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ABSTRACT

3D OPTICAL PROFILOMETRY USING FIBER OPTICS

LLOYD′S MIRROR METHOD

A fiber optic Lloyd’s mirror assembly is investigated to obtain various optical

interference patterns for the detection of three-dimensional shapes of rigid bodies. Two

types of the fiber optic Lloyds systems are used in this work. The first one consists

of a single mode optical fiber and a highly reflecting flat mirror to produce bright and

dark strips. The second one is constructed by locating a single mode optical fiber

in a v-groove, which is formed by two orthogonal flat mirrors to allow the genera-

tion of square type interference patterns for the desired applications. The structured

light patterns formed by these two fiber optic Lloyds techniques are projected onto

three-dimensional objects. Fringe patterns are deformed due to the object′s surface

topographies, which are captured by a digital CCD camera and are processed with the

following signal processing techniques to accomplish their three-dimensional surface

topographic maps: Fourier Transform Profilometry, Phase Stepping Profilometry, and

Continuous Wavelet Transform Profilometry. The method is developed for extracting

3D height distribution of various objects at the micron scale with a resolution of 5

µm by elegantly interrogating the first fiber optic assembly to an optical microscope

and a CCD camera. It is demonstrated that the proposed technique is quite suitable

and practical to produce a structured light pattern with an adjustable frequency. By

increasing the distance between the fiber and the mirror with a micrometer stage in

the Lloyd′s mirror assembly, the separation between the two bright fringes is lowered

down to the micron scale without using any additional elements as part of the opti-

cal projection unit. The phase analysis of the acquired image is carried out by One

Dimensional Continuous Wavelet Transform.
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ÖZET

FİBER OPTİK LLOYD AYNASI YÖNTEMİNİ

KULLANARAK 3-D OPTİK PROFİLOMETRE YAPIMI

Fiber optik Llyod ayna düzeneği, çeşitli optik girişim desenleri elde edilerek

katı cisimlerin üç boyutlu şekillerini belirlemek için incelenmiştir. Bu çalışmada iki

tür fiber optik Lloyd sistemi kullanılmaktadır. Birincisi, aydınlık-karanlık şeritler

üretmek için tek-modlu bir optik fiber ve yüksek oranda yansıtıcı bir düzlem aynadan

oluşmaktadır. İkincisi, istenilen uygulamalarda kare girişim deseni oluşumuna olanak

sağlamak için, birbirine dik iki aynanın oluşturduğu v-oluk içine tek modlu optik fiberin

yerleştirilmesi ile oluşturulur. İki tip fiber optik Lloyd tekniği ile elde edilmiş ışık desen-

leri üç boyutlu cisimlerin üzerine yansıtılır. Nesnelerin yüzey topografyaları dolayısıyla

biçimleri bozulan saçak desenleri dijital bir CCD kamera tarafından yakalanırlar ve üç

boyutlu topografik yüzey haritalarını çıkarmak için aşağıdaki sinyal işleme teknikleriyle

işlenirler: Fourier Dönüşüm Profilometresi, Faz Adım Profilometresi ve Sürekli Dal-

gacık Dönüşüm Profilometresi. Bir optik mikroskop ve CCD kameraya hassas bir

şekilde dahil edilen birinci optik fiber düzeneği, mikron ölçeğindeki çeşitli nesnelerin

3 boyutlu yükseklik dağılımını 5 µm’lik bir çözünürlükle elde etmek için geliştirildi.

Önerilen tekniğin, ayarlanabilir bir frekansta yapılandırılmış ışık deseni üretmek için

oldukça elverişli ve pratik olduğu gösterilmiştir. Lloyd aynasına bağlı mikrometreyi

ayarlamak suretiyle fiber ve ayna arasındaki mesafeyi artırılarak, iki parlak saçak

arasındaki uzaklık, projeksiyon ünitesinde herhangi bir ek parça kullanılmadan mikron

ölçeğine indirilebilir. Elde edilen görüntünün faz analizi, Tek Boyutlu Sürekli Dalgacık

Dönüşümü ile gerçekleştirilir.
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1. INTRODUCTION

A structured light pattern, which is based on interference phenomenon, occurs

due the wave nature of the photons. Making use of the fringe projection in the 3D

optical profilometry is one of the leading applications of the interference of light waves.

This powerful properity of light is employed in various applications in many diverse

fields such as industrial manufacturing and surface quality-control [1–3], human body

monitoring [4], intra dental applications [5, 6], micro design of mechanical devices [7],

micro fluidics [8], face recognition [9], non-invasive examination of surface profile mea-

surements [10] etc. Nowadays, taking the advantage of the advanced CCD cameras,

suitable light sources together with an efficient hardware, one can easily achieve lead-

ing methods for 3D surface topographic measurements with a fairly high resolution.

A reliable, robust, noise-free and high-quality fringe projection enables much sensitive

and high resolution 3D profile of target objects. There are many kind of optical surface

profilometers, which use fringe projection technique such as single-mode fiber optic di-

rectional couplers [11–13], multi-core fibers [14], uniaxial system combined with a single

imaging fiber [15], fringe pattern projected via DMD (digital micro mirror device) [16]

etc.

Eventhough, most of the fringe projection methods provide very high precision,

some of the techniques are restricted by their own system parameters. Consequently,

many optical arrangements suffer from their own drawbacks, which limit the robustness,

stability and the resolution of the fringe patterns. The importance of a well-designed

fringe projection method is that it can reduce inevitable sources of errors that may

reduce the efficiency of the fiber optic systems in the first step. Mentioned systems

may be affected easily by some instabilities in the ambient temperature, vibrations, air

turbulence etc. These factors can have unwanted shifts in the constructed light pat-

tern, causing blurry areas or poor fringe visibilities. For example, vibrations with small

amplitudes may easily change the position of the arms of a fiber directional coupler and

may also introduce an unwanted phase difference between the light beams propagating

in the cores of a multicore optical fiber. In other words, shrinkage or expansion in



2

the couplers’ arms or in the fiber cores due to temperature or vibration fluctuations

is an inevitable problem for optical directional couplers and multicore fiber-based pro-

filometric applications. As a consequence, nondiscrete and low-quality fringes decrease

the resolution of the system, which subsequently increases the error in the results.

Additional measures such as interrogating polarization controllers and piezo elements

are needed for a directional coupler to eliminate these disturbing factors and to fix the

projected fringe pattern during the image capturing process. A multicore fiber may not

require any special polarization controllers or other equipment for precise alignment of

the fiber cores; however, a fixed core-to-core separation limits the practicality of such

a device.

A fringe projection method, which is reliable, cost-effective and easily adjusted

for different scale size of the target objects, is required for an efficient and successful

construction of a 3D optical profilometry. In this context, our research focus on the

generation and optimization of a fringe pattern method that can meet all these re-

quirements. A setup with mentioned features will provide convenience to the user to

investigate optical surface topography of various samples, without too much effort in

adjusting the whole configuration of the setup.

In this thesis, a novel fringe projection technique is introduced, which is named

as fiber optics Lloyd′s mirror assembly, together with its applications to the 3D optical

surface profilometry for various objects from micron to millimeter scale. Fiber optic

Lloyd′s mirror fringe projection system is almost immune to any temperature fluctua-

tions and vibrations. It is a well-described and easy technique for obtaining high-quality

interference fringes. It is much more practical and more cost-effective when compared

to other fringe projection systems. It also obtains various structured light patterns

such as bright-dark strips through the adjustment of a single-mode optical fiber and

an ordinary flat mirror. Bright-dark squares are obtained using a single-mode optical

fiber with an orthogonally oriented double-mirror assembly. The author anticipates

that using a fiber optic Lloyd′s mirror assembly makes the interferometric system even

more compact, more stable, and much simpler than using the structured light pattern

systems previously employed in optical surface topography applications.
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Three very-well known methods of the optical profilometry studies are imple-

mented here in our work. For the first time the fiber optical Lloyd′s mirror assembly is

combined with these techniques and for each method discrete setups are built. The en-

tire work is divided into three main application sections and the following subheadings

first introduce Lloyd′s mirror assembly and then its three applications of the optical pro-

filometry. Fourier Transform Profilometry (FTP), Phase Stepping Profilometry (PSP)

and Continuous Wavelet Transform Profilometry (CWT) methods are aforementioned

surface topography analysis techniques introduced for optical profilometry applications

and they are used to extract the phase map of the deformed fringes. In all techniques,

surface profiles are measured and compared with the real height distributions.

The 3D optical profilometry using fiber optic Lloyd′s mirror fringe interference

is proposed in this thesis and the interference from the Lloyd′s mirror is explained

in detail. In all three setups, this mirror assembly is used and experimental setup

sketches show that the relative position of the mirror and the fiber due to the optical

table axis may be different in each setup. An additional reference image is taken for

every object image because of the obligation of the removal of the carrier frequency

term from the total phase. Before each measurement, in every discrete setup, system

calibration is done. Apart from others, this calibration is achieved for CWT technique

by capturing a set of fringe pattern projected on the plane screen and then, the phase

to height convertion is done. The real dimensions of the objects are measured precisely

before the experiments. For Fourier transform (FT) and Continuous wavelet transform

(CWT) methods, object and reference images are captured one by one, while in Phase

stepping (PSP) fringes are shifted on the target object five times. After all shifting

is achieved three sequential frames are chosen for processing. Different preprocessing

methods are applied to captured images in each method due to the requirement of the

images and the chosen unwrapping algorithm. Since the basic course of the technique

is quite similar, a short list of general methodology is summarized as follows:

• The number of fringes projected on the whole surface of the target object are

adjusted. The fringe width is taken small enough to enhance the distortions of

the fringes due to the surface topography.
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• Good quality frames of the deformed fringes are captured by a CCD camera.

The sparkles and dark areas on the deformed fringe patterns always cause errors

in phase unwrapping. The best way to minimize the problems in the phase

extraction is to capture object images without any glare or shadows on the whole

frame.

• Successful implementation of the three algorithms (FTP, PSP and CWT) are

achieved. Suitable phase unwrapping algorithm for each method is carried out.

A different phase unwrapping algorithm is used for each method and the rele-

vant information about the unwrapping algorithms is introduced in each chapter

individually.

• A phase (in radians) to height (in meters) conversion is done to extract a true

3D surface map of the objects. Such conversion is done theoretically by the FTP

and PSP algorithms and is implemented experimentally by the CWT method.

Our research objectives can be listed as follows:

• The primary objective of the research is to achieve a reliable and robust fringe

projection system and experiment its applicability by combining it with different

optical profilometry techniques.

• It is important to know what kind of and what size of target objects can be

measured using the optical profilometric system. So it is important to check

various topography of samples in different sizes.

• The visibility limit of the fringes is important for a true description of the fringe

projection so we aim to examine the visibility and the resolution of the projected

patterns.



5

The experimental results show us that the suggested fringe projection technique

can be a promising method for optical profilometry and surface topography applica-

tions. Fiber optic Lloyd′s mirror proves itself in nano and micro-lithography appli-

cations as a comparable option for surface patterning. Now, we aim to present its

applicability and compatibility as 3D optical profilometry techniques. The layout of

the thesis is given below:

• Chapter 2 is a Review part that covers a broad list of the applications of the

optical and digital fringe projection techniques and a short introduction about

the theory of interference of light beams and generation of the fringes.

