steel sections.

In'the case of the automobile rear suspension units a
method of strain measurement was also required that would
enable routine, detailed examinations to pe undertaken of
strains ranging from about 400 to 750 ustrain {and higherx
at welds) . These measurements were to be made to an
accuracy of *20 ustrain (maximum) for points Smm apart. It
was found that the F.S.P/moiré pattern method enabled all

these reguirements to be satisfied and also conveniently
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provided data on the line of movement and its components,
which the technigues outlined earlier failed to satisfactorily
provide. All these and the previously enunciated properties
of the relatively low-cost F.S.P/moiré pattern system,
reinforce the applied viability of the system, which has
potential applications ranging from aviation to shipbuilding

and instrumentation.
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nce, for the recording camera used in the main studies the
1lowing typical values apply: 8 20
Focal length = 58mm B, = 2.8 x 20
Extension tube length = 20mm 5

T = 2

£ 8 - 3.76 (approx f£/4)

APPENDIX 3

asic Processing Scheme for Specklegrams

"arried out in total darkness)

, Wash: (pre-development wash) in running water was employed for
5 minutes(at 21°¢C).

. Development: (various developers were initially employed but
Kodak D19 was used in the main studies).
Dlg -~ full strength, continuous agitation for 4 tc 5 minutes at
20 .

. Wash: 5 minutes in running water (at 210C).

. Fixing: (Kodak fixer) continuous agitatiorn for 5 minutes at 21°c.

. Wash: 15 minutes in running water at 21 C. (A wetting agent was
initially employed).

. Drying: air drying (in dust-free atmosphere) at room temperature
(20°C approx).

APPENDIX &
inear photodiode array data: Reticon 'G!' series (RL 256G).
onolithic self-scanning linear photodiode array
ample and hold circuit (motherboard): Reticon RC100B.
rovides an integrated sampled-and-held boxcar output.
lectro-optical data: (All at 250C ambient temperature)
56 photodiodes on 25um centreg: d%odg aperture width 26um.
hotodiode sensitivity 2.5 pA~ W 'cm”: (non uniformity of sensitivity
'yvpical amplifier noise (r.m.s.) 0.1% of saturation level. b%).
eak spectral response 800nm (1imits:200-1100nm)
lectrical data: clock frequency o MHz (typical) to 7kHz.
ntegration time 30m sec (typical) to O.5m sec

APPENDIX 5
jicrodensitometer: Joyce-Loebl. Microdensitometer 6.

canning stage: max scan area 250mm x 250mm (step incr: 2.5pm or
higher even multiples)

Cont/d over .....



APPENDIX 1

Surface Texture

(Ref. British Standard 1134 : Part 1 and Part 2: 1172)

Arithmetical mean deviation (R )

The arithmetical average value®of the departure of the profile above
and below the reference line (centre or electrical mean line)
throughout the prescribed sampling length.

(Ra values are expressed as numbers of micrometers)

1 L
Ty Ra = -I:J; ydL

L - rcughness width cut-off
of the measurement

L
Ra = arithmetical average deviation from the mean line ML.
APPENDIX 2
Extension tube: exposure ccrrection.F 11 th Extensi
Effective 'f' value E_ = I_. x oca eng r oXrenson
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(If - Indicated 'f' value)

Hence, for the recording camera used in the main studies the
following typical values apply:

Focal length = 58mm Ef = 2.8 x éﬁ_g_ég
Extension tube length = 20mm >
If = 2.8 = 3,76 (approx f£/4)

APPENDIX 3

Basic Processing Scheme for Specklegrams

(Carried out in total darkness)

1. Wash: (pre-development wash) in running water was employed for
5 minutes(at 21°C).

2. Development: (various developers were initially employed but
Kodak D19 was used in the main studies).
Dlg - full strength, continuous agitation for 4 toc 5 minutes at
207 .

3. Wash: 5 minutes in running water (at 21°¢).

4, Fixing: (Kodak fixer) continuous agitatior for 5 minutes at 21°c.

