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ABSTRACT

3-D OPTICAL PROFILOMETRY AT MICRON SCALE
WITH MODIFIED FIBER OPTIC LLOYD’S MIRROR
TECHNIQUE

In this thesis, it is shown that a modified fiber optic Lloyd’s mirror technique is
suitable and practical to produce fringe patterns that have easily adjustable frequency.
This allows measuring 3D height distribution of test objects at micron scale without

using additional elements as part of the optical projection unit.

To test the validity of the proposed method, images that contain deformed fringe
patterns due to the height distribution of micron scale test objects are recorded by a
CCD camera and analysed with one dimensional continuous wavelet transform. After
the extraction of phase map using 1D continuous wavelet transform, the height dis-
tribution of the test objects is obtained by further analyses. Finally, the results are

discussed and compared with the expected values.



OZET

MODIFIYE EDILMIS FIBER OPTIK LLOYD AYNASI
TEKNIGI ILE MIKRON OLCEKTE UC BOYUTLU OPTIK
PROFILOMETRI

Bu tezde, modifiye edilmig fiber optik Lloyd ayna tekniginin frekansi kolayca
ayarlanabilir sacak desenleri iiretmede uygun ve pratik oldugu gosterilmistir. Bu, test
objelerinin, optik projeksiyon tinitesi kapsaminda ek elemanlar kullanilmaksizin mikron

olcekte ti¢ boyutlu yiikseklik dagilimini 6lgme imkani saglamigtir.

Ortaya atilan metodun gecerliligini kanitlamak igin mikron oOlcekteki test ob-
jelerinin yiikseklik dagilimindan dolay1 deforme olan sagak desenleri iceren resimler bir
CCD kamera ile kayit edilmistir ve bir boyutlu, stirekli dalgacik dontigiimii ile analiz
edilmigtir. Bir boyutlu siirekli dalgacik denklemi ile faz haritasi ¢ikarimindan sonra
ileri analizler ile test objelerinin yiikseklik dagilimi elde edilmistir. Son olarak, sonuclar

tartigilmig ve beklenen degerlerle kiyaslanmistir.
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1. INTRODUCTION

Since the optical profilers are fast, reliable and non-contact measurement systems,
they have been used in many areas like medicine [1-3], automobile industry [4-6]
and even in underwater applications [7]. Surface profile measurements using fringe
projection techniques have gained more extensive interest over the years starting from
1983 in which Takeda proposed an automatic 3D shape measurement system [8]. Tt
uses the Fourier transformation (FT) and triangulation method to extract the height
distribution of objects. At that time, it was superior to Moiré pattern projection
methods, which was firstly used in 1967 by Rowe and Welford [9]. Then, the researches
have developed many methods like Wavelet Transform (WT) profilometry and Phase
Shifting Profilometry (PSP), which are very common nowadays.

The optical profilometry applications are also used in a large range of scales from
centimeter to subnanometer [10]. It is becoming important to use simple, cheap and

fast methods to achive reasonable precision in desired scales.

In this thesis, we developed a cheap and simple to construct system for 3D pro-
filometry at micron scale. By doing a small modification to Lloyd’s mirror technique,

it becomes easy to study the height distributions of test objects at micron scale.

In the following chapters, firstly, a review for fringe pattern generation techniques
and the analysis types used for generated fringe patterns is given to a finite extent.
Then, the newly introduced technique for fringe pattern generation is depicted and the
theory behind it is shown in detail. After, the analyses used for the newly generated
fringe patterns are given step by step while it is supported with the experimental
data. Lastly, the height measurement results of various test objects and discussions

are presented.



2. REVIEW

Optical profilometry is a powerful, non-contact and fast technique to extract the
three dimensional shapes of object surfaces. There are two main categorization of the
optical profilometry types, namely intensity and phase types. Confocal technology [11]
and Phase-shifting interferometry [12] are the well known examples of them. In optical
profilometry, height information of the surfaces can be acquired by scanning the object
point by point [13], layer by layer [14] or just with a single two dimensional image,
which is called full field of view [15]. Since the field is very diverse and it is related
to our work, the phase-type optical profilometry techniques are the main focus of this

review work.

There is a more detailed categorization in [16] but one can categorize the phase-
type optical profilometry techniques, that takes the two dimensional image of the object
surface, according to the methods used to generate the deformed fringe patterns that
carry information about the height distribution of a test surface and to analysis types

of phase retrieval from data.

2.1. Generation Types of Deformed Fringe Patterns

In this section, the most common fringe pattern generation types are presented.
Generation of fringe patterns can be divided into two categories: interferometric optical

profilometry and fringe projection profilometry.

2.1.1. Interferometric Optical Profilometry

In interferometric optical profilometry techniques, a coherent light source and a
mechanism to separate the light into two beams are used. One of them is the reference
beam and the other one is the beam that is reflected from the test object. Then,
both light beams are combined to generate sinusoidal fringe patterns where there are

deformations due to the height distribution on the surface of the object.



A beam splitter is used to separate the incident light into two arms, namely
reference and test arms. With a mirror at the end of the reference arm, light in the
reference arm is reflected back to the beam splitter while the object surface reflects the
incoming light back to the same beam splitter; thus, the interference pattern is gener-
ated with the interference of the light waves coming from both arms. The combined
fringe pattern is observed with a camera placed at the back of the beam splitter. This
type of interferometer is called the Michelson interferometer and a sketch is illustrated

in Figure 2.1 [17].
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Figure 2.1. Michelson interferometer [17].

For small surfaces where high magnification lenses are needed, Linnik interfer-
ometer is used. The system can be seen in Figure 2.2 [9]. It consists a beam splitter
which divides the light into two and sends onto two different objective lenses. One of
the objective lenses is for the reference beam where there is a mirror at the end of the
objective lense, the other objective lens is to focus the test beam on to the test object
and to get the reflected light back to combine it with the reference beam reflected from
the mirror to make an interference pattern. Using second objective in the reference
arm is beneficial to eliminate the optical aberrations stemming from the objective lens

focusing on the test surface.



Figure 2.2. Linnik interferometer [9].

An interesting setup including a small endoscope is constructed by using Spectral
interferometry [18]. Laser pulses are divided into reference and test arms with a grating-
lens system. Signal is encoded with the height distribution of the test surface and
merged with the signal from the reference arm. Then, it is decoded again with a

grating-lens system to retrieve a fringe pattern on a CCD camera. A schematic of the

device is shown in Figure 2.3.
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Figure 2.3. An application of spectral interferometer [18].



As it is seen in the above interferometer types, deformed fringe patterns are
constructed on the camera or at the point of observation via merging the two beams
with different information (reference and object related). In the next subsection, the
methods that fringe patterns are formed and projected directly on to the object surface

are mentioned.

2.1.2. Fringe Projection Profilometry

In this profilometry method, interferometric approaches like the above examples
are used to generate the fringe patterns but the resultant fringe patterns do not carry
information about the height distribution of the test surface like as in the previous
deformations. In this technique, fringe patterns generated and projected on to the
object surface and the resultant deformations due to the height distribution of the test
subject are observed directly by inspecting the surface of the object since the fringes
are physically deformed on the surface of the test object. Both coherent and white

light sources can be used in this profilometry type.

Mirau interferometer is a system like Michelson interferometer but the test and
reference arms are in a compact form inside a microscope objective as seen in Figure
2.4 [9]. This is needed for smaller test objects since the working distance of the objective
lenses used is getting smaller where it is hard to put a traditional beam splitter and a

reference mirror between the objective lens and the test surface.
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Figure 2.4. Mirau interferometer [9].