• Chapter 3, The Theory of the Lloyd′s Mirrors, covers the theory of the Lloyd′s

mirror and our fiber optics Lloyd′s, including one and two mirror configurations.

The general information about the phase unwrapping and phase extraction meth-

ods are given in here. Finally, the carrier removal method is explained in detail.

• Chapter 4 is about the FTP method and it explains the theory, experimental

setup and results of the Fourier Transform Optical Profilometry using Lloyd′s

mirrors.

• Chapter 5 is about the PSP technique and it explains the theory, experimen-

tal setup and results of the Phase Stepping Optical Profilometry using Lloyd′s

mirrors.

• Chapter 6 is about the CWT technique and it explains the theory, experimental

setup and results of the Continuous Wavelet Transform Optical Profilometry

using Lloyd′s mirrors.

• Chapter 7 is the Conclusion and it summarizes all the work done in this research

and offers a global discussion of this fringe projection technique applied in opti-

cal profilometry with an emphasis on its advantages and limitations. Potential
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directions of further investigations and predicted developments are also discussed.
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2. REVIEW

2.1. Applications of the Fringe Projection

Many diverse disciplines use fringe projection techniques as a valuable and reliable

methodology in their research. Dimensions of the projection area of the fringe pattern

may depend on the aim of the research and it can vary from nanometers or micrometers

to the range of a few meters. Besides a vast number of applications of fringe projection

methods, which are gathered under optical surface topography, lots of research papers

in other fields present various application methods for fringe projection techniques. A

list of research papers is introduced here to cover optical and digital fringe projection

methods and its aim is to give an overall view of the applicability and the importance

of fringe projection methods for various research fields. Fringe projection methods

find themselves a large number of application areas in biomedical and health science

such as 3D oral intra dental measurements [17–19], human body shape measurements

and quick diagnosis and monitoring of scoliosis [20,21], face recognition techniques [22,

23],cosmetology applications and human skin topography [24,25] etc. Fringe projection

based topography applications are done with a high precision in recent years and the

technique shows its great potential in the field of the biological tissues and bioscience

[26]. Besides biomedical research, micro and nano device application procedures also

benefit from fringe projection methods for measurements of the precise topography

of MEMS (micro-electromechanical systems) and chip design [27]. Fringe projection

techniques do not just measure the topography of the target surface, they are also being

considered as a means to form and shape a surface in nano and micro-scale using nano-

lithographic techniques [28–30]. Surface topography measurements do not study only

static and stable target surfaces, but also simultaneous measurements of replacement

of rigid objects can be done easily using fringe projection methods and the 3-D surface

topography of these targets can be constructed very fast and precisely [31, 32]. Using

fringe projection on dynamic or static surfaces support 3-D topography measurements

for machine design and vision such as the industrial inspection, and prototyping [33,34].

Optical topographic methods based on the fringe projection can easily be implemented
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in the research of free surface dynamics of liquids. A similar setup to rigid body shape

measurements can be constructed by projecting fringes onto a vortex shape in a liquid

[35] and further studies show that fringe projection techniques enable single-shot global

measurements of free-surface deformations of the water waves [36]. As it is mentioned

above, fringe projection techniques used in surface topography measurements are not

restricted by dimensions. Thanks to the most applications that the fringes are projected

by digital projectors, even 1.1 × 1.8 m2 actual projection surfaces are possible for

measuring free-surface variations in time [37].

2.2. 3D Optical Imaging Techniques

All the fringe projection applications which have been introduced in the above

section are listed due to their applicabilities and the aim of the research in interest.

Our main consideration is about the three dimensional optical profilometry of targeted

objects, therefore we can restrict the fringe projection applications into 3D shape mea-

surement techniques. Fringe projection methods are one of the leading branches of 3D

imaging methods. Because of the remarkable variety of 3D optical techniques, their

classification is not unique. Sansoni et al. presented a table of classification of 3D

imaging techniques in Figure 2.1 [38]. In the following part, some of these techniques

are chosen and are briefly explained one by one by including recent research papers.

Figure 2.1. Classification of 3D Imaging Techniques [38].
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Time of flight method depends on the direct measurement of a laser or light

pulse’s flight time. Measurement is done by measuring a reference pulse which is

passed through an optical fiber and then a second pulse which is reflected by the

object surface. The variation between these two measurements gives the required

information about the topography of the target and then the time data are converted

to distance [39]. Point by point surface height description is gained by this method

with a typical resolution of a millimeter. Using a laser diode with subpicosecond laser

pulses, even submillimeter resolution is achievable.

Laser triangulation method is founded on the measurement of the view angle of a

laser beam spot which is projected onto the object surface. The light beam distribution

reflected from the object surface is analyzed and a CCD camera detects the pixel. The

laser spot’s position on the object surface and the position of the laser spot on CCD

sensor are related to each other. In Figure 2.2, when the object is moved from position

1’ to position 2’, then a displacement of ds will occur on the CCD camera. Θ is the

triangulation angle. Laser triangulation methods are point-based techniques and they

are capable of sub-micron scale resolution [40]. Some inevitable effects can influence the

measurements and reduce the resolution such as surface reflection, shadowing effects,

disturbances of the laser beam at the edges of the target in concern, the diffusion and

the absorption of the light beam.

Figure 2.2. Sketch of Laser Triangulation System [40].
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Photogrammetry uses a stereo technique to measure 3D shape of objects. The

target surface of the object must include some bright retroreflective painted dots. Ba-

sic steps of the procedure include accurate camera calibration and orientation, im-

age point measurements, 3D point cloud generation, surface generation and texture

mapping. Some commercially available packages are used for complete scene model-

ing or sensor calibration and orientation. 3D reconstruction depends on the bundle

adjustment method and it is analytically calculated using a geometric model, which

holds the central perspective and the orientation of the bundles of light rays in a pho-

togrammetric relationship [38,41,42]. One of the recent studies about prosthetics and

orthotics surface measurements show that the photogrammetry techniques have some

leading advantages over conventional laser scanning methods such as lower cost, com-

pact and easy-to-use hardware, satisfactory measurement accuracy, and significantly

shorter measurement time. Scale Invariant Feature Transform (SIFT) algorithm trans-

forms image data into scale-invariant coordinates relative to local features and extracts

more than 10.000 feature points from a pair of images. The accuracy of the 3D mea-

surement technique is about 0.05 mm with very short measurement time (less than 1

min) [43].

Figure 2.3. Photogrammetry of the picture sequence [43].
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Another bright application is demonstrated in a recent study (Liu et al., 2015). In

that work, they achieved accurately and efficiently reconstructing a continuous surface

from noisy point clouds captured by a 3D surface photogrammetry system (VisionRT).

Using human bodies as the target surface, the introduced method can reconstruct

successfully all patient topography and fill the regions of where raw point coordinate

readings are missing. The reconstructed surface results of the human chest area and

its CT scan results are compared and they present very similar mean curvature dis-

tributions. The proposed method offers submillimeter reconstruction accuracy under

different configurations and presents a promising technique for radiotherapy applica-

tions to investigate local structural properties despite the presence of noise and missing

measurements [44].

Stereo vision technique includes the following processing steps : image acquisition,

camera modeling, feature extractions, correspondence analysis and triangulation. It

does not require any specific light sources or special projections. The main principle

depends on the capturing of the same frame by two or more cameras from different

angles, simultaneously. The technique benefits from its simplicity and low cost, but

it has some prominent problems about the identification of the common points of the

image pairs. A recent study presents a flexible dynamic measurement method of three-

dimensional surface profilometry which is based on multiple vision sensors [45].

Moiré technique evolved itself from low-sensitivity geometric Moiré to powerful

and high capability of Moiré interferometry using the developing technology. An evo-

lution of Moiré patterns and interferometry applications can be found in [46]. Basic

description of Moiré pattern is that it is produced by two identical straight-line grat-

ings rotated by a small angle relative to each other. If the gratings are not straight

line gratings, the outcome lines are not equally spaced fringes [47]. Figure 2.4 shows

some produced Moiré patterns and its variation due to tilting angle.
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Figure 2.4. Moiré patterns caused by two straight-line gratings with (1) the same

pitch tilted with respect to one another, (2) different frequencies and no tilt, and (3)

different frequencies tilted with respect to one another [47].

The Moiré interferometry is based on two-beam interference. Two beams of

light which are mutually coherent illuminate a diffraction grating which is produced

on a flat surface of a specimen. The light beams are diffracted from this surface

and the first diffraction order of one and minus one produce an interference, which is

captured by a camera. Two-beam Moiré interferometer is sketched in Figure 2.5. The

working principle of Moiré interferometer is defined as follows: First of all, the system

is arranged to make the number of fringes zero (the fringe pattern is so-called null

field) and then a load is applied, specimen deforms and hence the surface grating is

deformed. By this method, the information about the deformation of displacement on

a flat surface of a specimen can be gained. A review study explains two-, three- and

four- beam Moiré interferometers in detail in Ref. [48]. Various methods are developed

such as the snapshot or the multiple image Moiré systems for reducing environmental

perturbations, increasing image acquisition speed, and utilizing phase shift methods to

analyze the fringe pattern. Phase shifting Moiré method has capability of measuring 1

mm to 50 cm measurement range with resolution of 1/10 to 1/100 of a fringe [42,49].
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Figure 2.5. Basic Moiré Interferometry [49].

Interferometric methods require such an optical arrangement that two or more

light beams, which are derived from the same light source, travel along different paths

and construct an interference. The light sensor detects or a CCD camera captures this

interference pattern, which carries the object height description in it. Interferometric

methods can be classified according to the number of the wavelengths working in the

system such as single, double or multi-wavelength systems. Due to the number of the

light beams, systems have specific measurement ranges and their own mechanisms. For

two-beam interference, one beam is called as the reference and the other one is called

the reflected beam from a target surface so that an optical path difference is occurred

between each other. φ1 and φ2 are defined as the phases of the two beams and their

amplitudes are a1 and a2 at a given point, respectively. Φ = φ1−φ2 is the difference of

the phase due to the optical path difference. This phase difference is directly related

to the displacement field at the target surface and it is determined by the optical con-

figuration of the setup. The Michelson, the Mach–Zehnder, the Sagnac and the Fizeau

are best known two-beam interferometers while the Fabry–Perot is a leading multi-

beam interferometer. Paragraphs below explain some leading interferometry methods

in short and give some examples from the recent studies in the literature.
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In Michelson Interferometry, the light beam is split and then is recombined again

at the beamsplitter(BS). A diagram of the setup is given in Figure 2.7. After a light

beam is split by a beam splitter into two parts, these beams follow different paths. After

traveling different paths at different times, these two beams are brought together and

interfere with each other. In Figure 2.7 beam splitter (50:50) splits light into mutually

coherent two beams and one of these is transmitted onto the mirror M1 while the other

part is reflected by the fixed mirror M2. Compensating plate is used to equalize the

optical paths of the two beams. A mutual image of M2 mirror appears as M2′ because

of the reflection at the beam splitter and the interference of the beams can be observed

on the screen. The separation between M1 and M2′ and the nature of the light source

adjust the interference pattern [50].

Figure 2.6. The Michelson Interferometry [50].