5. Wash: 15 minutes in rurning water at 21°C. (A wetting agent was
initially employed).

6. Drying: air drying (in dust-free atmosphere) at room temperature
(20°C approx).

, APPENDIX 4

Linear photodiode array data: Reticon 'G' series (RL 256G).
Monolithic self-scanning linear photodiode array

Sample and hold circuit (motherboard): Reticon RC100B.

Provides an integrated sampled-and-held boxcar output.
Electro-optical data: (A1l at 250C ambient temperature)

256 photodiodes on 25pm centrET: g%odg aperture width 26um.
Photodiode sensitivity 2.5 pA W “cr: (non uniformity of sensitivity
Typical amplifier noise (remes.) 0.1% of saturation level. 49%).
Peak spectral response 800nm (limits:200-1100nm)

Electrical data: clock frequency 2 MHz (typical) to 7kHz.
Integration time 30m sec (typical) to 0.5m sec

APPENDIX 5
Microdensitometer: Joyce-=Loebl. Microdensitometer 6.
Scanning stage: max scan area 250mm Xx 250mm (step incr: 2.5pm or
higher even multiples)

Cont/d over .....



-

Illumination : 50W tungsten halogen lamp. 5
Scanning svstem : 2 silicon photodiodes (P.I.N) area 5mm .
Apertures frcm Oo.4mm to 20mm.
Photometrics : 0-4D optical density or 0-100% transmittance,
Linearity 0.5-1.0% in range O-%4D.
Viewing/Illumination: influx object: 16x/0.3NA. efflux object:
16x/0 « 35N
Electronic Output control/data processing (Output : 10 bit binar
Microprocessor : Intel 8085, 4K memory: Controls microdensitomet
under instruction from the NOVA 3/12 (32K) mini computer.
Software : (Control) using Joyce-Loebl 'Wizard' software.

IOutputj data analysis (Fortran) using 'Gens' program: I.B.M. 37

ccmputer.



eSS

1l lumination : 50W tungsten halogen lamp.
canning system : 2 silicon photodiodes (P.I.N) area 5mm2.
bertures frcm Oo,4mm to 20mm.
votometrics : O-=4D optical density or 0-100% transmittance,
inearity 0.5-1.0% in range O-4D.
iewing/Illumination: influx object: 16x/0.3NA. efflux object:

. 16x/0.35NA,
Lectronic Output control/data processing (Output : 10 bit binary)

 croprocessor : Intel 8083, 4K memory: Controls microdensitometer
1der instruction from the NOVA 3/12 (32K) mini computer. !
yftware : (Control) using Joyce-Loebl 'Wizard' software.

)utput5 data analysis (Fortran) using 'Gens' program: l.B.M. 370/16
mputer.,



APPENDIX 6

COMPUTER DATA/SUBROUTINES FOR INTERFERENCE
FRINGE ANALYSIS
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APPENDIX 7

PUBLICATION: 'A moiré-pattern technique

for measurement of fringe spacings'



Aston University

Content has been removed for copyright reasons




BL Technology Ltd.

ﬁ Gaydon Proving Ground
g Lighthorne Heath
Nr Leasington Spa
Warwickshire CV33 9UA

Telephone: 0926 641111
Telex: LEYCAR G 31331

DENTIALITY UNDZRTAIING

L;<Lq¢*...{Q.@V‘Wﬁé?fTﬁz....“............ having besn zlliowed
rizin dz<z, drawings, specificztions, know how or o<her
informztion in whatever form at Longbridge by BL Technclogy
BLT") of 35-38 Poriman Sguare, London, W1E 05Q, hereby
res to trezt 211 such informztiion and any cther infeormzzion in =he
csecscion of BLT which I may see or acaoulire, zs confidentizl and
11 not use or Zisclese 1t cdiresc*ly or incirectly tTo any other
Ty without the vrior writien consent of ELT.
further zgree that I shzll forthwith upon reguest by EBLT ani
*hout retzining any cories, returm any conficdentizl materizl <o
iy