There is a fringe projection profilometry type that is compact like Mirau inter-
ferometer which is called Fabry-Pérot interferometer. Two partially reflective surfaces
inside a cavity as in Figure 2.5 [19] that are positioned nearly parallel used in this
method to generate undeformed fringe patterns. Light waves that are reflected back
and forth from the reflective surfaces interfere with the newly incoming light waves
and leave the cavity. According to the characteristics of the cavity, undeformed fringe
patterns are formed at the end of the Fabry-Pérot system and are projected on to the
test surface. Then, deformed fringe patterns on the object surface are recorded with

an image acquisition device [20].

Figure 2.5. Fabry-Pérot interferometer [19].

Apart from the interferometric techniques, there is a more compact and simple
system that uses the cores of a four-core optical fiber to propagate light waves and make
them interfere with each other to generate a fringe pattern at the exit of the optical
fiber [21]. Tt does not require any beam splitters or mirror like reflective surfaces. As
an optical element, only a lens is used to collimate the cone shaped light coming from
the fiber as shown in Figure 2.6. Resulted pattern is different than the two beam
interference patterns (periodic dots in both directions instead of lines since this is a
kind of a four beam interference pattern), but it can be projected on a test subject
and recorded with a CCD camera to study the deformations on the fringe pattern. By
calibration or revealing the optical dynamics of the system and analyzing the phase of

the deformed pattern, one can get the height distribution of the test object.



Figure 2.6. Fringe pattern generation with four-core optical fiber [21].

A similar fringe pattern generation system like double-slit can be constructed by

dividing the light waves that are guided in a single-core fiber, into two arms by using

a fiber optic coupler at the end of the single-core fiber and make them interfere at the

exit of the coupler as depicted in Figure 2.7 [22].
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Figure 2.7. Fringe pattern generation using a fiber optic coupler [22].

With the help of gratings, which are composed of many slits, one can also generate

fringe patterns. Using a grating or two in a stereo microscope as in Figure 2.8 can be

an example of fringe projection profilometry at micron scale [23]. These are specially

designed binary gratings to get an ideal sinusoidal intensity on fringe patterns.



Figure 2.8. An example of stereo microscope with fringe projection unit [23].

Another fringe projection method is using Moiré pattern. It can be generated

using two gratings as in Figure 2.9 [9]. By moving the gratings slightly relative to

each other, one can obtain fringes with different frequencies and shift the phase of the

fringes. It is a method used in phase-shifting profilometry [24].

Destructive
interference

|__Constructive
interference

I
A2 sin o
f

i
i
it

l

——
—
—

——
—

o

i
i

—
——
s
e

i

|

—

'

—
—

|

e
—

'

—
e
——
o
S—
—
—
——
—

—
S ——
S —
= —

Figure 2.9. Generation of Moiré pattern with gratings [9].

Recently, another common fringe projection method is used to study the height

distribution of the objects. The method generates fringe patterns digitally where there



are no physical methods as before. That is called digital fringe projection profilometry
[25-27]. This method of fringe pattern generation has many different kinds since one
can project any analyzable structured light pattern which is simulated by a computer
software. Some of them project generated sinusoidal patterns or Moiré patterns which
can be acquired by superimposing two linear fringe patterns with different periods as
in Figure 2.10 [28]. In some cases, binary coded patterns are used instead of sinusoidal
patterns and needs other analysis methods [29] but sometimes they are turned into
sinusoidal patterns by defocusing [30] or by superpositioning different number of binary

coded patterns [31] to analyse them with the traditional methods used for sinusoidal

Period : 15 mm Period : 7.5 mm

fringe patterns.

- -
- -

Figure 2.10. Computer simulated Moiré pattern [28].

There are also marker encoded [32] and color coded binary [33] fringe patterns to
get detailed information about the height distribution by identifying the fringe order
and to reduce the phase related errors. This can clarify the 2r ambiguities, which
stem from the large height variations (discontinuities) that shift the fringes 7 or more.
One can check the review paper [34] about the structured light patterns to learn the

drawbacks and advantages of using them or more.

Lastly, there is the fringe projection method we applied in our experiments which

uses Lloyd’s mirror technique. In this setup, there is a monochromatic, point light
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source and an image of it produced by a mirror so both light waves can generate an
interference pattern like in the double slit experiment. As in Figure 2.11, a fiber optic
cable is used to guide the light from a coherent light source like a laser to the mirror

used so the projected pattern can be directed easily [35].

Source Fiber

1 Mirror

Image Fiber Screen

Figure 2.11. Example sketch of Lloyd’s mirror technique [35].

2.2. Phase Analysis Types of Deformed Fringe Patterns

In this section, fundamental, 1D theories used to analyze phase distribution of
deformed sinusoidal fringe patterns, generated by one of the methods above, are dis-

cussed.

For a general case, two separated waves from a coherent light source have the

intensity function as in Equation 2.1, which is given as [36].
I' =2I) (1 + cos(AO)) (2.1)
I}, is the intensity of both waves and A© is the phase difference between them.

I(z,y) = lo(z,y) [1 + V(z,y) cos(2m fox + d(2,y))] (2:2)
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The fringe signal which is recorded and processed, can be expressed in the form
of Equation 2.2 [37]. In this equation, [y(z,y) represents background noise, V(x,y) is
the fringe visibility, fo is the spatial carrier frequency in the z-direction and ¢(x,y)
is the height related phase distribution causing the deformation on the fringe pattern.
Iy(z,y), V(z,y) and ¢(z,y) are assumed to be very slowly varying functions in x
compared to the variations introduced by 27 foxr term. To extract the phase of the
signal, all the analysis techniques below use this intensity function or its modifications

resulting from the fringe projection and acquisition techniques.

2.2.1. Fourier Transform Analysis

In Fourier analysis, we simply take the Fourier transform of the intensity function.
By using Euler’s formula, one can obtain an exponential representation of the function
cos(2m foxr + ¢(x,y)) as follows:

" = cos(0) + isin(f)

(i0) | o—(i0)
cos(f) = % (2.3)

ei(ZﬂfOx+¢(xvy)) _|_ eii(2ﬂfox+¢(17y))

2

cos(2m fox + ¢(z,y)) =

With the definitions of new terms like a(x,y) = Iy(z,y) and b(x,y) = Io(x,y)V (z,y)
and by using the expanded form of the last equation derived above, Equation 2.2 is
expressed as

b(z, y)

I(z,y) = a(z,y) + : (ei(%rfow)ew(w,y) + 6—i(27rfox)6—i¢(x7y)) (2.4)

Now 1D Fourier transform of the intensity function in Equation 2.4 is taken with

respect to x; where I(f,y) is the fourier transform of I(z,y).
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Fwg) =11 = [ e @ da
— /OO CL(SE, y)efi(%rfx) dr + /OO b(x27 y) ei(27rf0x)€i¢>(a:,y)efi(27rfz) dx (25)

4 /OO @ei(%ﬂ)x)ew(%y)ei(27ff$) dx

[e.9]

where f is the spatial frequency in the x direction. a(z,y), b(z,y) and exponential
functions with ¢(z,y) are taken outside the integrals as they are assumed to be con-
stants with respect to z. It is due to approximating them to the first terms of the three
functions in Taylor Expansion since they are very slowly varying functions compared

to fo and f. Therefore, Equation 2.5 becomes

[e.9]

~ . b . Sl )
I(f, y) ~ a(y)/ e—z(27rfa:) dr + (Qy) 6qu(y)/ ez(27rfox)e—z(27rfa:) dr

(2.6)
N 5(2_1/) — / " i for) —i2nfa) g,
if) = / e~ 12T g (2.7)

By collecting the similar terms and reminding the definition of () function in
frequency domain as in Equation 2.7, Equation 2.8 is obtained as
b(y)

I(f.y) = aly)o(f) + @e”(y)é(f = fo) + = TVS(f + fo) (238)
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All the terms on the right-hand side of Equation 2.8 are defined as

b(y) ;
Alf.9) = a)s(f).  O(f) = e (29)
also by using the proper variable change from f to f — fo and using the complex

conjugate Equation 2.10 is arrived as

I(f,y) = A(f,y) + C*(f + fo,u) + C(f = fo,v) (2.10)

All the three terms here are the modulations of the § function where the first term is
at the origin while the others are at a distance fy apart from the origin on both sides.
First term and one of the other terms are not necessary to get the height distribution
related component of the phase. The right term in Equation 2.10 is carved out with a
band-pass filter and is shifted to the origin,as the middle and the left terms are filtered
out, as sketched in Figure 2.12 [8].