In recent studies, researchers aim to combine different surface profilometry tech-

niques to enhance the resolution of the setup while decreasing the total cost of the

optical system. Lai and Hsu demonstrated the Michelson Interferometry system com-

bined with the Mach-Zehnder Interferometry. Total system has a wide-field imaging in

millimeter range while an axial resolution within ± 5nm without any special prepara-

tion of the sample or any protection of it. Setup consists of a piezo-electric transducer
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as an optical delay component on the reference arm of the Michelson interferometry.

A two-axis translational stage is synchronized with the piezo electric transducer for

2D lateral scanning and the sample is attached to the stage. The surface height of a

point is extracted by subtraction of the phases of the two interference signals, which

are detected by two photodetectors. The mathematical derivation of the phase and the

further details can be found in Ref. [51]. Figure 2.7 illustrates the composite interfer-

ometer where dark gray-colored arms are referred to the Mach-Zehnder interferometer

while light-gray-colored arms belong to the Michelson interferometer.

Figure 2.7. Schematic of the Composite Interferometer [51].

The Mach-Zehnder Interferometer uses a beam splitter to split the light beam into

two beams and then a second beam splitter recombines them together. The spacing

of the fringes is adjusted by changing the angle between the beams emerging from the

interferometer. One of the valuable features of the Mach-Zehnder interferometer is

that the two paths of the light are separated widely and are transversed only one time.

Also the regions of localization of fringes on the test object can be arranged in a way

that an extended source of high intensity can be used [50].
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Figure 2.8. Schematic of the Mach-Zehnder Interferometry [50].

Sagnac Interferometer consists of two beams, which follow the same path in the

opposite directions. Common path interferometers are less problematic about the

external vibrations and the air currents, that is, they can support a much stable fringe

pattern. Owing to the similar optical paths in the Sagnac interferometer, a white light

source can produce an interference pattern easily. The Sagnac interferometer types are

illustrated in Figure 2.9. The interferometer may have an even number of reflections

in each path (see Figure 2.9a) or an odd number of reflections in each path (see Figure

2.9b). One important point is that the Sagnac interferometer with the odd number of

reflections can not be called as a common- path of interferometer because these kind of

wavefronts are laterally inverted to each other on some parts of the optical path. Fiber

Sagnac interferometers are generally used for rotational sensing applications. A surface

profile application of a phase shifting laser diode Sagnac interferometry is introduced in

Ref. [52]. Between p and s polarized beams, an unbalanced optical path is introduced

to achieve phase-shifting. The study compares Sagnac interferometry with Twyman-

Green interferometry to confirm the robustness of the optical setup.



17

Figure 2.9. Two general forms of Sagnac Interferometry [50].

The Fizeau Interferometer uses an air gap between reference and the target flats

so the light reflected from these two flats construct interference pattern. Fizeau in-

terferometer is commonly used for testing surface shapes, flatness and parallelism of

optical components. A commercial laser phase-shifting Fizeau interferometer with a

tunable laser system is given in Figure 2.11. The schematic shows the reference flats

and the target object. Four different frequency patterns are generated by the reflec-

tions from four surfaces, which are named as transmission at S1, plate front surface S2,

plate back surface S3, and reference surface S4. Finally, each fringe pattern is analyzed

by a software program and then the surface information from the optical flat is gained

with an uncertanity in the measurement of 15 nm [53]. A multi-beam Fizeau-Tolansky

interferometry setup is illustrated in Ref. [54] which is based on an automatic fringe

thinning process and measures a calibrated step height of (27.00 ± 3.00 nm).

Figure 2.10. A commercial laser Fizeau Interferometry [53].
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Two parallel slightly wedged mirrors with highly reflective (R> 0.95) semi trans-

parent surfaces are placed opposing in the Fabry-Perot Interferometer. The outer

surfaces are curved to make small angles with the inner surfaces. These two surfaces

are separated by a distance d and filled with a medium with reflective index n. It is

called the Fabry-Perot ethalon if the spacing between surfaces are fixed and in this case,

each wavelength produces a system of rings centered on the normal to the surfaces.

Confocal-Fabry-Perot interferometry is achieved using two spherical mirrors whose sep-

aration is equal to their radius of curvature r. Confocal Fabry-Perot interferometers

exceed the limitation that is related to the size of the input and output apertures while

the plane mirror configurations have to face with it. Figure 2.11 shows a confocal

Fabry-Perot interferometry where an input beam transverses four times between mir-

rors before it emerges from its original path. A uniform field is achieved because the

optical path difference does not depend on the angle of the incidence. A recent study

introduces an innovative laser profilometer using a Fabry-Perot etalon and an objec-

tive [55]. The experimental setup has a sensitivity, vertical resolution, and stability of

1.62 µm, 2.2 nm, and 6.6 nm, respectively.

Figure 2.11. The Confocal Fabry-Perot Interferometry [50].

The most basic fringe projection system consists of a projection unit, an image ac-

quisition unit and a processing or analysis unit. In general terms, the fringe projection

technique depends on the phase information, which is extracted from the deformation

of the projected fringes on the target surface. Due to the surface profile of the target

(it may be rigid or soft or even liquid surface), the phase map of the deformation can

be calculated by the fringe analysis. Studies about the fringe projection techniques

generally focus on two main subtitles about the source of the projected light beam.

These are fiber optic fringe projection and digital fringe projection (DFP).
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Digital fringe projection (projected coded light) attracts the researcher because

of its advantages over other fringe projection methods. Its key ability is to adjust fringe

patterns easily with a high precision in software. Fringes are formed digitally so the

intensity of each pixel changes due to the digitally coded pattern and then this pattern is

projected on the target surface. A video camera (an imaging sensor) captures 2D image

of the scene under structured light illumination. The method studies the variation

between the scene of the structured light pattern that illuminates a planar surface and

the scene of the deformed light pattern due to the object surface. The surface of a

non-planar object’s surface distorts the projected pattern and this deformation carries

3D height information in it.

Generally, these fringe projection sources can be Liquid Crystal Display (LCD)

or Digital Light Processing (DLP) with a standard 24 bit bitmap image. Digitally

formed fringes have in fact discrete-like intensity distribution and the resolution of the

captured frame can vary from 600× 800 up to 1600 × 1200 pixel resolution. Sequential

binary-coded patterns, gray-level coding patterns, continuously varying color-coding,

stripe indexing color coding, stripe indexing gray level coding, color coded patterns are

most prominent techniques. More details about generation, projection and derivation

of height description from digitally coded patterns can be found in a tutorial by Geng

et al. [56]. Their work presents a well and comprehensive classification framework of

the structured light 3D imaging techniques. However, compared to the laser based

optical fringe projection techniques, the discrete nature of the digitally formed fringe

patterns face with a theoretical limitation on the accuracy of the setup. The fringe

pattern is pixelated and each pixel has a fixed intensity value. Baker et. al. studied the

accuracy limitations which are based on digital projections in 3D optical profilometry

applications. Additionally, they introduced that spatial distance can be considered as

the major factor for determining the accuracy of the optical setup. They proclaimed

that the distortion of spatial distance in x-direction is the only concern to be able to

calculate the height description of an object at any one point. Also, they introduced a

frequency minimum for the fringe pattern so that no neighboring pixels are of identical

intensity and much smoother and non-discrete fringe patterns are formed [57]. Many

applications of the digital projectors with various kinds of the structured light patterns



20

are studied in the literature such as triangular pattern [58], saw-tooth fringe pattern

[59, 60], optimal intensity modulation [61] etc. Digitally coded patterns will not be

considered in this thesis but further details will be given in fringe projection part to

clarify fringe generation process.

Figure 2.12. Basic sketch of digital fringe projection setup [62].

DLP projectors achieve various forms of fringes for projection because of easy

and computer-based control of generated patterns. But due to the electronic noise

of the projectors and non-linear relationship between the brightness and the bias,

some inevitable errors happen. Additionally, if the fringe resolution does not vary

sinusoidally, it leads to errors in the measurements. Using fiber optic fringe projection

methods increases the density of the fringes, detects much smaller phase variation and

improves system accuracy. The whole fringe generation part of the setup can be smaller

in size, the system can have strong anti-interference ability to electromagnetic radiation

and benefit from remote placement of the laser sources.

Fiber optic fringe projection methods are mostly based on employing laser sources

coupled into optical fibers. The fiber may be single, two or multi-core according to the

chosen application procedure and then an interference is achieved. Various methods or

techniques such as optic couplers, two or multi-beam interference, multicore fibers etc.

are used to generate an interference pattern. Unlike digital fringe projection methods,
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fringe frequency is adjusted by some specific optical apparatus and all methods have

some advantages or weaknesses compared to digital fringe projectors.

Multi-core fibers carry more than one core, and these fibers are manufactured

in a form that the core separation is fixed, symmetric and cores are placed inside

the same cladding. Early applications had an even number of cores, recent studies

permit various numbers and different sizes of the cores inside one cladding. Karahan

et al., 2004 proposed a four-core optical fiber for fringe pattern generation and by

the interference of the four wavefronts emitted from each core, the fringe pattern is

projected on the object surface. Four core generate a square shape fringe pattern and

the rigid object is measured with an rms error of 0.4 mm [63].

Although all fringe projection methods used in optical surface topography are

valuable and have very high precision, they all suffer more or less from some external

factors and are restricted by some inevitable reasons. Fiber optic couplers and multi-

core fibers are very-well known optical fringe projection techniques and many research

papers mention topography applications of these methods [12, 63–65]. However, when

an optical coupler or a multicore fiber is used alone, external disturbing factors can

inadvertently cause misalignment of the fibers, which may demolish the stability of the

interferograms. Another point to note that vibration and thermal effects can easily

change the relative positions of both arms of the fiber coupler as well as fiber optic

core separations, which cause phase changes between optical path lengths leading to

a shift in the whole structured light pattern giving unreliable results of the surface

topography. In addition, blurred and non-discrete fringes due to external factors may

increase the error in phase extraction process and these effects consequently result

in a decrease in the resolution of the constructed surface topography. Consequently,

extreme sensitivity to ambient temperature, wind, pressure, and all other disturbing

factors in the environment put a limit on such systems in real applications. For instance,

multicore fiber finds itself a large application field in the field of the optical sensing

including surface topography. However, fixed core separations and high manufacturing

costs of a multicore fiber limit the ultimate borders of the interferometry in practical

applications, in addition of the pattern being vulnerable to environmental disturbances.
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2.3. Fringe Generation

This part covers the mathemathical language of the interference. Before we move

on to our own technique, a short description of the interference is introduced in this

section. Interference can occur when two or more light beams overlap in space. The

resultant light patterns intensity is given by;

I = |u|2= |u1 + u2|2= U2
1 + U2

2 + 2U1U2cos(φ1 − φ2)

= I1 + I2 + 2
√
I1I2cos4φ

(2.1)

where 4φ = φ1 − φ2 and the term 2
√
I1I2cos4φ, is called the interference term. The

beams interfere destructively if the two waves are out of phase i.e.(cos4φ = −1) and

the intensity I reaches its minima:

4φ = (2n+ 1)π for n = 0, 1, 2, ... (2.2)

When the waves are in phase i.e. (cos4φ = 1), then, a constructive interference occurs,

giving;

4φ = 2nπ for n = 0, 1, 2, ... (2.3)

So the intensity I reaches its maxima. Two beam with equal intensities result in;