T3 3 N Fal y T ~
ezrller 1In writing thereirom by EBELT, the zbove
11 remzin tinding for five (35) yvears from the dzte

T B N { ~717 -— T oxr -

Crn CLLEgeXNlorne shea.- NoT cPLly O
T L “ ~7 ~ A 3 ~A —~ 3 -~ <+
nformztion zlrezly 1n the publilic dormzln or which enters ths
N | - - - -~ = £ 7 -
TuZzllc domzln other ihan by my cefzult;
Infcormetion wnlch we gre gtlie TC Drove was own TO ... T,

== % - P

L e e e s s i e s el aT The Time cI The
dizclicsure;

N -
-~ - ==} = ~ ~ymtr ot A S e

JIT- = [VPOUEES QLY DG..'_ Lo "n\/ _——
PO o) - ~ . ~

> Y o ~ o Moy A
_.--\,“.;;\,—.vn [ e s T i

=T

PO

~ -y A e, (2ot ] ~ v ey sT
coneTIrLsel zZe LrenTting e a2nd
S o ~

LSCcilosed,

e e 2 et s e s

7\ Registeved QOffice :

T e T S O T T T T R S S S S SRR SR S S Y

med by;.nig\.Qcc;%

1

S

n




REFERENCES




10.

1l.

REFERENCES

J.A.Leendertz, "Measurement of surface displacement
by interference of speckle patterns.” Proc.I.C.O,
Reading 1969, Vol.8 (J.Home Dickson, ed.)

OCriel Press: Newcastle-upon-Tyne, 1970.

J.A.Leendertz, “"interferometric displacement
measurement on scattering surfaces utilizing
speckle effect.”

J.Phys.E. Sci.Instrum. 3, pp2l4-218, 1970.

E.Archbold, A.E.Ennos and P.A.Taylor "2 laser
interferometer for the detection of surface move-
ments and vibration."'Optical Instruments and
Techniqgues'. Ed.J.Bome Dickson. Oriel Press:
Newcastle-upon-Tyne, pp265-275, 1970.

J.M.Burch, "Interferometry with scattered light".
'Optical Instruments and Techniques'. Ed.J.BHome
Dickson. Oriel Press: Newcastle-upon-Tyne.
pp2l13-229, 1970.

J.N.Butters and J.A.Leendertz, "2 double exposure
technigue for speckle pattern interferometry”.
J.Phys.E: Sci.Instrum. 4, pp277-279, 1971.

K.A.Stetson, "New design for laser image-speckle
interferometer". Opt.Laser Technol. 2, ppl79-181l,
1970,

A.E.Ennos, "Speckle Interferometry®. In: 'Laser
speckle and related pPhenomena' , E&.J.C.Dainty.
Springer-Verlag: Berlin, Heidelberg, 1975.

R.Jones and J.A.Leendertz, "Elastic constant and
strain measurements using a three beam speckle
pattern interferometer”. J.Phys.E: Sci.lnstrum.
7, pp253-57, 1974.

E.Archbold, J.M.Burch ané A.E.Ennos, "Recording
of in-plane surface displacement by double-exposure
speckle photography”. Opt.Acta 17, pp883-98, 1970.

J.N.Butters and J.A.Leendertz, "Bolographic and
video techniques applieé to engineering measurement”.
J.Measurement and Control. 4, pp34%9-54, 1971.

G.Groh, "Engineering uses of laser produced speckle
patterns”. In: 'Engineering uses of holography'.Eds.
E.R.Robertson and J.M.Barvey. Camb.Univ.Press:
London and New York, 197C.

234




12.

13.

14,

[
(O]
.

l6.

17.

18.

19.

20.

21.

22.

23.

25.

26.

27.