Figure 2.12. Translation of a single spectrum of the fourier analysed signal [8].
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C(f,y) is transformed back with the inverse Fourier transform, which gives us

b )
FAUC(f ) = el.y) = 2D oo (211)
Spatial carrier frequency fy and the background intensity are eliminated here. To get
the phase ¢(x,y), one can either separate the imaginary and the real part by taking
the natural logarithm of both sides of Equation 2.11 as

g ete.) = log ("5 ) + io(e.) (2.12)

One may select the imaginary part, or after expanding the exponential in ¢(x,y) with
the Euler’s formula, and directly take the imaginary part and divide it by the real part

of ¢(x,y) and then take the arctangent as shown in Equation 2.13:

arctan Im(c(z,y)) _ arctan @Sin(ﬁb(ﬂ?,y)) — (e
t (Re(c(:c,y))> = arct (wcos(gb(x’y») = ¢(z,9) (2.13)

However, due to the nature of the arctangent, the phase will be wrapped in x between
m and —m. Therefore, an unwrapping algorithm is needed to recover the phase. 1D and
2D wrapped and unwrapped phase examples are illustrated in Figure 2.13 and Figure
2.14 [38]. After extracting the phase of the object, the data is converted into height

distribution with proper calibration methods as introduced in [39].

wrapped phase

Figure 2.13. 1D wrapped and unwrapped phase example [38].
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Wrapped phase (rad)

Figure 2.14. 2D wrapped and unwrapped phase example [38].

There exist different improved types of Fourier analysis methods such as the
extension of Fourier transform like windowed [40], interpolated [41] and regressive
Fourier transform [42]. They can produce more accurate phase results than FT alone,
but face different problems. For example, windowed Fourier transfrom can analyze the
fringe pattern locally unlike the F'T method, but it cannot give accurate results for
rapidly changing spatial frequencies (limited resolution in frequency domain) because

of the fixed size of the window used [43].

The next analysis type, which is using wavelet transform, overcomes not only
the problems mentioned above and more but also can benefit from the power of the
fast Fourier transform (FFT) algorithm. An additional function called mother wavelet
is used in the transformation to extract the intensity function local by local. Any
leakage in an area on the image that is caused by discontinuities or high surface slope
of the test object can propagate as an error on the whole image in F'T method due
to the global processing nature of it, whereas mother wavelet in WT prevents this
propagation of error and makes the leakage stay in that area. In FT, also the number
of fringes on the analyzed image should be integer to prevent leakage from the borders
and the deformed intensity signal should be periodic [44]. These problems are not
restrictions in W'T. However, one should choose the mother wavelet wisely since their
powers differ according to the characteristics of the analyzed image, test object and

the fringe pattern.
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2.2.2. Wavelet Transform Analysis

Wavelet transform can be divided into two categories namely discrete wavelet
transform and continuous wavelet transform (CWT). For continuous wavelet transfor-
mation, nonorthogonal wavelet functions are used, whereas orthogonal sets of functions
are used for discrete wavelet transform [45]. Since our intensity function is a continuous
2D signal, continuous wavelet transform in one dimension is reviewed in this part. The
phase of a row (constant y) of the 2D signal is evaluated. After the phase is extracted
for a row of the signal, it can be repeated row by row on the whole image to get the

2D phase of the signal.

For 1D intensity signal of a row, we have the following equation by eliminating

the y components of the terms in Equation 2.2:

I(z) = Io(z) [1 + V() cos(27 fox + ¢(z))] (2.14)

To recover the phase, the carrier frequency f should satisfy the following condition [46].

do(z)
dx

27Tf0 > ‘

(2.15)

max

1D CWT of a continuous, 1D intensity signal I(x) is defined as

W(a,b) = — /_oo I(x)* (I — b) dx (2.16)

It is the convolution of the signal with * (xT_b) which is the complex conjugate,
scaled and translated version of a mother wavelet ¢(x). Here a (> 0) and b are real,

scaling and translation parameters of the wavelet respectively.
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To be treated as a wavelet, the following three criteria [47] must be satisfied.

(i) To have a local nature, a mother wavelet must be centered at zero and satisfy :

(i)

(i)

JCIRTRS

(2.17)
lim ¢(z) =0
|z|—00
It must be invertible. If ¢(f) is the Fourier transform of () like:
0 = [ el ds (215)
the following equation must hold:
* ()N
0

Equation 2.19 is called admissibility condition and implies that the mother wavelet
has no frequency component that is zero (¢(0) = 0), so the original signal can be
obtained with an inverse transformation.

For complex wavelets, the Fourier transform of the wavelet, 1@( f), must be real

and vanish for negative frequencies:

~

U(f<0)=0 (2.20)

By eliminating the confusion about negative frequencies, we simplify the inter-

pretation of the transform [48].

After the determination of the mother wavelet ¢(z) that satisfies the above cri-

teria, one can solve the integral for the phase term or to be able to use the fast Fourier

transform algorithm, and rewrite the Equation 2.16 in Fourier space by using the Par-

seval’s theorem [49] as follows:
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Using the definitions of the inverse Fourier transform of both functions:

I(z) = /_ h I(h)e®™ dh,  (z) = /_ h (f)em I qf (2.21)

and with the variable change of x — xT_b and 5 — g (% = dg), one obtains

) df

r—b\ [T s ong =
o (50) = [dne
= [Tzt g (2.2

:/ w(ag) 7,27rgac z?ﬂgba dg

By substituting 7(z) and * (—b) in Equation 2.16 and rearranging the terms

give us

1 e 0 A S
W(a,, b) = %/ d{B/ I(h)ez27rhx dh/ ¢*(ag) —12mgT 7,27Tgba dg
127rhw —i2wgx z?Trgb
“(ag)e dhdg dx 2.93
T Va / / / (2.23)

_ \/_/ / CLg 127rgb dh dg/ €i27r(h—g):c dx
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The last integral is 6(g — h), which is also equal to §(h — g), so we get
Wiat)=va [ [ 1 (ag)e™ dhdgi(h - g)

[e.e]

=a / h V*(ag)e®™ dg / I(h)5(h — g) dh (2.24)

—00

=Va /_ U (ag)e®™ dgl(g)

Equation 2.25, which is 1D CW'T of the signal I(z) in Fourier space and is equivalent
to Equation 2.16:

W) - | " i gy (g) do (2.25)

where 1 4(g) = v/ay* (ag)eo"

In this form, the 1D CWT of the signal using fast Fourier transform algorithm
is discretely computed. For every row of the intensity signal, after taking its Fourier
transform, algorithm gives us a 2D, complex array with the coordinates a and b. To
extract the phase of the 2D signal, the modulus and the phase of this complex array
W(a,b) for every row of the image is examined. They are calculated, respectively, as

follows:

M (a,b) = W(a,b)| = /[Re(W(a,b))]2 + [Im(W(a,b))]? (2.26)
Puw(a,b) = arg(W(a, b)) = arctan (%) (2.27)

Modulus array in Equation 2.26 is the amplitude of the complex array W(a,b).

It gives the similarity between the signal and the wavelet, since it is maximum when
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the signal and the wavelet are matched [50]. Thus, one can check the positions of
the maximum points on the modulus array for all the b values to make an estimation
about the phase of the signal after looking those corresponding positions in the phase
array. For a fixed b value on the horizontal axis in the modulus array, the element a,
with the maximum value is called ridge point. The path constructed by determining
all the maximum points for every b value is called the ridge array. This gives a and b
coordinates where the phase of the signal and the phase of the wavelet are very similar.
An example of the ridge array extraction from the modulus array and choosing that
coordinates on the phase array can be seen in Figure 2.15 [51]. White color in modulus

array indicates higher values whereas the black represents lower values.