I = 2I0[1 + cos4φ] (2.4)

which is the fringe interference intensity for ordinary two plane waves. The description

of the Lloyd’s mirror interference will be explained in the next chapter on Fiber Optic

Lloyd′s Setup with Equation 3.1. The interference pattern of the Lloyd′s mirror is quite

similar to that of the Young′s double-slit experiment. The only difference is that an

additional π to the phase difference is introduced due to the phase shift on reflection,

which arises due to the difference between indices of refraction of the two media. This

extra shift by an amount π results in an exact opposite situation in Equation 3.2 for
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Lloyd′s fringes compared to Equation 2.2, so the first fringe will not be zero but has

the highest intensity. That would normally bring an extra π term inside every intensity

description for the later chapters, for example in Equation 4.12 for FTP, Equation 5.1

for PSP and finally for Equation 6.1 in CWT sections. To simplify the extraction of

the phase terms from the intensity equations, this extra π is not included. The phase

of the interference fringes is a total of carrier frequency term, the modulation term

and π term. Absence of π does not constitute a problem in our calculations because

in all sections we use reference subtraction to extract the carrier frequency term from

the total phase. This is achieved using an extra frame which belongs to undeformed

fringes, then subtracting the phase of this pattern from the phase of the deformed

pattern. During this process, the extra π is also subtracted from the total phase and

finally we achieve only modulated phase information.
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3. THE THEORY OF THE LLOYD′S MIRRORS

3.1. Introduction

Lloyd′s mirror method was first introduced in 1834 by Humphrey Lloyd [66] and

it is an interesting example of two-source interference, which is similar but distinctively

different from two-slit interference. This interference is formed by two mutually coher-

ent point sources; that is, by the real fiber optic source and its image in the flat mirror.

If the difference of the paths traversed by these lights amount only to a small multiple

of the length of an undulation, the two lights will form fringes. The light reflected from

the surface of the mirror causes a π phase shift upon reflection and results in the fringe

pattern to invert. That reveals itself on the center fringe pattern, while the Young′s

center fringe is bright after interference, Lloyd′s center fringe (first fringe) is dark.

Lloyd′s mirror implementation in nano-patterning and optical interference lithog-

raphy become popular in recent years. Placing opposite two alike mirrors [67], develop-

ing a tunable Lloyd–mirror interferometer with two degrees of freedom [68], building a

two–axis Lloyd′s mirror interferometer with 2D diffraction gratings placed on different

axes [69], using a 90◦ v–block apparatus for mirror configuration [70] and patterning

non–circle peaks with double exposure using a rotating sample holder [30] enable dif-

ferent nano–pattern features. All listed experiments, and even more, prove that the

Lloyd′s mirror configuration for laser interference lithography applications successfully

achieve various types of nanopatterning structures up to 1000 nm pattern periods.

3.2. Fiber Optics Lloyd′s Setup

There are two principal methods for producing coherent sources for interferome-

try. One uses the division of wavefront, as in the Young′s double slit experiment. The

second divides the amplitude between two arms, as in the Michelson interferometer.

The Lloyd′s Mirror approach uses wavefront division at a mirror to produce two-source

interference patterns.
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A single mirror Lloyd′s interferometer is basically a fringe pattern source, which

is constructed by one optical fiber and a mirror where the optic fiber is placed very

close to the surface of the mirror. The optical fiber, which is named as the source, emits

coherent light into a cone and a portion of that light follows a path that goes directly

to the screen while the other part of it reflects from the mirror at a large angle. The

reflected part of light also reaches the screen and this light beam is called the virtual

source. If the light beams (light sources) of the two paths are in phase then a bright

fringe appears, else the light is out of phase and a dark fringe is formed establishing

its wave nature. Figure 3.1 presents the Lloyd′s mirror interference. The interference

fringes are formed on the screen and f is the distance between the optic fiber tip and

the target screen. The short separation between the optical fiber and the virtual fiber

is given as δ and it is assumed to the small. This separation is twice the distance

between the fiber tip and the mirror surface.

Figure 3.1. Single mirror Lloyd′s setup (not to scale)

The wavefronts from each source are superimposed and the interference of beams

at a chosen point on the screen can be constructive or destructive. The distance of this

point to the center line is given as x and the total interference of light beams forms a

fringe pattern on the screen. The phase difference of the two waves at point P gives

the intensity of that point and the relation between the phase and the path length
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difference can be extracted by geometry. Path length difference is denoted by ∆ and it

is defined as the distance between the virtual source fiber end and the point K. Using

small angle approximation and triangles, it can be derived that θ is equal to x
f

and

also ∆
δ

. Hence, the theory of Lloyd′s assembly is quite similar to the Young′s double

slit interference. The major difference is related to the light beam reflection from the

mirror surface, which results an extra phase shift π;

φ = k∆− π =
2π

λ
δsinθ–π (3.1)

where k is wave number, so φ can be written as;

φ =
2π

λ
δ
x

f
–π (3.2)

we can extract the bright fringe position x from the formula;

x = (
φ

2π
+

1

2
)λ
f

δ
= (m+

1

2
)λ
f

δ
(3.3)

So bright fringe position for any integer “m”value can be calculated. The interference

of the real and the virtual light sources form a fringe pattern on the target screen and

the intensity of the light beams are assumed to be similar. It should not be avoided

that one of the beams is reflected directly from the mirror surface, so its intensity will

be a function of the reflectivity of the chosen mirror. The loss of visibility of a regular

mirror is not much and we assume the beam′ intensities are similar.

3.3. One and Two Mirror Lloyd′s Assembly

During the whole study, various fringe patterns are produced and projected on

the target surfaces. The main construction of the fringes and implementation of them

into optical profilometry are quite similar and in each chapter, detailed description and

the configuration of the optical setups are introduced. In a general framework, single

and double mirror Lloyd′s interferometers will be explained in this section and a few
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chosen fringe patterns are given to show the easy adjustment of spatial frequency of

the fringe pattern.

A single mirror Lloyd′s fringe pattern assembly is similar to the above description

in Figure 3.1. The projection alignment of the fringes can be changed by the help of the

positioning of the mirror-fiber set on the optic table. Modifying the system to double

mirror Lloyd′s assembly is done by placing the optic fiber at the intersecting edge of

two perpendicularly positioned mirrors. Because the mirrors are perpendicular, the

virtual image of real fiber will appear in both of the mirrors and then the system can

be considered to have four different sources labeled as S1, S2, S3 and S4 in Figure 3.2.

Figure 3.2. Double mirror Lloyd′s setup and projected fringe pattern.

Every virtual source is placed at the same distance from the origin and the source

separation between each other is given as δ. Such a single mode optical fiber source and

its three virtual images in the flat mirrors act like four monochromatic wave sources

whose superposition produce a squared–fringe pattern at the far–field. The pattern

shape depends on the angle between the mirrors and changing the angle results in

extensions of the constructed square shaped fringe pattern. Detailed information and

various shapes of constructed fringe photos will be given in the experimental part. The
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fringe spacing directly depends on the distance between the source fiber and its images.

Increasing core separation δ, decreases fringe width so we can produce finer and finer

features in the interference pattern. A combined image of single and double Lloyd′s

mirror fringes is given in Figure 4.7.

After all the setup is set, the distance between mirror and the fiber can be ad-

justed and so various forms of fringe patterns can be achieved with little effort. Below

fringe patterns are constructed with our Lloyd′s fringe projection technique with differ-

ent frequency values. These are the real images of the patterns without any filtering.

Profile intensity spots are obtained by cropping thin slices out of these frames at spec-

ified positions. Figure 3.4 gives the intensity versus spatial distance for each different

frequency along the same path. Larger fringes are much brighter so the intensity of

the highest frequency is a little bit waned.

Figure 3.3. Fiber optics Lloyd′s fringe patterns with different fringe frequencies.

The frequency of the fringes are adjusted easily by moving the fiber tip further or

closer to the mirror surface. The frequency values of above fringe patterns are given in

Figure 3.4 with frequency values of 8.0 mm−1, 10.0 mm−1 and 17.6 mm−1, respectively.
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Figure 3.4. Fringe frequencies for the patterns in Figure 3.3.

There are numerous ways to construct an interference pattern optically. Beside

fiber optic based fringe patterns, another prominent option is using a digitally-coded

fringe pattern. Below figures belong to a digitally formed fringe pattern projected on

a triangular shaped object. Figure 3.5 represents the distorted fringe pattern and its

three color-channel components.

Digital coding supports a large variety of fringe patterns to the user and the

construction of the fringe pattern can be even easier compared to the optical methods.

But Binary Coding also brings along some restrictions or limits, which are not a subject-

matter for optical fringe projection techniques. The restrictions of the digitally formed

fringe patterns will not be given in detail in this study. Further details can be found

in [57,71–73].
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Figure 3.5. Captured distorted fringe pattern. (a) Color-encoded distorted fringe

pattern; (b) Gray distorted fringe pattern of Red channel; (c) Gray distorted fringe

pattern of Green channel; (d) Gray distorted fringe pattern of Blue channel [74].

3.4. Phase Unwrapping and Phase Extraction

Phase unwrapping and phase extraction is a very important step for a successive

surface height description in optical profilometry methods. Before we move on to par-

ticular techniques we use with our Lloyd’s mirror fringe patterns, we need to discuss two

issues that are handled commonly in each of the technique. The intensity distribution

of the deformed fringe pattern carries the phase modulation term. The deformation

information of the fringe pattern due to the surface topography of the target object

can be extracted from this phase modulation matrix. In further paragraphs, how this

phase information is turned into surface height description is explained for each of the

given optical profilometry techniques, separately. The Equation 5.7 gives the phase

information and it is a wrapped phase with 2π phase jumps. This discontinuous phase

needs to be unwrapped. In Figure 3.6 the wrapped and in Figure 3.7 unwrapped phase

matrix are shown for Phase Stepping Profilometry, respectively.
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Figure 3.6. Wrapped phase map of a triangular object for PSP

Figure 3.6 clearly shows that the phase deformation is related to the surface

variations of the triangular object. The phase is saw-tooth like because of the tangent

function takes values in the range of −π and π, and when the phase value is changed by

2π every time, a discontinuity occurs. Phase unwrapping process removes these 2π steps

and forms a continuous and smooth phase map. Noise in the phase data may result in

false identification of such phase jumps. If the amplitude of the noise approaches to 2π,

the real phase jumps become unclear. That problem may be reduced by filtering the

image and smoothing the sinusoidal fringe pattern but it must be kept in mind that

the filtering always causes some loss of information. The researcher should be careful

about the peaks and the valleys of the target object because at such points the fringe

lines may be broken or shifted. The dark places that the fringe lines are crossed over

are another troublesome points for phase unwrapping. The researcher must choose the

most suitable phase unwrapping algorithm for the deformed fringe pattern. Additional

information about phase unwrapping techniques can be found in [75].

In our study, an anisotropic diffusion mask is implemented on fringe patterns in

phase stepping process. This mask removes discrete white and dark spots on the frames

and helps to get rid of the problems relative to these points during phase unwrapping

process. Then, a phase unwrapping algorithm is utilized.
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Figure 3.7. Unwrapped phase map of a triangular object for PSP

In Continuous wavelet transform method, the captured frames are pre-processed

by a denoising filter. So the fringes are much smooter and the noise is reduced.