D.A.Gregory, "Speckle photography in engineering
applications". In: 'Engineering uses of coherent
optics'. Ed.E.R.Robertson. Camb. Univ.Press:London
and New York, 1976.

J.C.Dainty,‘Laser Speckle and related phenomenat
Springer-Verlag: Berlin, Heidelberg, 1975.

K.Exner, Sitzungsber. Kaiserl.Akad.Wiss. (Wien)76.
p522, 1877.

K.A.Stetson. "A review of speckle photography and
interferometrv". Opt.Eng.l4, pp482-89, 1975.

L.E.Ennos, "Speckle Interferometry".(Pr@ﬁ?Copy)
North-Hollané Pub.Co: Holland, 1977.

E.J.Tiziani, "Vibration analysis and deformation
measurement”. In: 'Speckle Metrology!. Ed.R.K.Erf.
Academic Press: New York, 1978.

Y.Y.Hung, "Displacement and strain measurement" In:
'*Speckle Metrology'. Ed.R.K.Erf.Academic Press,
New York, 1978.

A.F.Harvey,'Coherent Light: Wiley: New York,
pp720-1, 1970.

D.Gabor, "Laser speckle and its elimination".I.B.M.J.
Res.Dev.1l4, p509, 1970.

D.A.Gregory, "Topological speckle and structures
inspection”". In: 'speckle metrology' Ed.R.K.Erf.
Academic Press: New York, 1978.

J.D.Briers, "Speckle fluctuations as a screening
test in the holographic measurement of plant motion
and growth". J.Expt.Botany. 29, pp395-99, 1978.

s - . . . . '
M.Francon, Laser speckle and applications in Optics.
Academic Press: London, 197°%.

D.C.0'Shea, W.R.Callen and W.T.Rhodes, 'An Intre-
duction to lasers and their applications'. Addison-
Wesley Pub.Co: Mass, 1277.

J.Ww.Goodman, "Statistical Properties of laser
speckle patterns”. In: 'Laser speckle and related
phenomena'. Ed.J.C.Dainty. Springer-Verlag: Berlin,
Heidelberg, 1675.

A.E.Ennos. Private Communication. 1979.
m.Asakura, "Surface roughness measurement”". In:

'Speckle Metrology'. Ed.R.K.Erf.Academic Press:
New York, 1978. -

235




28.

29.

30.

32.

33.

34.

36.

37.

386.

39.

40.

T.S.Mckechnie, "Statistics of coherent light speckle
produced by stationary and moving apertures". Ph.D.
Thesis: Univ.of London, 1974.

L.M.Tanner, "A study of fringe clarity in laser
interferometry and holography". J.Phys.E: Sci.Instrum.
7, pp51l7-24, 1968.

L.I.Goldfischer, "Autocorrelation function and power
spectral density of a laser produced speckle pattern”.
J.Opt.Soc.Amer. 55, p247, 1965.

C.M.Vest, 'Holographic Interferometry'. Wiley: New
York, 197¢2.

G.Parry, "Speckle patterns in partially coherent
light". In: 'Laser speckle and related phenomena'.
Ed.J.C.Dainty. Springer-Verlag: Berlin, Heidelberg.
1975.

C.Wykes, "De-correlation effects in speckle -pattern
interferometry. 1. Wavelength change dependent de-
correlation with application to contouring ang

surface roughness measurement". Opt.Acta.24, pp517-32,
1977,

J.N.Butters and J.A.Leendertz, "Advances in electro-
optical technigues and lasers fcr engineering metrol-
ogy and N.D.T." Proc.Electro-Optics 72. Int.Conf.
Brighton, England, ppl39-45, 1972.

Y.Y.Hung and J.D.Hovanesian, "Full-field surface-
strain and displacement analysis of three dimensional
objects by speckle interferometry"”. Exp.Mech.l12,
pp454-60, 1972,

K.A.Stetson, "Analysis of double-exposure speckle
photography with two-beam illumination". J.0Opt.Soc.
Amer.o4, pp&57-61, 1974.