50
100
150
200 r

250
300
350
400

Pixels

450
500

90 100 120 200 250 300 390 400 450 200
Pixels

(a) Choosen row from the image.

50 00 150 20 [0 300 B0 400 4500 500 S0 100 150 200 250 300 350 400 450 500
fransiaiion translation

(b) Modulus array of the row chosen.  (c¢) Phase array of the row chosen.

Figure 2.15. An example of determination and selection of the ridge array from a row

of an analysed image [51].
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The phase of a row of the signal is:

(2.28)

Puur(a,(),b) = arg(W,(a,(b), b)) = arctan (fm(Wrwr(b), b>>>

Re(W,(ar(b),0))

Then, it is repeated for every row of the image to get the phase of the whole, 2D
image. However, due to the nature of the inverse tangent function in Equation 2.27,
again there are jumps in the phase from —7 to 7 values and it should be unwrapped
with an unwrapping algorithm. After the unwrapping, the phase of the whole signal
which is equal to the term 27 fox + ¢(z,y) inside the cos function in Equation 2.2 is

obtained.

To get the height related phase distribution ¢(x,y), we need to remove 27 foz
term, which is called carrier removal. In FT analysis, it is done when we select and

translate a single spectrum as in Figure 2.12.

In WT, various methods can be used for carrier removal as stated in [52]. Linear
carrier removal methods like plane fitting and average slope approach can be utilised
since fy is a constant. However, sometimes f; is not a constant and may change along
the projection axis, e.g., fo(x) with a nonlinear relation on the projection axis; or a
nonlinear deformation on the phase can occur due to a problem on the image acquisition
system like optical aberrations and distortions caused by an objective lens. In this case,
one should use nonlinear carrier removal techniques like reference subtraction, phase
mapping, second order surface fitting, series expansion methods or a new method as
in [53] to achieve better results. After extracting the phase in radians, one of the

calibration techniques is used to get the height distribution of the object.

An example of applying a linear and a nonlinear carrier removal technique to an
unwrapped image is demonstrated in Figure 2.16, where the carrier is not linear [54].
All methods have different advantages and disadvantages. One must choose a method

according to their needs.
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(d) Phase after nonlinear carrier removal.

Figure 2.16. An example on linear and nonlinear carrier removal [54].

As opposed to FT analysis, WT analysis is more noise insensitive since F'T pro-

cesses a signal globally whereas W'T uses the local features of the wavelets. The chosen

mother wavelet for WT analysis is also important in terms of noise, signal frequency

and discontinuities on the fringe pattern due to sudden changes in the height of the test

object. Apart from being discrete and continuous, there are both real and complex val-

ued (analytical) mother wavelets. However, as stated in [55], using continuous complex

mother wavelets gives better results than using real or discrete wavelet functions. Some

of common and continuous complex mother wavelets used in fringe pattern analaysis

are Morlet wavelet [17], Paul wavelet [56], Mezican hat wavelet [57] and newly intro-

duced Generalized Morse wavelet [58]. Since it is very well localized in both time and

space domains, Morlet wavelet and 1D CW'T is employed in our analysis.
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To mention briefly, there is also a common technique for phase extraction called
Phase Shifting Profilometry(PSP). It uses three or more pictures which have equally
phase shifted fringe patterns with a constant phase value like (%) as in [59]. The phase
analysis of PSP is quite simple and straight forward: For example, the term inside the
cosine term of the intensity function can be calculated by using three phase shifted
intensity functions extracted from three different images as in Equation 2.29. The

retrieved phase again needs unwrapping and carrier removal.

Iy — I
27 for + ¢(z,y) = arctan | —— (2.29)
I, -1,

where intensity functions I; have a difference of (g) like:

Li(z,y) = lo(z,y) [1 + V(z,y) cos(27 for + ¢(z,y))]

L(z,y) = LIy(z,y)[1 + V(z,y) cos(2m for + ¢(x,y) + E)] (2.30)

[\

I3(z,y) = Io(z,y) [1 + V(x,y) cos(2m fox + ¢(z,y) + 7)]

The resolution of this technique increases as the number of images taken increases.
However, one should bare in mind that it is difficult to calibrate and produce these

exact phase shifts and it is time consuming to capture and process multiple images.
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3. EXPERIMENTAL

In this chapter, first of all, details about our optical profilometry setup and the
fringe pattern generation method are introduced. Secondly, used analyses to extract
phase map and height distribution of objects from the deformed fringe patterns are

discussed in depth.

3.1. Fringe Projection with Lloyd’s Mirror Technique at Micron Scale

3.1.1. Setup

Instead of constructing sinusoidal patterns from digital patterns with different
techniques mentioned in the review chapter, nature of interference is employed to obtain
almost perfect and easily generated sinusoidal fringe signals with a fiber optic Lloyd’s
mirror method. Such technique is briefly mentioned in the review chapter and is
the method used in our experimental work here in this theis. Light coming from a
monochromatic coherent source, that is, a HeNe laser with 632.8 nm wavelength, is
coupled into a single mode fiber optic cable by a 3D micro-stage launcher. Then, the
other end of the fiber, which emits the guided waves as a cone of light is placed onto
a flat ordinary mirror. Since the fiber end is very closely placed on the mirror, it acts

like a point source. Such an assembly is basically called fiber optics Lloyd’s mirror.

One would need a smaller fringe spacing to perform micron scale measurements;
therefore, the fringe frequency of the optical pattern is aimed to be increased with this
technique. This can be done with optical elements like lenses but fringe frequency would
not be flexible, which is needed for test objects with different dimensions. Instead of
using and changing lenses to have a suitable fringe pattern frequency, we propose a
method that is simple to apply in Lloyd’s mirror assembly, which relies on the method

of changing the separation between the mirror and the fiber.
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To be able to control the distance between the mirror and the fiber tip, there
is a micrometer stage attached to the fiber chuck that holds the fiber. As in the the
Young’s Double Slit Experiment, changing the separation between the fiber and the
mirror is similar to changing the slit separation. As a result of this change, the fringe
pattern frequency can be varied easily. Then, the resultant pattern is projected on to
a screen which includes a test object. In this way, micron scale measurements with
flexible fringe pattern frequency are accomplished . The fiber optic Lloyd’s mirror
assembly and its modifications, which is used in our experiments, is sketched in Figure

3.1.

Fiber Optic
Cable

Fiber
Chuck

P

Screen

=

Micrometer
Stage

+ Lloyd's
Mirror

Figure 3.1. Modified fiber optic Lloyd’s mirror assembly used in our experiments.

Example images of fringes with and without test objects that have different fre-
quencies recorded using a microscope with a 10x magnification objective lens and a
CCD camera are seen in Figure 3.2. To make the fringes more visible, a white correc-
tion fluid is used as a lacquer and the test object is a single mode fiber optic cable with
partially stripped coating. The fiber has the diameters 245 um and 125 pum with and

without coating respectively. g is the distance between the fiber and the mirror.
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Figure 3.2. Example fringes with and without a test objects in different frequencies.
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As can be seen from Figure 3.2(g) and Figure 3.2(h), it is becoming difficult to
differentiate fringes since the aberrations on the lens become more important as the
frequency of the fringes increases. However, 1D CWT overcomes this problem and can

identify the fringes nearly correct if the sinusoidal shape is preserved.

The whole experimental setup is sketched in Figure 3.3. The detailed, landscape

version of the setup picture is given in Appendix A.

CCD Camera PC

Fiber Optic
__Cable

Micromete

) Stage
Lloyd's

Mirror

Fiber He-Ne
Launcher Laser

Microscope

Figure 3.3. Our experimental setup.