3.5. Carrier Removal Method

All of our experiments use a nonlinear carrier removal technique for reducing the

carrier frequency component in the total phase. The tilt on the Figure 3.7 is removed

by substracting the reference phase from the object phase. Assume a fringe pattern

where the fringes are exactly parallel to y-axis so the fringe modulation is a very well

defined sin wave. Intensity is defined by amplitude (A0) multiplied with a sin(αx)

term. Because the pattern is exact, the phase value is equal to Φ(x, y) = αx. This

equation is a linear but if there is a phase modulation which is related to the phase

deformation, then, an extra term will be put into the equation: Φ(x, y) = αx+∆φ(x, y)

and only this extra term carries the object height description. First term introduces

the constant tilt on the phase maps and it needs to be removed from the phase maps.

Subtracting the two frames from each other removes the tilt and extracts the object

topography. This is our final step for image processing and then the phase map is

multiplied with a constant to form exact height description of the real object.
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Figure 3.8. Tilted phases of reference and object frames.
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4. FOURIER TRANSFORM OPTICAL PROFILOMETRY

METHOD

4.1. Introduction

The first technique we implement is named Fourier Transform Profilometry (FTP)

(or Fourier Fringe Analysis (FFA)) and it is one of the most powerful methods of non-

invasive optical surface profilometry applications. Very-well known first application of

Fourier transform method in optical profilometry was done by Takeda et al. [76, 77]

and since then tremendous amount of research papers have presented various surface

topography applications of the technique. Takeda′s Fourier fringe analysis technique

was one dimensional and able to analyze one thin slice of the image at a time. Right

after Takeda, the technique was extended in to two dimensions and further developed

until today [78–80].

In this section, a fiber optic Lloyd′s mirror method is introduced to obtain a

structured light pattern and its application to Fourier transform optical surface pro-

filometry. Two separate type of fringes are projected on target object surfaces : single

and double mirror Lloyd′s fringe patterns. The intensity distribution of the projected

pattern are studied for both mirror configurations and then Fourier Transform Method

will be implemented and finally, the formulation of surface height description is derived.

4.2. Fringe Analysis for Lloyd′s Single-Mirror Assembly

Fourier transform analysis basicly depends on Fourier transform of an intensity

distribution of the diffraction pattern. Our fringe pattern is sinusoidal so the calcula-

tions of the frequency spectrum can be done as like a sinusoidal grating. Figure 4.2

shows diffraction spectra of light from a square wave grating and sinusoidal grating.

K.J. Gȧsvik [75] explains the description of diffraction patterns and defines the grating

frequency by f0 and intensity distributions in focal points by arrows. The sinusoidal
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grating contains the frequencies ±f0 and 0. Besides, the square wave grating which is

presented in Figure 4.2(a) is in fact a sum of sinusoidal gratings of frequencies which

are integer multiples of the basic frequency f0 or it can be called a Fourier series.

Figure 4.1. Diffraction patterns of (a) square wave and (b) sinosoidal gratings [75].

In Fourier optics, the field u(xf ) in the xf plane for a single slit can be transferred

to Fourier domain using a transmittance function t(x). Considering a light wave given

by ui(x, y) projected on an object surface with a transmittance function t(x, y) the

field just behind the object is u(x, y) = t(x, y)ui(x, y) and the field in the xf plane is

given as ;

u(xf , yf ) =
K

iλz
F{u(x, y)} (4.1)

K is called as the phase factor and λ is the wavelength of the field. This equation

gives the Fourier transform of u(x,y) based on Fraunhofer approximation so for a true

approximation, the object must be settled far away from the observation plane. If

you observe the diffraction pattern from the focal plane of a lens, you may achieve

this condition. The intensity of the diffraction pattern is square of the field I(x, y) =

|u(x, y)|2. The sinusoidal grating has a frequency spectrum (in 1D) of

t(x) = 1 + cos 2πf0x (4.2)

Using the tranmittance equation, we can derive the field function such as

u(xf ) =

∫ ∞
−∞

(1 + cos 2πf0x)e−iπfxxdx (4.3)
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u(xf ) = δ(fx) +
1

2
δ(fx − f0) +

1

2
δ(fx + f0) (4.4)

Integrating Equation 4.3 emphasizes that the three delta functions in Equation 4.4

present the three arrows you meet in frequency spectra of the diffraction pattern

in Figure 4.2. Now, assume that this sinusoidal grating undergoes a change with a

slowly varying function, then this grating is said to be phase-modulated. This phase-

modulation broadens the side orders because of this introduced slowly-varying function.

Then, the result shows itself on the grating spectrum such as;

Figure 4.2. (a)Spectrum of a sinusoidal grating and (b) its phase-modulated

version [75].

The intensity distribution of the source fringe pattern projected on the target

surface is deformed due to the shape and the height of the object. So this deformation

causes a modulation on the spectrum and it can be called as phase modulation. An

extra parameter ”φ” is added inside the cosine term in the intensity equation to refer

this modulation and the general form of the intensity profile can be defined in Equation

4.5 as

I(x, y) = A(x, y) +B(x, y) cos(2πu0x+ φ(x, y)) (4.5)

The complex form of this equation is given by

I(x, y) = A(x, y) + C(x, y) exp(i(2πu0x)) + C(x, y)∗ exp(−i(2πu0x)) (4.6)
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C(x, y) =
1

2
B(x, y) exp(iφ(x, y)) (4.7)

C(x, y)∗ =
1

2
B(x, y) exp(−iφ(x, y)) (4.8)

u0 =
δ

λf
cos θ (4.9)

One should be careful about the term δ in Equation 4.9. It is not relative to any delta

function, in fact it is the definition of distance between the two point sources that are

introduced before. To be more relative for our study, a two-point sources interference

is calculated instead of a grating pattern that is explained above. The experimental

setup of fringe generation and projection will be explained later on and note that, these

two point sources are in fact a real optical fiber and its image inside a mirror. Adhering

to our experimental setup, the constants in Equation 4.9 are referred such as φ is the

phase information, δ is the separation between the sources, λ is the wavelength of the

light source. Fourier transform of Equation 4.6 is

I(u, v) = A(u, v) + C(u− u0, v) + C∗(u+ u0, v) (4.10)

The Fourier spectra of A(x, y) and C(x, y) terms in Equation 4.6 are given as A(u, v)

and C(u, v) in Equation 4.10 respectively. The carrier frequency is given in u0 and it

is defined as the separation of C(u − u0, v) and C∗(u + u0, v) with A(u, v). A(u, v) is

named as the background information and does not contain any valuable information

about the surface profile and the object. The main consideration here is the C side

lobes because they have all the required information and one of them is chosen for

calculations of object-height distribution. These lobes carry the phase modulation.

Filtering one of these side lobes in its spatial frequency domain and then, applying

an inverse Fourier transform, the 3D surface topography of the object is obtained. To

achieve, the background information A and one of the C terms are filtered by band pass

filtering and reduced part of the data is transferred to the origin by the carrier frequency
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u0. Figure 4.3 shows the C peaks position after transformation. A 2D Hanning window

is used for this filtering process. Hanning window is applied for filtering the noise from

the height information especially if discontinuities and speckles exist on the modulated

signal [81].

Figure 4.3. Fourier spectra intensity distribution of the fringe pattern, the filtered

and centered data peak [82].

After the inverse Fourier transform, a complex function C(x, y) is obtained from

the phase information and it is extracted as;

φ(x, y) = arctan
Im[C(x, y)]

Re[C(x, y)]
(4.11)

Here Im(C(x, y)) and Re(C(x, y)) refer to the imaginary and real parts of the C(x, y)

function. Result of Equation 4.11 is a wrapped phase distribution and it has disconti-

nuities with 2π phase jump because of the nature of arctangent function. The phase

is wrapped between −π to π and it is inevitable to make it unwrapped for a successful

phase distribution. We used a phase unwrapping algorithm to make the phase contin-

uous and explain its details in Phase Extraction and Phase Unwrapping part. Now,

considering our intensity distribution of fringes across the surface we have an intensity

Equation 4.12. This intensity equation carries the modulation phase inside because

of the deformed fringe patterns on the object surface. In Equation 4.12, θ is defined
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as the illumination angle, λ is the wavelength of our laser source, f is the distance

between the optic fiber end and object surface, I0 is the intensity value of one fiber

and δ is the separation between fiber tips. Here, z(x, y) term is the height description

of the each point on the surface.

I(x, y) = 2I0[1 + cos(2π
δ

λf
(x cos θ − z(x, y) sin θ)] (4.12)

The first term inside cosine in Equation 4.12 is carrier frequency term. If the fringes

are projected on a plane surface (without target object), then the phase belongs to

carrier frequency can be gained from this term. After the object is placed on the

plane surface, the total phase will be a superimpose of the phase caused by the carrier

frequency and the modulation phase. The second term inside cosine is crucial because

it carries object height information and using a suitable filtering algorithm extracts

the modulation phase from the total phase distribution. Filtering and centering of C

side lobe help to extract the modulation data from the intensity matrix. Finally, the

object height description is given in Equation 4.13

z(x, y) =
λf

2πδ sin θ
φ(x, y) (4.13)

Surface height of the object is directly varies with the modulation phase via a constant

including optical geometry related parameters.

4.3. Fringe Analysis for Lloyd′s Double-Mirror Assembly

Double Mirror Lloyd′s assemblyhas been introduced in Lloyd′s Setup section. The

pattern is constructed from four point sources (in fact one fiber and its images in the

flat mirrors) which are labeled as S1, S2, S3, and S4, as shown in Figure 3.2. Figure

4.4 illustrates the Fourier spectrum peaks of the double-mirror interference pattern.

The maximum peak at the origin is erased so as to show the other phase peaks clearly.

The pairing of sources (1-2) and (3-4) produces one vertical interferogram, which has

an intensity distribution in the D sidelobe. The pairing of sources (2-3) and (1-4) gives
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a horizontal interferogram with an intensity distribution in the C sidelobe. Two sets of

different diagonal interferograms, whose intensity distributions in the spatial frequency

domain are in sidelobes E and F, are formed by the pairing of sources (1-3) and (2-4).

The final generated pattern superimposes these six interferograms.

Figure 4.4. 2-D Fourier spectrum of the non-deformed fringe pattern without the zero

frequency term [82].