E.Archbold andé A.E.Ennos, "Displacement measurement
from double-exposure laser phctographs". Opt.Acta.
1%, pp253-71, 1972.

BE.J.Tiziani, "Application of speckling for in-plane
vibration analysis". Opt.Acta.l8, pp891-902, 1971.

[1]
U.Kopf, "A coherent ortimal method for contactless
measurements of local displacements ané vibrations".
Optic.35, pl44, 1972.

D.E.Duffy, "Moiré gauging of in-plane displacement

using double aperture imaging". Appl.Opt.ll,
ppl788-81, 1972.

236



41.

42.

43,

44.

45.

46.

47.

48.

49.

50.

53.

R.P.Khetan and F.P.Chiang, "Strain analysis by one-
beam laser speckle interferometry. 1l. Single
aperture method". App.Optics. 15, pp2205-15, 1976.

DLA.Gregory, "Basic physical principles of defocused
speckle photography: a tilt topology inspection
technigue". Opt.Laser Technol. 8, pp201-13, 1976.

K.A.Stetson, “"Problem of defocusing in speckle
photography, its connection to hologram interfero-
metry, and its solutions"”. J.Opt.Soc.Amer.66,
ppl267-71, 1976.

F.D.Adans and W.I.Griffith, "Interference fit
fastner displacement measurement by speckle photo-
graphy". Proc.Army Symposium on solid mechanics.
Cape Cod, Mass, U.S.A. 1974.

W.F.Fagan, "Novel Speckle Camera and Analyser".
Lasers in meas.and testing. Laser 77 Conf. Munich
I.P.C.Pub: Guildford, Surrey, U.K. ppd56-61, 1277,

K.A.Stetson, "The vulnerability of speckle photo-
graphy to lens aberrations". J.Opt.Soc.Amer.67,
ppl587-80, 1977.

Agfa-Gevaert, Technical Information, 21.7271(581)
Pub: Agfa-Gevaert N.V., Mortsel, Belgium, 1981,

E.Archbold and A.E.Ennos, "Two-dimensional vibrations
analysed by speckle photography". Opt.Laser Technol.
7, ppl7-21, 1975.

H.Tiziani, "A study of the use of laser speckle to
measure small tilts of optically rough surfaces
accurately". Opt.Commun.5, pp271-76, 1972.

G.B.Smith and K.A.Stetson, "Heterodyne readout of
speckleagranr halo interference fringes". App.Optics.
19, »p3C31-23, 1980.

E.Archbold ané A.E.Ennos, "Measurement byv laser
pnotograohy". Proc.Electro-Optics 72 Int.ConiI.
Brighton, Englanc. pé65, 1972.

E.Archbold, A.E.Ennos andéd M.S.Virdee, "Speckle
photography for strain measurement - a critical
assessment”. lst. European Congr.on Optics. App. to
Metrologyv: S.P.I.E, 136, pp258-63, 1977.

D.E.Duffy, "Measurement of surface displacement
normal to the line of sight". Exp.Mech.l4, pp378-84,
1974.

N
L)
<




54.

55.

56.

57.

58.

59.

60.

61.

63.

64.

66.

67.

M.Francon, "Information processing using speckle
patterns”. In: 'Laser speckle and related phenomena'.
Ed.J.C.Dainty. Springer-Verlag: Berlin, Heidelberg,
1975.

C.S.Vikram and K.Vedam, "Measurement of subspeckle -
size changes by laser-speckle photography”. Opt.
Letters. 4, pp406-407, 1979.

G.L.Rogers, "A device for aligning a pinhole with
a microscope objective"”, J.Sci.Instr. 43, pp763-4,
19¢66.

D.B.Coblitz and J.A.Carney, "Dye removal from
holographic films". App.Optics. 13, pl9%4, 1974,

G.L.Rogers, "Safelight for Agfa 1lOE75 and 8E75 plates:
a correction". App.Optics, pll125, 1979.