3.1.2. Theory of Lloyd’s Mirror

To extract the exact intensity function in this setup, we look Lloyd’s mirror
closely. As it is noticed from Equation 2.1, we need to find the phase difference A©
of two beams resulting from the path length difference. The construction is similar to
the Young’s double slit experiment as in Figure 3.4 except that a second light source

does not exist in the Lloyd setup.
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XY
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Mirror
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Screen Fiber

Figure 3.4. A close look to the Lloyd’s mirror.

The second source is actually the image of the source in the mirror. To get the
path length difference, we follow the same argument as in the Young’s double slit and
assume that the light that is reflected from the mirror comes from a different source,
which is actually a virtual fiber. For an interference at a point on a screen that is
x apart from the mirror axis and separated by a distance D from the fiber, we can
draw a perpendicular line between the two beams (by assuming they are parallel) that
gives equal paths on the left side and get the path length difference s as in the figure
since d is the distance between the fiber and the virtual fiber and is small compared
to D. Thus, s ~ dsin# is obtained. Since a A difference in path length corresponds
to 27 in phase difference, we multiply s with (27”) Also by using the fact that the
second beam is reflected from a mirror, there is a phase difference of m between the

two beams because of reflection from a denser medium. Since we have similar triangles
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and sin f ~ 6 =~ tan 6 for small 8, we can write the intensity function by adding every

row (y axis) and the height related phase distribution like in [60] as follows

2mdx

o) = o) |14 Vi) cos (55474 0(0) )| (3.1)

The term /\i

5 is approximately equal to the fringe frequency f; while neglecting the

effect of the projection angle. D = 15c¢m, A = 632.8nm . From this term, the distance
between the mirror and the fiber is calculated, which is half of d from the symmetry
and is given for every frequency in Figure 3.2. It is also seen that increasing the
distance d using the micrometer stage in our setup gives us a higher fringe frequency

and consequently smaller fringes.

The last figure, Figure 3.1 and Figure 3.3 are prepared in Inkscape using this
package [61].

3.2. Analysis of Projected Fringe Patterns

Since fringe patterns at micron scale is generated by the modified fiber optic
Lloyd’s mirror technique, it is doable to extract height distribution of test objects at

micron scale.

To do that, firstly, the phase of the deformed fringes is extracted by using 1D
CWT with Morlet Wavelet as the mother wavelet. The phase is wrapped between
—m and 7 due to the nature of the arctangent function so an unwrapping algorithm
is applied. After that, the 27 fy term is removed with a linear and a nonlinear carrier
removal techniques to have a continuous phase map of the test objects. Then, a
calibration technique is applied to relate the phase map of the object to its height

distribution.
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3.2.1. Phase Extraction with 1D CWT Using Morlet Wavelet

In 1D CWT, using morlet wavelet as the mother wavelet in Equation 2.16 is
the most commonly used mother wavelet [62] since it is localized in both position
and frequency spaces. Localization in position and frequency space is accomplished
by gaussian envelope and complex exponential as seen in Equation 3.2 for the morlet

wavelet.
I z2
U(z) =1 1% 2 (3.2)

To satisfy the admissibility condition in Equation 2.19, usually ¢ is chosen 5 or 6 [46].
¢ = 6 is taken in our experiments. Real and imaginary parts of the morlet wavelet

when ¢ is chosen 6 are shown in Figure 3.5 [63].

15 T T T T T T T

------ Real part
—— Imaginary

0.5

w(X)

-0.8

Figure 3.5. Imaginary and real parts of the morlet wavelet [63].

The Fourier transformations of both the intensity and the morlet wavelet function
is used as in Equation 2.25 for faster computing. Fourier transform of the morlet

wavelet is
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By merging the two exponential functions, using the variable change k = 2mrg — ¢ and

completing the square, gives us

And by the variable change of (\%) =t, dv = /2dt, we get

(k) = ﬂ_ie_;g\/ﬁ/oo ef(H%)? dt (3.5)

The integral in Equation 3.7 is equal to /7 for k < 0 by using Cauchy’s theorem [64].
If we put the value of the integral and change the variable k back, we get:

Ug) = mte T VayR (36)
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Arranging the terms give us the same formula as in [37] which is

\ 2T ,(2,,5,0)2
e
Lo

b(g) = (3.7)
The only difference is the 27 term next to the g which comes from the definition of the

Fourier transform.

From the FT analysis in review part, we have the Fourier transform of our inten-

sity function in 1D which is
Ly(b)V(b) _,
1(g) =~ Iy(b)d(g) + —=—2eT2O)5(g — fo) + %e_’(”‘b(b))d(g + fo) (3.8)

We have used the fact that Iy, V and ¢ are very slowly changing functions compared
to 2mx term so that it can be approximated to constants, which are the first terms in

Taylor expansion of them around b since b here is a point in the x axis.

If Equation 3.8 and Equation 3.7 are put into Equation 2.25 and the fact that
@/A)(ag) = 0 when g < 0 is used (automatically terminates the first and the last terms
in Equation 3.8, since the dirac delta function at ¢ = — fy and g = 0 makes zﬂ(ag) Zero
and just g = fy case is left) , the following equation is obtained as our 1D CWT for

one row of the analysed image:

Vo GM Io(D)V(b) £i6(0)

(2w fob+m
W(a,b):\/ae@ f0+)% 5

(3.9)
In the review part, we have mentioned that the phase of the wavelet transform at ridge
points a, is the same as the phase of a row of the intensity signal. So we find the
maximum a, values for every b value (particular column for a pixel) in the 2D array
W(a,b), then the phase of the 1D ridge array W,(a,,b) is obtained using Equation
2.28. This gives us
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Pwr(ar(b>’ b) = CLT’g(WT<(IT(b), b))

= arctan (]m We(ar(6),))

( (3.10)
Re(W,(a,(b),b))

) = 27Tf0b+77'+¢(b)

This is the wrapped phase map of the carrier frequency 27 fy and the height
distribution ¢ together. This analysis is done with the help of a personal computer
firstly by taking the image of the deformed fringe patterns using a microscope and
a CCD camera as shown in our setup in Figure 3.3. Then, the Fourier transform of
every row is taken and put into 1D CWT algorithm in Matlab [65]. The algorithm
uses the Fourier transformed 1D signal given and the Fourier transform of the morlet
wavelet in Equation 3.7 to take the integral of them. After this operation, the 2D
array in Equation 3.9 for a row of the image is acquired. The ridge arrays are found by
looking at the maxima of the modulus of the 2D array like in Equation 2.26 as stated
in [51], then, the positions of the ridges are selected from the phase array in Equation
2.28. After repeating this process for every row of the image, we have the last term in
Equation 3.10, which is a wrapped phase of 27 fox 4+ 7+ ¢(x, y) due to the nature of the
arctangent function. m is eliminated simply by subtraction. An example of a recorded
image with our setup and the extracted wrapped phase using our own Matlab code is
shown in Figure 3.6. The fiber optic cable laid down on a coverslip and correction fluid

is applied to make fringes smooth and visible.

From Figure 3.6(c) and Figure 3.6(d), it is seen that there are 27 jumps between
—7 and 7 in x axis due to the nature of the arctangent function. By using one of the
unwrapping algorithm methods like in [66] or in [67], the continuous distribution of
27 for + ¢(x,y) is obtainable. A code for Matlab can be found here [68] or here [69]
for the corresponding methods respectively. Both of them are used since the last one
is fast but averaging the resultant phase in z axis where as the first one is slow but
giving the actual phase values. By applying one of the unwrapping algorithms to the

wrapped phase in Figure 3.6, the continuous phase map is obtained as in Figure 3.7.
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Figure 3.6. Wrapped phase of a fiber optic cable with thickness of around 245 pm.
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(b) Viewed at azimuth angle —76.5, vertical elevation at —38 degrees.