The mathematical description of the intensity distribution for the four-point op-

tical sources is given as

I(x, y) = 2I0[2 + 2 cos(2π
δ

λf
(x cos θ − z(x, y) sin θ)

+2cos(2π
δ

λf
y)

+cos(2π
δ

λf
(x cos θ − z(x, y) sin θ + y)

+cos(2π
δ

λf
(x cos θ − z(x, y) sin θ − y)]

(4.14)
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For Fourier analysis, above equation can be written in complex form such as

I(x, y) = A(x, y) + C(x, y) exp[i2πu0x]

+C∗(x, y) exp[−i2πu0x]

+D(x, y) exp[i2πu
′

0y]

+D∗(x, y) exp[−i2πu′0y]

+E(x, y) exp[i2π(u0x+ u
′

0y)]

+E∗(x, y) exp[−i2π(u0x+ u
′

0y)]

+F (x, y) exp[i2π(u0x− u
′

0y)]

+F ∗(x, y) exp[−i2π(u0x− u
′

0y)]

(4.15)

where u
′
0 = δ

λf
. Fourier transform of the recorded intensity distribution

I(u, v) = A(u, v) + C(u− u0, v) + C∗(u+ u0, v)

+D(u, v − u′0) +D∗(u, v + u
′

0)

+E(u− u0, v − u
′

0) + E∗(u+ u0, v + u
′

0)

+F (u− u0, v + u
′

0) + F ∗(u+ u0, v − u
′

0)

(4.16)

All terms in Equation 4.16 are the Fourier transforms of the corresponding terms in

Equation 4.15, respectively. The derivation of the intensity distribution of four-point

source can be found in [14]. The process after this transformation is quite similar to the

fringe analysis that we introduced before. The sidelobe C(u − u0, v), which contains

the phase data, is isolated and then transferred to the origin. The remaining parts

are unnecessary and eliminated by bandpass filtering. The surface topography of the

target object is gained after the inverse Fourier transform is applied to the data. The

phase unwrapping algorithm is used to make the phase information continuous in the

event there are discontinuities present.
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4.4. Experimental Setup of Fourier Transform Profilometry (FTP)

The Lloyd′s mirror experimental setup is shown in Figure 4.5. A 35 mW HeNe

laser source with a wavelength of 632.8 nm is launched into a single-mode optical fiber.

At the other end, the jacket of the fiber is removed, and the bare fiber is carefully

placed on the mirror. A piece of a clean silicon wafer is used as a regular mirror. Using

a mirror with a very narrow glass thickness is especially important in the double-

mirror assembly to avoid the formation of inner images inside the mirrors when two

glass mirrors are used, so a piece of silicon wafer can easily cover that requirement.

These inner images distort the fringe pattern projected on the screen. In addition, the

reflectance from the polished side of the wafer is high enough to construct the visible

fringe pattern on the object surface.

Figure 4.5. Sketch of Lloyd′s Mirror experimental setup [82].

The optical configuration shown in Figure 4.5 is selected due to its simplicity,

reliability, and ease of use [83]. In the experimental setup, the optical axis of the CCD

camera is positioned perpendicularly to the screen. A lens of 25 mm focal length is
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attached to the CCD camera to take better-quality images. The optical fiber is placed

on the mirror, and the illumination angle θ is fixed at approximately 4-5◦ so as to

maximize the magnitude of the reflected light toward the camera and to reduce the

shadowing effects. The distance between the camera and the object surface is fixed

around 245 cm. In the single Lloyd′s mirror assembly, the direction of the interference

pattern depends on the experimenter′s choice. When the mirror is placed parallel to the

surface of the optical table, the fringe pattern is constructed horizontally on the target

object; on the other hand, the interference pattern is generated vertically on the screen

when the mirror is placed perpendicular to the optical table. Fringes constructed by

either single− or double−mirror assemblies are then projected from the interferometer

onto the object without the need for large collimating optics. We use a frame grabber

card to receive and digitize the signal obtained from the CCD camera, which is then

transferred to the computer. The positions of the optical fiber and its images are

presented in Figure 4.6. The fiber is fixed parallel to the mirror(s) surface(s) to have

discrete fringe spacing. For the double-mirror assembly, the fiber is carefully placed in

the v-groove, which is formed by two mirrors adjusted orthogonally with each other,

as shown in Figure (b).

Figure 4.6. Positions of the optical fiber and Lloyd′s mirrors. (a) Fiber with single

mirror. (b) Fiber with double mirrors. [82].



44

Square-shaped fringes are obtained through the interference of four wavefronts.

In the double-mirror assembly, the tilting angle between these two mirrors is simply

measured with a goniometer, and the angle is adjusted approximately 91◦. Addition-

ally, this angle can be changed by tilting the mirrors to form different constructive

interference patterns. The size and the shape of these interference dots will vary due

to the tilting angle between two mirrors. For a perfectly square bright and dark pat-

tern design, the mirrors are carefully aligned to make them absolutely perpendicular

with each other. The core-to-core distance between the fiber and one of its images is

approximately 110 µm. After obtaining the images of the fiber Lloyd′s mirror assem-

blies, the Fourier transform technique given in the above section is implemented for

processing the images.

4.5. Results

Figure 4.7 presents single mirror (a) and double mirror (b) Lloyd′s fringes. The

fringe patterns are projected on the plane surface and both of the pattern frames are

cut in the same size. The intensity of the fringes fades from the center to the far

edges because of the optic fiber positioning the maximum intensity area on the plane

surface is the point right across the optic fiber tip. This fading is not a restriction for

our calculations because the algorithm that is used for phase extraction only considers

phase modulation.

Figure 4.7. Positions of the optical fiber and Lloyd′s mirrors. (a) Fiber with single

mirror. (b) Fiber with double mirrors. [82].
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The periodicity of the projected fringes are very fine and the bright and dark

fringes are easy to distinguish. Double mirror fringe pattern is a superimposing of two

single mirror fringe patterns. In other words, it is easy to visualize that left pattern is

constructed by interlaced of two right patterns which one of them is 90◦ degrees tilted.

The intensity value of the each bright fringe in the single mirror fringe pattern is given

in pixel in the following figure. We call the highest intensity fringes as sub central

fringes because they are formed very close to the point where fiber′s tip is directed.

Because of the Gaussian distribution of the laser light, some fringe′s intensity is very

close to each other in this range. The fringe pattern also indicates that the frequency

of the fringe is constant and it does not affect by external factors.

Fringe pattern intensity matrixes for double and single mirror are given in Figure

4.8. Both interference patterns distribute the laser light in a similar way. FTP method

requires no fringe order assignments or fringe center determination and does not require

interpolation between fringes because it gives height distribution at every pixel over

the entire fields.

Figure 4.8. Intensity distribution of the fringe patterns for single mirror and double

mirror Lloyd′s assembly.



46

A test object is carefully selected for ease of comparison of its real surface profile

with our experimental results. The test object used is a 19 cm × 15 cm piece of white

paper. The paper is placed on the screen in a proper way to form a cambered figure.

The approximate height of the camber is measured as 3.62 cm.

Figure 4.9. Images of nondeformed fringe patterns (left) and deformed fringe patterns

(right)

Figure 4.9 represents the single– and double–mirror fringe patterns and their

respective deformed fringes. The fringe patterns are generated using the configurations

explained above. In the single–mirror assembly, the fringes are projected horizontally

onto the object surface. In the double–mirror assembly, the desired fringe pattern is

formed by the superimposition of vertical and horizontal interference patterns, which

consists of square–shaped fringes. Considering the size of the object and the area that

the object overspreads on the screen, the decrease in the intensity of the interference

pattern in the chosen area did not cause any significant errors on the reconstructed

image. In Figure 4.10 , the reconstructed cambered paper is shown for the single
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Lloyd′s mirror. The height of the reconstructed object is calculated as approximately

3.83 cm for the single Lloyd′s mirror assembly. The height of the reconstructed surface

is approximately 3.90 cm for the double-mirror assembly. Also, the reconstructed

object surface is uniform and smooth for both assemblies.

In Figure 4.11 the real object and reconstructed object dimensions for the single-

and double-mirror assemblies are compared. The calculated error between these two

setups is less than 3%.

Figure 4.10. Reconstructed surface of the object for the single Lloyd′s mirror assembly

The error between the peaks of the results of the single-mirror assembly and the

surface profile of the real object is less than 6% of the object depth. This implies that

the reconstructed dimensions of the cross section of the images are quite similar to the

real object dimensions.
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Figure 4.11. Comparison of reconstructed and real object cross sections.

4.6. Calculations

Every fringe projection system has a unique resolution, the number of fringes

that are produced by the optical system determines the sensitivity and the projection

area of projected fringes. Our calculation is based on single mode optical fiber with

a fixed angle of illumination. This angle κ depends on the numerical aperture of the

optic fiber and the refractive index of the medium of the optical system (which is air

in our case). NA is the numerical aperture of the optical fiber and its relation with

illumination angle κ is;

κ = arcsin(NA) (4.17)

In literature κ is given as 0.14 generally for a single mode optical fiber. So the number

of fringes in the projected fringe pattern can be calculated by the following equation;

N ≤ δκ
√

2

λ
(4.18)
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δ is assumed to be 110 µm and λ is 632.8 nm, so the calculated fringe number is

approximately ;

N ≤ 24.3 (4.19)

which is in accordance with our results. The number of fringes that are projected on

the plane surface is counted and it is around 24 from the maximum intensity fringe to

the most faded one. Fringe spacing is given as;

P0 =
λf

δ
= 14mm (4.20)

System resolution R is a ratio of fringe spacing and viewing angle. The captured image

of the fringe pattern is converted to gray scale and the difference between the maximum

and the minimum of gray levels of the pattern is extracted from the intensity matrix.

The difference of gray level is 82 between the peak and the valleys of the fringe pattern.

Using this constant and viewing angle θ;

R =
P0

82 · sin(5◦)
= 0.1958mm (4.21)

4.7. Discussion

When our Lloyd′s mirror setup is compared with optical profilometers employing

fiber optic couplers, our experimental setup is shown to be more effective and robust.

It does not require any careful alignment or rotation of the fiber ends for maintaining

the polarization, which is a crucial parameter for achieving better-quality interfero-

grams. Therefore, our setup is immune to a decrease in the resolution of the system

due to poor fringe visibility. When our Lloyd′s setup is compared with interferometers

with multicore optical fibers or fiber couplers, our experimental setup provides a much

simpler and quicker way of alignment to obtain the deformed fringe patterns for image

processing. In addition, the core separation is fixed in a multicore optical fiber, which
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makes constant fringe spacing, whereas the fringe spacing easily can be adjusted in

our setup through displacing the fiber from the mirror. In this study, it is proved that

the Lloyd′s mirror technique can be used to generate surface profiles of large objects.

External factors greatly affect the outcomes of multicore fiber systems and profilome-

ters with optical couplers. They are highly sensitive to ambient temperature. Thermal

fluctuations may change the orientation of the fiber ends, and fiber shrinkage and ex-

pansion may affect the distance between the cores and the distance of the fiber ends

with respect to each other. This results in change in the interference pattern, which

may cause loss of fringe pattern and decrease in the resolution of the system. On the

other hand, Lloyd′s technique is almost immune to external temperatures since the in-

terference is constituted by the fiber and its image formed by the mirror. In addition,

the effects of differences between material characteristics such as fiber thermal proper-

ties are eliminated using Lloyd′s technique. External vibrations, tilting, or bending of

the fiber, where this fiber structure is path-length dependent, can affect the interference

formed by multicore fibers and fiber couplers and may introduce failures in the inter-

ference pattern. Furthermore, the fiber optic Lloyd′s assembly proposed in this work

overcomes the issue of fiber nonidealities such as different core radii, refractive index

profiles, and cylindrical geometry, which may affect the coupling and power transfer

between cores [84]. Lloyd′s mirror assemblies do not include any high-cost equipment

such as optical fiber coupler, alignment tools, or lenses. A regular single-core fiber can

be used for the process without the need for highcost manufacturing associated with

multicore fibers.

Multicore optical fibers make a fringe projection system compact and stable [14].

Our fringe projection system using Lloyd′s mirror produces a high-quality fringe pattern

with better practicality and compactness. The surface topography of the target object

is obtained through phase modulation of the fringe pattern. The FTP technique is

employed to process line- and square-shaped interference patterns.