N.L.Roblin, G.Schalow, and B.Chourabi, "Interféro-
métrie Diffiérentielle des Aberrations d'un systéme
Optigue par Photographie de Speckles". J.Opt. §,
pplag-158, 1977.

D.F.Malin, "Photography in Astronomy". Phys.Bull.33,
pp207-210, 1982.

AZ.R.Luxmore, F.A.A.Amin ané W.T.Evans, "In-plane
strain measurement by speckle photographny; a
practical assessment of the use of Young's fringes".
J.Strain Anal. 9, pp26-35, 1974.

P.W.Fry, "Silicon Photodiode Arrays", J.Phys.E:
Sci.lInstrum. &, pp337-49, 1975.

P.Bartlam, "Electronic sight and its Application".
Engineering, pp370-72, 1981.

P.J.W.Noble, "Light sense: Handbook of Integrated
Opto-electronic devices and systems”. Integratecd
Photomatrix: Dorchester, Dorset, 1967.

G.E.Maddux, S.L.Moorman anc¢ R.R.Corwin, "A programm-
able date-retrieval svstem for in-plane cisplacement
from speckle photographs". AFFDL Report TM-7&-109-FBE,
Ohio, U.S.A, 1978.

B.I.Ineichen, P.Eglin anc R.Dandliker. "Hybrid
optical and electronical image processing Ifor strain
measurements by speckle photography". Proc.I.C.O.
Conf. Madrid, Sept. 157&.(Graficas Tresde, Madrid)
pp563-66, 1978.

B.I.Ineichen, P.Eglin and R.Dgndliker,"ﬁybrid optical
and electronic image processing for strain measure-
ments by speckle photography”. App.Optics. 19,
pp2191-95, 1980.

238



68.

69.

70.

71.

72.

74.

75.

76.

78.

gl.

G.H.XKaufmann, A.E.Ennos, B.Gale and D.J.Pugh, "An
electro-optical read-out system for analysis of
speckle photographs”". J.Phys.E: Sci.Instrum. 13,
pp579~-84, 1980.

Reticon "G series solid state line scanners". Manuf.
Data. Reticon Corp. U.S.A, 1976.

G.H.Kaufmann, A.E.Ennos, D.J.Pugh and B.Gale, "An
electro-optical read-out system for the analysis of
speckle photographs". N.P.L.England, (unpublished),
1980.

G.A.Costa, P.Ottonello and E.Piano, "Thermal
expansion measurements by speckle interferometry". App.
Optics. 19, ppl0O32-33, 1980.

A.R.Luxmore and F.A.A.Amin, "Measurement of crystal
length changes". In: 'Speckle metrolegy'. Ed.R.K.Erf.
Academic Press: New York, 1978.

A.R.Luxmore, "Measurement of displacements around
crack tips". In:'Speckle metrology'. Ed.R.K.Erf.
Academic Press: New York, 1978.

J.J.Snyder, "Algorithm for fast digital analysis
of interference fringes". App.Optics. 19, ppl223-25,
1980,

M.Pickering, P.A.Machin and M.Elder, "GENS: An off-
line Film processing program". S.R.C.Daresbury Lab.,
1980.

J.C.Dainty ané R.Shaw. 'Image Science'. Academric
Press: London, 1974.

R.E.Swing, "The optics of microdensitometry". Opt.
Engineering. 2, pp 185-98, 1873.

G.E.Maddux, S.L.Moorman, R.L.Corwin and R.E.Ramsey,
"An automatic system for extracting in-plane displace-
ments from speckle photocraphs”. Project 2401 KRep.
pir Force Wright Aero.Labs, U.S.A, 1982.

Lord Rayleigh, "On the manufacture and theocry of
diffraction gratings". Phil.Mag.S.4, 47, pp8l-93,
1874.

L.A.Sayce, "Gratings in metrology". J.Phys.E.:Sci.
Instrum.5, ppl%3-98, 1972.