Figure 3.7. Unwrapped phase of a fiber optic cable with thickness of around 245 pm

viewed from different angles.
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3.2.2. Carrier Frequency Removal

After the continuous phase map is obtained as in Figure 3.7, the carrier 27 f;, has
to be removed to get the object related phase distribution ¢(x,y). Carrier removal of
the previous test object, which is a fiber optic cable with thickness around 245 um is

shown in this subsection.

As mentioned before in the review chapter, there are many techniques for carrier
frequency removal. We shall use both a linear and a nonlinear carrier removal tech-
niques. In linear carrier removal, we assume fy is constant in x and there is not a
nonlinear term dependent on the x coordinate. Thus, a plane fit is done to a portion of
our phase map that does not involve object related phase and the resultant plane with
inclination 27 f; is subtracted from our phase map. By doing this, just a height related
phase is obtained. In nonlinear carrier removal, reference subtraction method is used,
which additinally consists of a separate recording of the flat surface plane on which the
test object is laid down. In this method, whatever term exists in the fringe signal is
subtracted from the phase map and again just height related phase distribution of the
test object is obtained. Both results are compared and it is investigated that whether

the carrier frequency fj is = dependent or not.

For the plane fit method, ax + by + ¢ is used as the fitting function. The fit
in y direction is not necessary but since it fits to the surface plane beneath the test
object, it eliminates possible slope errors in y axis of the microscope stage. Then, the
plane extracted from the fit is extended to the size of the phase map for pixelwise
subtraction. After the subtraction of the fitted plane from the phase map, pure object
phase is obtained. The region used for the plane fit on the image, resultant plane after
fit with its parameters (notice that b is very small) and the object phase map after the

subtraction of the plane from the phase map in Figure 3.7 are shown in Figure 3.8.

For the reference subtraction method, two images are required. One of them is
the same image with the test object on the previous method and the other is an image

recorded without the test object, which is called the reference image. Unwrapped
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(a) Selected flat region for plane fitting. (b) Plane extracted from the fit with paramters

a = 0.1008, b = —0.004947, ¢ = 9.706.
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(c) Object phase map after the subtraction.

Figure 3.8. Carrier removal with plane fitting.
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phase of the two images is extracted with the method mentioned previously. Then,
the unwrapped phase of the reference image is subtracted from the unwrapped phase
of the image with the test object. In this method, any nonlinear term that is not
related with the test object is eliminated. The reference image is recorded by sliding
the coverslip on the microscope stage and capturing a position on it without the test
object. Reference image, its unwrapped phase and the pure object phase is shown in

Figure 3.9.
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(a) Reference image. (b) Unwrapped phase of the reference image.

700

X(pm) 0 1050 Jum)

(c) Object phase map after the subtraction.

Figure 3.9. Carrier removal with reference subtraction.
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At some areas like the edges of the image and at the back of the fiber optic cable,
we see flatter and smoother transitions in the reference subtraction method than the
plane fitting method. The reason behind this is that, the selected region for the plane
fit in Figure 3.8(a) is bent differently than the upper region in the same figure. A
correction fluid is used as a lacquer and it gets thicker on the regions close to the fiber.
As a result of that, while the lower region has an increasing height profile in increasing
y towards the fiber, the upper region has a decreasing height profile away from the
fiber. It is obvious that fitting a region like this and subtracting it from the whole
image cause that region to be flat while making the other regions unreliable. It is seen

with a comparison of the profiles of Figure 3.8(a) and Figure 3.9(a) as in Figure 3.10.
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(b) Profile in reference subtraction method.

Figure 3.10. Comparioson of the fiber phase profiles extracted with the two carrier

removal methods.
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As stated in [52], reference subtraction method is slower since it requires a refer-
ence image additional to the image with a test object. It also doubles the uncertainty
of phase values since it is randomly distributed on the phase values of both images.
Addition or subtraction of them increase the uncertainty. Plane fitting method is more
reliable than the reference subtraction method if there are no nonlinear terms since the
captured reference image may not be the same as the plane under the test object due
to various reasons like having different thickness. However, in our case, eventhough we
do not know whether we have nonlinear terms in our fringes or not, correction fluid
used for fringe visibility make the use of plane fitting method unreliable for us. So it
is continued with the reference subtraction method for carrier removal since correction
fluid is used in our experiments with fibers and to guarantee the removal of the possi-
ble nonlinear terms in our fringe patterns. At the end, its thickness for a correction is

discussed at the end of this chapter.

3.2.3. Phase to Height Conversion

At the end, all that remains is to turn this retrieved phase map of the test object
to a height distribution. The most commonly used method is the triangulation one,

which is depicted in Figure 3.11 [70].

Fringe patterns are made parallel to y axis. If there is no object on the screen,
light coming from the point P falls onto the screen at point B. The image at B is
received at point C’ by the camera. However, if there is an object like the one in the
figure, the light coming from P falls onto the object surface at point E. This point is
captured by the camera at point C. So there will be a fringe shift from B to A in the
presence of an object with height h at that point. This physical shift of distance AB
is equal to the received shift CC” by the camera. The similarity between the triangles

AABE ~ ACPEFE is used to write

A _ ¢cp (3.11)
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Figure 3.11. Triangulation method for phase to height conversion [70].

If EA=h, EC =D —hand CP = L is used, we get

Then, by arranging the terms, the height A is obtained as

,_ ABD
 AB+ L

Extending h and AB at ever point on the surface in = direction gives

Lloyd's Mirror
assembly
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(3.12)

(3.13)

(3.14)

where z(z) is the height h, 6(x) is the shifted distance AB that corresponds to

the object surface at any x point.
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The relation between shifted distance and the phase shift is needed. A wavelength
Ao shift of fringe patterns on the screen is equivalent to a phase shift of 27 and the
shifted distance §(z) is equal to the phase shift of ¢(x). Since they are proportional,

we can write

§(x) = (3.15)

where ¢(x) is the phase difference between the phase of the fringes on the ref-
erence plane and on the object surface. Also )\g is the wavelength of the projected
fringe pattern and is equal to % If we substitute fy and §(z) in Equation 3.15 into
Equation 3.14 by neglecting the d(x) in the denominator since D > d6(x), phase to

height conversion formula is obtained as

o(x,y)D

i I (3.16)

2(z,y) =

Here the axis y is also included in z since the parameters L, D are constants
and as previously mentioned, ¢(x,y) can be extracted for every y pixel by adding

consecutive ¢(x) values.

After phase extraction, the accuracy of the height in Equation 3.16 depends on
the uncertainties of the measurements for the parameters L, D, and fy. In [71], the
fact that % is equal to tan(f) with the previous approximation D > 6(x) is used
to estimate the parameters accurately. Instead of measuring L and D directly, they
use a calibration method that raises the microscope stage step by step with known
increments and find the angle # that minimizes the error of the expected step heights.

Additionally, it is harder to measure L and D in our setup because the camera and the
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Lloyd’s mirror assembly are not aligned in the z axis as seen in Figure 3.3. One needs
to track the position of the camera lens on the level of fiber optic cable and remove
the objective lenses on the microscope to measure D, which can change the parameters

upon remounting.

Instead, since it is known that z(x,y) and ¢(z,y) are related with a constant cqg
as stated in [72], a calibration method is used as in the paper that 6 is optimized, but

to find the constant in front of ¢(x,y) that relates to z(z,y) instead of 6 as in [73].

After the microscope stage is set by using the coarse adjustment knob on one
side of the microscope for the best position ensuring that the flat plane on the stage
is on the focal plane of the 10X objective lens by looking the fringe patterns on the
computer screen, we take some number of images like 16 while increasing the stage with
10 pm steps using the fine adjustment knob that is mounted on the coarse adjustment
knob. The fine adjustment knob has 1 um resolution. Then, five consecutive portions
cropped from selected five images are merged in one image to study the step heights.
Phase extraction of an image constructed by cropped images from five 20 um steps is
shown in Figure 3.12. Image with 0 pm height is used as the reference image. For once,
five images are chosen and used to determine the conversion coefficient, then, the test
objects are measured without a new calibration unless the microscope stage requires
to be moved with the coarse adjustment knob to focus on the new test objects with

different heights.