It is demonstrated that Lloyd′s technique with both single and double mirrors

can be used in Fourier transform profilometry. The double-mirror setup enables us to

process more sophisticated surface profiles because of the superimposition of vertical
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and horizontal interference patterns. Changing the tilting angle of the double mir-

rors may give more than one type of fringe pattern, which may provide specific FTP

processes for specific applications.

Sources of errors in the single- and double-mirror setups are quite similar. Mainly,

the degree of flatness of the mirror is an important factor since better flatness reduces

undesired reflections. The tilting angle of the two mirrors has crucial importance in

forming the squared-shaped constructive interference pattern. If the mirrors are not

perfectly orthogonal to each other, and the fiber is not precisely positioned equally to

each of the two mirrors, the fringe spacing may not be discrete enough. Hence, the

single-mirror setup is a better approach for the construction of discrete fringe spacing.

This is one of the reasons behind the slight difference between the results of the surface

profile measurements of single and double Lloyd′s mirror setups. However, this error

ratio is considerably small, below 3 % so the two techniques nicely coincide. The

main source of error, which accounts for the difference in the results between Lloyd′s

mirror systems when compared with the real object profile, comes from the limited

accuracy of using a vernier caliper to measure the surface profile of the real object.

However, the error ratio between the single mirror and the real object profile is still

below 6%. In addition, using mirrors with good reflectivity decreases the error ratio,

since it generates the interference pattern with a high fringe contrast, which improves

image quality. The angle between the camera axis and fiber axis is adjusted below 5◦

to prevent signal fades due to shadows on the object, which cause phase unwrapping

problems. However, such a choice of small viewing angle may be a source of error since

it jeopardizes the resolution of the system.

The only challenges of the fiber optic Lloyd′s mirrors methods might be the need

for significant care in handling and placing the stripped ends of fibers and the need to

carefully adjust the angle between the two perpendicular mirrors in the double-mirror

assembly. Since the assembly is set up once, and everything is clamped down once and

for all at the beginning of the experiments, no further adjustments are required during

the experiments. The system remains robust and immune to environmental changes.

Apart from this, it is a fact that there is a fading portion of the fringe pattern that
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is inherent to Lloyd′s mirror configuration. However, a high degree of symmetry is

obtained over a relatively large area of the structured light pattern, which allowed us

to accurately process images in single- and double mirror configurations.

4.8. Conclusion

This experimental setup demonstrates for the first time the use of Fourier trans-

form profilometry (FTP) by a fiber optic Lloyd′s mirror assembly in constructing good-

quality interference patterns at a relatively low cost. These patterns are less sensitive

to external disturbing factors such as ambient temperature and vibrations. Our prelim-

inary results from the reconstructed surface topography, using single and double-mirror

assemblies, give a small error, which implies that our proposed technique for FTP is

promising. Pattern improvement may be possible by using high-quality mirrors with

good reflectivity and better flatness. Finally, since the proposed technique is flexi-

ble and easy to configure, it enables us to develop unique setups for other specific

applications and 3D shapes of more complicated objects.
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5. PHASE STEPPING OPTICAL PROFILOMETRY

METHOD

5.1. Introduction

Our second technique is called as Phase–stepping (or Phase–shifting) Interferom-

etry (PSP) and it considers analysis of multiple frames of deformed fringe pattern with

a controlled phase shift between whole frames. All types of phase stepping interferom-

eters include an image capturing unit (that can be a CCD camera, a photodiode or a

detector), a phase generation step where a fixed amount of phase difference is achieved

either continuously (phase-shifting) or in discrete steps (phase–stepping), then an im-

age analysis algorithm which analyzes all the frames that are captured from discrete

steps and extract the phase data among all.

Phase shifting (or stepping) techniques can be very diverse and a big portion

of the research in phase shifting profilometry techniques depend on multiple steps (3,

4, 5 or more) phase shifting with fixed phase amount [85]. An unknown amount of

phase shift in multiple stepping is another used technique [86]. Digital light projectors

(DLP) are mostly used as fringe projectors in PSP techniques, while researchers also

implement wavelength –tunable diode lasers [87]. Phase stepping technique can also

be combined with common path Fizeau interferometer and take measurements in real

time [88]. Implementing multiple wavelengths in the optical system and simultaneously

phase shifting is done by Fan et al. [89] with a high precision. A similar but not identical

study considers with one color fringe pattern encoded with two sinusoidal patterns and

one rectangular pulse pattern those are projected by a DLP project and recorded by a

CCD camera [90].

In this work, a fiber optic Lloyd′s mirror method [82] is employed for the first

time to obtain a structured light pattern in a phase stepping optical profilometry

technique for three dimensional noninvasive shape measurements. This work is an
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extension of previous work (in chapter 4) where the Lloyd′s mirror technique is used

by Fourier transform optical profilometry (FTP). One of the main advantages of the

FTP algorithm is that it only needs one frame of the deformed interferogram to process

the surface height of the target object. It works quite well without the need of any

referencing frame and contains only minor errors. However, the FTP still has some

drawbacks, especially the sharp discontinuities and shadow areas that contribute to

increased error. The FTP also has some difficulties in measuring nonfullfilled scenes. In

comparison, the phase stepping algorithm (PSP), which is another alternative powerful

technique among the image processing algorithms, does not suffer from nonfullfilled

scenes [83]. The main error sources for the PSP are the external vibrations and the

variations in the ambient temperature. The Lloyd′s mirror technique introduced in

this work eliminates these errors. Processing the structured light pattern obtained

from the Lloyd′s technique supplies a powerful method, which is almost immune to the

thermal fluctuations and environmental vibrations. The method demonstrated in this

work provides more practical and precise results at lower costs when compared to the

other fringe projection methods.

5.2. Fringe Analysis for the Three-Step Phase Stepping Fiber Optic

Lloyd′s Mirror Configuration

The projected fringe pattern is produced by a fiber optic Lloyd′s interferometer.

A mirror and an optical fiber are used to form a grid–like light pattern on a target

surface. This pattern is the result of the constructive and destructive interference of the

photons emitted from a coherent monochromatic point source held near the surface of

an ordinary mirror or a flat reflecting surface. The mirror–fiber assembly corresponds to

a two–beam interferometer and is similar to that of the Young′s double–slit experiment.

As illustrated in Figure 3.1, the light beam emitting directly from the optical fiber is

referred to as the real point source. The image in the mirror is referred to as the virtual

source. Both the real and virtual point sources produce a structured light pattern. The

fringe interference is explained in Fringe Analysis for Lloyd′s Single-Mirror Assembly

part in detail. When working with small objects or objects with fine details, the
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number of fringes projected on the object becomes an important parameter. To address

this, one may adjust δ in order to accommodate the desired number of fringes with

a certain fringe separation on the topography in concern. This allows it to be easily

employed in phase stepping profilometry. As seen in Figure 5.1, the fiber optic Lloyd′s

mirror assembly is placed on a movable mechanical stage. This allows moving the

whole system in one direction to produce the consecutive interferograms for processing

in the phase-shifting algorithm. The mechanical stage includes a fine adjustment to

shift the light pattern precisely. This satisfies the requirement to maintain an exact

phase difference between each consecutive frame. The number of frames depends on

the chosen phase shifting algorithm. The constructed fringe pattern illuminates the

object′s surface and moves on the surface with certain phase steps while a CCD camera

captures each deformed pattern. The captured images are then processed to gain the

required phase information. The wrapped phase information is unwrapped using a

suitable unwrapping algorithm. Finally, the surface height distribution of the target

object is acquired.

Figure 5.1. Sketch of the Lloyd′s mirror phase stepping profilometry experimental

setup.

In the experiments, a three–step phase stepping algorithm is used and three

successive images are taken. The deformed fringe pattern is compared to that of the

undeformed (reference frame) one to build a phase matrix. The surface profile of the

object is calculated from this phase map.
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Multi–step phase shifting (or stepping) algorithms consider more than one light

source and the derivation of the intensity distribution of the light pattern will depend

on the number of light sources. Here, a general derivation will be given for intensity

distribution (and further information about two and more light sources) can be gained

from the thesis study of (Lewis, 1993) [91].

Figure 5.2. Lloyd′s mirror PSP experimental setup on optic table.

The fiber optic Lloyd′s mirror experimental setup photo is in Figure 5.2. CCD

camera is placed in front of the plane screen to minimize the shadings and mirror and

the fiber is positioned right across the camera with a very small angle to the camera

axis. Micrometer stage is placed under the mirror & optic fiber set so the whole part

can be moved altogether.

Figure 5.3 belongs to the optic fiber and the mirror. Here, the real positioning of

the mirror is perpendicular to the optic axis so the fringes projected on plane screen

will form perpendicular to the optic table axis.
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Figure 5.3. Mirror and optic fiber positions.

Intensities of the real fiber and its virtual image are assumed to be equal and

both sources are mutually coherent. The mathematical description of the intensity

distribution of the fringes, which are projected on the screen, is given as

I(x, y) = 2I0[1 + cos(A(x cos θ − z(x, y) sin θ)] (5.1)

where A is ;

A = 2π
δ

λL
(5.2)

where A is a constant, δ is the separation distance between the real and virtual fiber

cores, λ is the laser wavelength,L is the displacement between the optical fiber tip and

the object′s surface. (x,y) describe the chosen pixel, from which the height distribution

z(x,y) is calculated in the phase stepping algorithm. This pattern is projected onto the

object surface with an angle θ, which may change slightly during the phase shifting

process. It is noted though that such a slight change in the angle is very small and can

be ignored during the phase mapping calculations. I0 is the light intensity of a single

core. The transfer functions for the intensity distributions of the interferometric frame
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patterns with a precise phase shift of π/2 are given with the following equations:

I1 = 2I0(1 + cos(Ax cos θ − Az sin θ))

I2 = 2I0(1 + cos(Ax cos θ − Az sin θ +
π

2
))

I3 = 2I0(1 + cos(Ax cos θ − Az sin θ + π))

(5.3)

These intensity equations can be written also in the form of;

I1 = 2I0(1 + cos(Ax cos θ − Az sin θ))

I2 = 2I0(1− sin(Ax cos θ − Az sin θ))

I3 = 2I0(1− cos(Ax cos θ − Az sin θ))

(5.4)

Then taking the difference of the subsequent intensity values;

I2 − I3

I2 − I1

=
cos(Ax cos θ − Az sin θ)− sin(Ax cos θ − Az sin θ)

− sin(Ax cos θ − Az sin θ)− cos(Ax cos θ − Az sin θ)
(5.5)

Now sin(x) + cos(x) =
√

2 cos(x−π/4) and sin(x)− cos(x) =
√

2 sin(x−π/4) are

used (for further information check [92]). Intensity function can be written ;

I2 − I3

I2 − I1

=
sin(Ax cos θ − Az sin θ − π/4)

cos(Ax cos θ − Az sin θ − π/4)

= tan(Ax cos θ − Az sin θ − π/4)

(5.6)

Here the additional term π/4 can be removed because during phase shifting we

do not need the starting phase amount. It is erased and the z value can be derived

from the above equation such as;

φ(x, y) = arctan(
I2 − I3

I2 − I1

) = A(x cos θ − z(x, y) sin θ). (5.7)
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Using Equation 5.7, the depth map of the target object is obtained from the

following expression:

z(x, y) =
Ax cos θ − φ(x, y)

A sin θ
(5.8)

5.3. Experimental Setup for Phase Stepping Profilometry(PSP)

The experimental setup used for the phase stepping profilometry is shown in

Figure 5.2. A 15 mW He–Ne laser source with a wavelength of 632.8 nm is launched

into a single-mode optical fiber. The cleaved distal end of the single–mode optical

fiber is carefully placed on an ordinary flat mirror to form a perpendicular fringe

pattern on the far field. The fiber optic Lloyd′s interferometric assembly is placed

on a movable translational stage with a mounted micrometer. This allows moving

the whole fiber–mirror assembly back and forth using the mounted micrometer. In

the experiments, a piece of clean and unscratched silicon wafer is selected for use as

a regular mirror. Even though the reflection is not as high as a regular mirror, this

selection was preferred since it provides good flatness. A CCD camera is used to

capture the light intensity of the fringe pattern. The CCD camera is directly placed

in front of the screen while the moving stage is placed coplanar with the CCD camera

with an angle θ to the camera axis. The angle between the optical fiber tip and the

camera axis is referred to as the illumination angle (θ). This angle is adjusted to be

approximately 8◦ to maximize the magnitude of the reflected light toward the camera

and to reduce the shadowing effects. The distance between the CCD camera and

the object surface is fixed to be around 120 cm. The stage′s position is changed via

adjusting the micrometer by a required amount. This allows the fringes to be shifted

on the screen in accordance with a chosen reference point. After capturing the first

image, the second and third images are taken by introducing a π/2 phase shift.