B.Pickthorne and G.L.Rogers, "Moiré-pattern technique

for measurement of fringe spacings" . Opt.Letters
7, pp474-76, 1982.

239



82.

83.

84.

85.

86 .

87.

88.

g89.

90.

91.

92.

93.

94,

85.

96.

S.Yokozeki, "Moiré fringes". Opt. and Lasers in
Engineering. 3, ppl5-27, 1982.

J.Guild, 'The interference systems of crossed
diffraction gratings'. Oxford Univ.Press. 1956.

G.L.Rogers, "A simple method of calculating moiré
patterns". Proc.Phys.Soc.London. 73,ppl42-43, 1959,

G.L.Rogers, "A geometrical approach to moiré pattern
calculations"”. Opt.Acta.24, ppl-13, 1977.

J.J.Kalker, "Simplified theory of rolling contact".
Mech. and Aero.Eng and Shipbuilding. 1, ppl-10, 1973.

S.P.Timoshenko and J.N.Goodier, 'Theory of elasticity'.
3rd.Ed. Mc.Graw-Hill: New York, 1970.

D.A.Smith, "2 basic study of wheel/rail adhesion".
British Railways Res.Dept: Report CR46, 1970.

K.L.Johnson and A.D.Roberts, "Observations of visco-
elastic behaviour of an elastohydrodvnamic lubricant
£ilm". Proc.Roy.Soc.A, 337, pp2l7-247, 1974,

A.Cameron, 'Principles of Lubrication'. Longmans:
London 1966.

R.A.Collacott, 'Mechanical fault diagnosis and
condition monitoring'. Chapman andéd Hall: London,1977.
R.A.Collacott, "Why condition monitoring {(an over-

”"

view)". Condit.Monit.Proc.2nd.Nat.Conf.London, Session
1, ppl-11, 197¢,

P.Williams, "Sophisticated technigues—design audit
anéd condition monitoring". Condit.Monit.Proc. 2n@d.
Nat.Conf. London, Session 4a, 6pp, 1979.

R.XK.Erf,"Application of laser speckle to measurement".
In: 'Laser Applications'. Eds.J.W.Goodman and M.Ross.
Academic Press: Loncéon, 1980,

C.S.Vikram and K.Vedam, "Laser speckle photograohy
for supersentivie dial gauge"”. Opt.Letters. 5, pp44l-
42, 1980,

A.E.Ennos and M.S.Virdee "Laser speckle photography
as a practical alternative to holographic interfero-
metry fcr measuring plate deformation”. COpt.Engineer-
ing. 21, pp478-82, 1982.

240



97. A.R.Luxmore, “"Developments in moiré and laser
methods o©f stress analysis”. In:'Developments in
stress analysis - 1'. Ed.G.S.Holister. App.Science
Pubs, London, England, 1979.

g8, D.J.V.Martin, "Laser speckle photography measure-
ments of movement and strain in steel structures
at temperatures of 20-520 C. "Materials Eval., 36,
pp53-56, 1978.

99. B.Ineichen, P.Eglin and R.Dandliker, "Hybrid
cptical and electronical image processing for
strain measurements by speckle photography". Paper
submitted to Brown Boveri Res.Cent., Baden,
Switzerland, 1978.

100. R.D&ndliker, "Holographic interfercmetry and speckle
photography for strain measurement: a comparison”.
Opt. and Lasers in Engineering. 1, pp3-19, 1980C.

101, J.D.Briers, "The interpretation of holographic
interferograms". Opt.Quant.Electron. 8, pp46%-501,
1976.

102. C.Shakher, "Laser speckle photography used for N.D.T.
cf diavhragms". App.COptics. 21, pp367-69, 1982.

103. D.J.V.Martin, "Laser hclographic and speckle photo-
graphy methods for defect detecticn and strain
evaluation in pressure vessels."” Nuc.Eng. and
Design. .43, pp227-36, 1977.

S
o
}-2