Since we crop and paste images with different heights, our steps are not contin-
uous. This can cause phase ambiguities. Beyond the height difference that causes =
phase shift, it cannot be differentiated whether we increased the height and shift the
fringes left or decreased it and shift the fringes right. In situ, visual inspection while
increasing the microscope stage slowly, one can determine the height difference in two
images that causes m phase shift by looking at the crests and troughs of the fringe
intensities in both images. If a crest of the fringe intensity in one image is matched
with a trough of the fringe intensity in the other image, this means that the height

difference between the two images corresponds to a phase change of 7 and must not be
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(a) Counstructed image from five images (from top (b) Wrapped phase map of the constructed image.

to bottom cropped images at 0,20,40,60,80 um).
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(c¢) 3D phase map of the constructed steps.

Figure 3.12. Phase extraction of five steps for calibration, consecutively having 20 um

difference between them.
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exceeded when choosing consecutive steps for calibration. In Figure 3.13, we showed
two images with phase difference larger than 7 including respective stage heights of
them and five steps that involve those two images to show the phase ambiguity. For
continuous test objects that have no height jumps between consecutive pixels larger

than this value, we do not have these ambiguities.

200
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800 . =
0 200 400 600 800 0 200 400 600 800
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(a) Stage at 0 um. (b) Stage at 110 um.

z(rad)

1000
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X(pzm)

500

250

0 T \ T 1 \
800 600 400 200 0
y(pm)

(c¢) 3D phase map of steps 0,110,120,140,160 pm in increasing y.

Figure 3.13. Height that starts phase ambiguities.

As seen from the edges of the images, we have approximately phase shift larger
than 7 if images that have a difference of 110 pm is merged one after the other. Since
the wrapped phase is between —7m and 7 and we do not know the fringe ordering

between the two images, a jump larger than 7 in the phase map makes the phase to
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be located at a lower level than the previous value as shown in Figure 3.13(c). Instead
of making second step 110 um higher than the first one, the code makes it around
100 pm lower. The other steps follow the correct differences but are not in the correct

positions due to the previous false phase unwrapping.

There are new articles to solve this problem by determining the fringe order
between two images as in [74]. However, they are not needed either in calibration or
in object measurements since lower step values are enough for calibration and our test

objects are continuous and smooth with the help of correction fluid.

Once the five steps with no phase ambiguities are obtained, the differences be-
tween these steps are analyzed. The data are fit with sums of Heaviside functions as

in Equation 3.17 in Matlab.

z(z,y) = a heaviside(y — i) + b heaviside(y — 21)
(3.17)

+ ¢ heaviside(y — 3i) + d heaviside(y — 4i) + ex + f

where a,b,c and d are the length of the heaviside functions which are consecutive
step sizes and used as free parameters, 7 is a variable that represents the increment in
the y axis that the images cropped with, e is for eliminating the possible small angle
on the microscope stage and f is a constant that determines the intersection on the

y — z plane .

16 images with 10 um steps are captured, and five images with 40 um difference
chosen starting from zero. Due to computational limitations, a portion of the phase
map is used as our raw data to make the fitting. After fitting it with the function
in Equation 3.17, the average of four height differences are taken which are given by

a,b,c and d since the inclination is very small (e is around 0.0006). The reason for
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not taking the weighted average is that height change implemented by moving the
microscope stage does not cause an additional phase error and the sigma for the four
parameters is the same and 0.002 rad. Fitting result is showed in Figure 3.14 where

the raw data are in black and the function fitted to it is colored.

400
300

200
200 100

y(em) X(fem)

Figure 3.14. Fitting to the constructed phase map of 40 um steps for calibration.

The fit parameters and their corresponding sigmas are as follows

a = 1.199 + 0.002 rad b =1.220 + 0.002 rad
¢ =1.161 % 0.002 rad d=1.133 + 0.002 rad (3.18)
e = —0.0006208 + 0.0000110 f = —2.350 £ 0.002 rad

By using the average and the error propagation formula in Equation 3.19, the corre-

sponding phase p and its sigma for a 40 um step are calculated.



48

(a+b+c+d>
p= 4

) 2 /0 270 270 2
ap:\/(a—zaa) +<8_leab) +<3_ZC)UC) +<a—‘20d)

This gives us the phase value and its sigma for 40 um as p = 1.178 £ 0.001 rad. To

(3.19)

find the height corresponding to 1 rad, which is our calibration constant cy, and its
sigma, 40 pum is divided to p and error propagation for division is used as in Equation
3.20. Sigma for 40um is =1 um due to the precision of the fine adjustment knob of

the microscope.

40 pm
Co = <m) ~ 34 ,um/rad

(3.20)

1um \° 40 pm x 0.001 rad\”
o = - ~ 1 d
Teo \/(1.178 md) * ( (1.178 rad)® ) pmra

If the extracted phase map is multiplied with this value, the height distribution

of a test objects is obtained as

2(7,y) = co X ¢(z,y) (3.21)

By doing a constant surface fitting to any step in Figure 3.14, sigma of a radian
is found to be 0.0016 rad. Since cg = 34 + 1 um/rad is known, error on every single
point on the phase map is found by the formula in Equation 3.22, which is extracted

by doing an error propagation to Equation 3.21. ¢(x,y) is in radians.

Osay) = \/(0.0016 rad x 34 p m/rad)’ + (¢p(z,y) x 1 pm/rad)’ (3.22)
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So the longitudinal calibration is done with the method above. The transversal
calibration is easy and done by using a stripped fiber optic cable with thickness 125 +

1 pm. Our field of view is around 1.5 mm? for the rectangle images cropped for analysis.

3.3. Results and Discussions

Height distribution of a 245 + 15 pum [75] fiber optic cable is extracted after all
the procedures above are applied and is shown in Figure 3.15 with its maximum and
minimum profiles. As can be seen from the cross sections, our maximum value is about
two sigma away from the supplied height value of the fiber but minimum value is not
close that enough. The average of the maxima on the all cross sections along the fiber

is calculated and it is 216 pum. This value is 30 um away from the accepted value.
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(a) Captured and cropped image. (b) 3D height distribution of the fiber.
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(¢) Cross section with the minimum height, 194+ (d) Cross section with the maximum height, 231+
6 pm. 7 pm.

Figure 3.15. Height distribution and cross sections of a 245 4+ 15 pm fiber optic cable.
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The reason behind this can be the correction fluid used on the fiber and on the
coverslip. A line of shade can be noticed from the Figure 3.15(a), the correction fluid
is absent on this shaded area, which are the peak points of the fiber, due to a possible
flow with effect of the gravity before it dries and human factors like brushing direction.
Also there is no correction fluid under the fiber because we applied the correction fluid
when the fiber and the coverslip are in contact. Since we use reference subtraction
as the carrier removal, the reference image has thicker correction fluid on its surface
than on the fiber. As a result, we subtract an extra correction fluid thickness from the
height of the fiber while subtracting the reference plane. So we should measure the
average thickness of a layer of the correction fluid to be able to deduce whether this

30 pum difference is coming from this effect of the correction fluid or not.

To do this, correction fluid on a large area on a coverslip is applied. After waiting
some time to dry it, another layer of correction fluid is applied on the half of the
previously applied correction fluid. As a result, we have a step of one layer of correction
fluid. The thickness of this step is studied using the same methods we have mentioned

so far. The 3D height distribution and a cross section is given in Figure 3.16.

25
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(a) Height distribution of the correction fluid lay- (b) Crossection of the layers.

ers.

Figure 3.16. Height distribution and a cross section of the correction fluid layers.

The thickness of the step is around 15 um but there are fluctuations from 5 um to

20 pwm which is around 15 gm. This layer thickness changes depending on effects like the
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used brush and pressure of application and so on. As in [76], industrial primer coating
has a thickness around 25.4 um per coating layer, which has a similar ingredients as
the correction fluid. This is enough to see the gap between our measurements and
the expected value. However, additionally, it is better to look for the thickness of
a correction tape since it will have less fluctuations and is more reliable than the

correction fluid. It will not be affected by the brush type or human factors.

We use the same procedure as in the correction fluid but not on a coverslip since
correction tape cannot stick to a coverslip and slides over it. One layer is applied on a
flat, hard sheet of cardboard parallel to the y axis, then another layer of tape is applied
vertically that is crossing the other tape in x axis. Than the transition from one lay
to the other is studied. The height distribution and a cross section is given in Figure

3.17.

X w
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(a) Height distribution of the correction tape lay- (b) Crossection of the layers.

Cers.
Figure 3.17. Height distribution and a cross section of the correction tape layers.

Separate analysis of the two layers shows that they have a difference of 24+2 um.

This is close to what is expected from our previous analysis and the online search.

For the measurement of a 170£10 pm fiber optic cable, the effect of the correction
fluid is also proved as before since the right side of the fiber has nearly no correction
fluid at its peak points and this is seen as a shade of line on that area as in Figure

3.18(a) whereas the left side of it has no shaded areas on its peak. Captured image, the
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height distribution and the cross sections from the left | heighest point and the right,
lowest point is shown in Figure 3.18. The results are 160+5 pm for the minimum value
at the left side and 191+6 pm for the maximum value at the right side. Consulting the
given error for the fiber, our errors and the correction fluid thicknes and its fluctuation,

our measurements are seemed to be in the desired range.
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(a) Captured and cropped image. (b) 3D height distribution of the fiber.
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Figure 3.18. Height distribution and cross sections of a 170 4+ 10 pm fiber optic cable.

The fiber with the thickness of 245415 um has a coating around it for protection.
There is cladding beneath the coating. If it is stripped with a fiber stripping-tool, the
cladding has the diameter of 125 + 1 um. Since it is centered on the same axis with
the coating, our measurements give us sum of the thicknesses of the cladding diameter
and the difference between the radius of the coating and the radius of the cladding,

185 + 5 pum as sketched in Figure 3.19, using the error propagation for summation.

Captured image, height distribution and the cross sections for coating and cladding

for the partially stripped fiber is illustrated in Figure 3.20.
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Figure 3.19. Measured thickness of a stripped fiber with 245 pum coating and 125 um
cladding.
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(a) Captured and cropped image. (b) 3D height distribution of the stripped fiber.
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Figure 3.20. Height distribution and cross sections of a partially stripped fiber optic
cable which has 245 £ 15 pum coating and 125 £ 1 um cladding.
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These result also suffer the errors resulted from the correction fluid thickness since
the lack of the correction fluid again is seen on the peaks of both parts of the fiber
verifed by the shaded line in Figure 3.20(a). It is seen that the lowering effect caused
by the absence of correction fluid on the coating is canceled, raised by the +15 um
fluctuation on the thickness of the coating itself. This coincidence gives the results
that both minimum, 234 + 7 um, and maximum,246 4+ 7 pm, measurements are on the
order of one sigma away from the expected value 245 ym. However, since the diameter
and the uncertainty of the cladding is 125 +£ 1 um, the lowering effect resulted from
the lack of correction fluid is evident. The expected value is 185 + 5 um as stated
before but the minimum and the maximum values are 162 + 5 pum and 182 £ 5 um
respectively. The maximum value for the stripped part of the fiber is in the coordinate
x = 341 pm where it is seen that there is no shaded are on the fringe line and the
correction fluid is applied correctly whereas 162 + 5 p is measured from the shaded
part and is around 20 pum away from the expected value. All the fiber specs in this

thesis are taken from [75].

Other than experiments with fiber optic cables that require correction fluid or
a lacquer for smooth transitions between the reference plane and the edge of them,
measurements are also taken for objects like one Turkish lira that does not require any
lacquer on it. Studied patterns at the back side of the coin are encircled in red in

Figure 3.21.

Figure 3.21. Selected regions on a one Turkish lira to study the height distributions.
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Captured and cropped image, the height distribution and profiles of cross sections
of the letter C and the disk patterns on the coin are in Figure 3.22 and Figure 3.23

respectively. It is in agreement with the results of the coin measurements here [77].

100
50

B 0
W 0 250
0 100 ZD 300 400 500 600 . 700 800 -50
x(pem) 800
’ %00 400 559 7 1000 y(um)
X(um)
(a) Captured and cropped image. (b) 3D height distribution of the letter C.
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(c) Profile of a cross section at z = 445 pm. (d) Profile of a cross section at x = 622 um.

Figure 3.22. Height distribution and profiles of cross sections of the letter C on a one

Turkish lira.

It is also seen from Figure 3.23(c) that we have a deviation on the order of 5 um,
as measured before, for the flat surface of the disk pattern. Also the captured image
and the height distribution of letter H are given in Figure 3.24. We cropped and
eliminate some of the discontinuities at the edges of the letters since there is no lacquer

used to correct them as in the fiber measurements.
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(b) 3D height distribution of the disk pattern.
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(c) Profile of a cross section at x = 356 um.

Figure 3.23. Height distribution and a crossection profile of the disk pattern on a one
Turkish lira.
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(a) Captured and cropped image. (b) 3D height distribution of the letter H.

Figure 3.24. Height distribution of the letter H on a one Turkish lira.

Images taken in this thesis are captured with Optronis Cr600x2 CCD camera at
1280x 1024 resolution, and analysed using Matlab 2015a. Figures without citations are
either produced by the Matlab or drawn using Inkscape with the help of Clipart and

Component library [61].
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4. CONCLUSION

It is shown that a simple modification on the Lloyd’s mirror assembly achives
height distribution extraction at micron scale without using any optical element for the
fringe projection except a micrometer stage and a microscope for image acquisition. In
this setup, also the fringe frequency is easily controllable using the micrometer stage

and adjusting the separation between the mirror and the fiber.

For the analysis, it is concluded that 1D CWT with using morlet wavelet as the
mother wavelet is sufficient to use the power of the wavelet transform for different ob-
jects with different height distributions. Also it is proven that the reference subtraction
is more reliable than the plane fitting method when flat fringes, which are not affected
by the test objects, are not present on a region in the captured image of the test object.
If it is difficult to use the method of triangulation for phase to height conversion, a
simple approach for the conversion and a calibration technique is proven to be suitable

for the desired objective.

Our measurements show that we have a standard deviation on the order of 5 um.
However, while the objects are measured with 5 pm precision, the fiber measurements
are not very accurate due to the correction fluid thickness. Since we are at micron
scale, its thickness affects the accuracy of our measurements. By looking at the errors
and the smoothness of the shapes of the objects, it is regarded as accurate if the effect
of the correction fluid is eliminated which is on the order of 20 um. This effect can
be eliminated with the use of a standard lacquer that has a good precision at micron
scale thickness. The 5 um error can also be lowered by using a more sensitive stage, for
example, using a nanopositioning stage rather than using a microscope stage. Along
with these improvements for a future work, a telecentric lens with higher field of view
can be used to cover wider areas and to prevent loss of focus in some regions on the

field of view.
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Additionally, since using the micrometer stage on the microscope has negligible
effect on the fringe frequency, it can be used as a tool for phase shifting profilometry
like in Mirau interferometer. Then it would be possible to combine the phase maps for

both wavelet transform and the phase shifting profilometry for better results.
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APPENDIX A: SETUP

The experimental setup in Figure 3.3 is shown in detail on the following page.
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