The purpose of our work is to demonstrate Lloyd′s assembly in phase stepping

since it is capable to overcome thermal and vibrational fluctuations. It should be

noted that manual adjustments of an ordinary mechanical microstage cannot ensure
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exact π/2 phase shifts between the interference patterns, thus introducing unavoidable

errors in the constructed phase map. We attempted to get the least error in shifts by

ensuring in MATLAB that the difference between the first nonshifted image and the

2π phase–shifted image is minimal. One way to overcome or minimize phase errors in

the phase shift is to make use of the three–step phase shifting methods described by

Wang et al. and Deng et al. [93,94]. The fiber and mirror are kept fixed to each other

during the fringe shifting process to maintain a robust distance between them. The

distance between the fiber core and the virtual image core is approximately 130 µm.

Finally, the camera is connected to a PC via a USB port and the captured images from

the CCD camera are processed using MATLAB software. The direction of the required

fringe pattern is flexible and left up to the experimenter′s choice. The Lloyd′s mirror

can provide horizontal or vertical fringe patterns by holding the fiber–mirror assembly

horizontal or vertical. The fiber optic Lloyd′s assembly is kept vertical to provide a

vertical fringe pattern. One may rotate the whole assembly to get a desired fringe

pattern at the far field, such as horizontal, vertical, or tilted fringe patterns. Further

information about the fiber optic Lloyd′s mirror setup can be found in [14].

5.4. Results

Several objects with different shapes and profiles are studied and a few of them

are presented here. Some objects are built from white cardboard and some others are

made from Styrofoam. White objects are chosen in order to maximize the reflection

of the light from the surface. The first object is a triangular prism and the deformed

and undeformed fringe patterns of the triangular prism are given in Figure 5.4. As a

preprocessing step, the images are converted from RGB to gray scale and a Gaussian

filtering followed by a denoising filter are applied to the images. Real object photo and

captured deformed fringe pattern photo are given in Figure 5.4.
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Figure 5.4. Undeformed and deformed consecutive fringe patterns for triangular

prism.

The handmade cardboard triangular prism is measured by calipers and has the

dimensions 41.15 mm × 57.1 mm × 50.2 mm, height, width, length, respectively.

The reconstructed triangular prism is given in Figure 5.5. The reconstructed object

dimensions for the height and width are 40.06 and 56.83 mm, respectively.

Figure 5.5. Reconstructed triangular prism for Three Step Phase Stepping using the

fiber optic Lloyd′s Mirror Assembly.

Our real shape was not a perfect triangular object showing some small variations

throughout the surface. For this reason, we could only measure the end face of the

triangular object. We have assumed that the real object′s profile map is in the char-

acteristics of the end face (see black curve in Figure 5.6 and is unchanged throughout

the whole triangular topography. A comparison of the real and constructed object
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dimensions of the triangular prism is plotted in Figure 5.6 and the amount of the error

differences along the width of the triangle is given in the bottom plot of Figure 5.6.

The maximum root–mean–square (rms) error for the whole surface is calculated to be

approximately 0.2 mm.

Figure 5.6. Comparison of the constructed and real object cross sections for the

triangular prism.

Our second object is a Styrofoam half–sphere. The deformed and reference fringe

patterns for the half–sphere are given in Figure 5.7 . Similar preprocessing steps as

used in the triangular prism are applied to this object. The maximum height of the

half–sphere is approximately 19.05 mm and the diameter is 60.20 mm.

Figure 5.7. Undeformed and deformed consecutive fringe patterns for the half–sphere

shape.
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Figure 5.8. Reconstructed half–sphere cross section for Three Step Phase Stepping

using Lloyd′s Mirror Assembly.

The reconstructed half–sphere is depicted in Figure 5.8 . To additionally illustrate

this, the cross section of the half–sphere is depicted in Figure 5.9. The constructed

object height is 19.7 mm and the diameter is 55.7 mm. The maximum rms error for

the whole surface is calculated to be approximately 0.4 mm. A comparison of the

real and constructed dimensions of the half–sphere is depicted in Figure 5.9. Here

the Styrofoam halfsphere is carefully measured by a caliper on several points and a

half–sphere is plotted to compare it with the reconstructed image profile.
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Figure 5.9. Comparison of the reconstructed and the real half–spherical object cross

sections. The rms error is calculated for the whole surface as 0.4 mm.

The PSP method is also applied to several irregular–shaped objects. Here,

star–shaped and heart–shaped Styrofoam objects reconstructed and plotted in 3D with

a constant base. The maximum height of the star–shaped object is around 14.15 mm

and the heart–shaped object′s height is approximately 17.40 mm. The shapes of the

reconstructed objects redepicted in Figure 5.10. The constructed maximum height for

the star–shaped object is 14.17 mm and for the heart–shaped object the maximum

height value is 16.72 mm.

Figure 5.10. Different object surfaces constructed in PSP algorithm using Lloyd′s

mirror assembly.
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5.5. Calculations

The calculations done in Chapter 4 are repeated for PSP fringe patterns. Here

δ is taken as 130µm and using Equation 5.10 the number of fringes in PSP setup is

calculated as

N ≤ δκ
√

2

λ
(5.9)

N ≤ 40.6 (5.10)

That is verified by enumerating visible fringes from the highest intensity one to the

faded one. The constants, L is 120 cm and δ is 130 µm;

P0 =
λL

δ
= 5.84mm (5.11)

Fringe spacing is much smaller than previous fringe pattern because the plane screen

is much closer to the CCD camera this time. After the captured image of the fringe

pattern is converted to gray scale and the difference between the maximum and the

minimum of gray levels of the pattern is extracted from the intensity matrix. The

difference of gray level is 88 between the peak and the valleys of the fringe pattern.

We used the same camera with the FTP procedure but this time the screen is much

closer so using this constant and viewing angle θ

R =
P0

88 · sin(8◦)
= 0.48mm (5.12)

5.6. Discussion

This section demonstrates that aforementioned technique can be extended to

the phase shifting method for the optical profilometry application. The shifting op-
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eration can be handled by a micrometer, which is mounted to a stage that carries

the fiber–mirror assembly. The fringe shifting process does not require any PC con-

trolled 3D translation stages, which reduces the cost of the optical setup. Since the

single–mode optical fiber is glued to the mirror, the assembly becomes very robust al-

lowing the fiber mirror separation not to be affected while the system is translated back

and forth. The undistorted and well–defined fringe pattern indicates the solidity of the

experimental setup. The fiber optic Lloyd′s technique introduced in this work proves

itself superior to other nondigitized fringe pattern techniques intended to construct,

project, and shift the interference fringes. Although multicore fibers and optical fiber

couplers are commonly used techniques in generating the structured light patterns,

such setups are vulnerable to shrinkage and/or expansion of the fiber material itself

due to environmental thermal fluctuations. These external factors introduce significant

path length differences between cores in a multimode fiber or between the two arms

of a directional coupler, which is enough to distort the fringe pattern and introduce

significant errors in measuring the surface topography of an object. In comparison, this

new fiber optic Lloyd′s mirror technique is immune to such external factors since the

interference pattern is obtained by a single–mode optical fiber with its virtual image at

a flat mirror. Additionally, the fiber optic Lloyd′s mirror technique is not affected by

the bending of the fiber optic cable, with added ability to overcome problems associ-

ated with the characteristics of the optical fiber. These problems include nonidealities

in core radius, refractive index profile, or cylindrical geometry throughout the address-

ing fiber. All these factors are critically important and need to be carefully addressed

when employing a fiber optic coupler or a multicore optical fiber to achieve good cou-

pling and equal optical power distribution between the cores for a stable interference

pattern. Another advantage of the fiber optic Lloyd′s mirror technique is that the

separation between the fiber and mirror may be adjusted to arrange an optical pattern

that accommodates the need of the experimenter.

The new setup is flexible and can easily produce slimmer or thicker fringe patterns

by adjusting the separation δ in Figure 5.1. In this work, a vertical fringe pattern is

used and a PSP algorithm preprocess step is run. This is performed concurrently while

various filters are applied to the frames to minimize the error in the measurements.
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PSP is a temporal technique, which requires the intensity information of a precise

pixel in each consecutive frame to be intact [see Equation 5.4]. If there is an undesired

shifting between the frames, the information changes and this results in a significant

error in the constructed surface matrix. On that account, the Lloyd′s technique fulfills

the requirements of the phase shifting optical surface topography applications very

well. Although the fiber optic Lloyd′s mirror method presents a basic and a highly

accurate measurement of the surface profile of objects, some limitations must be con-

sidered before starting image processing. In the Lloyd′s assembly, the projected fringe

separation is robust, but the intensity of the constructed fringes decreases a bit while

moving off from the first constructed fringe. At the very far end of the fringe pattern,

light and dark fringes cannot be distinguished anymore and that will cause an error

during image processing. Fortunately, nonuniform intensity distribution did not affect

the phase map during image processing since the contrast of the fringes projected on

the whole surface of our sample is quite good. For larger objects, this issue can be re-

solved using a more powerful laser source, that is to say a much higher–intensity fringe

pattern. The other main source of error emanates from the mistakes generated during

the image capturing process. The fringes projected on the object are deformed due to

the object′s height profile. Due to the nature of the discreetness of the interference

pattern, any large shadowed regions on the object′s topography can result in malfunc-

tion with the unwrapping algorithm. Therefore, the target objects must be placed on

the screen properly, or, alternatively, the fiber mirror assembly must be rotated suffi-

ciently to reduce the shadowing problems accordingly. The ripples on the constructed

object profiles may be reduced by employing more powerful filtering applications. In

this study, a 2D phase unwrapping algorithm is successfully employed for most of the

profiles. It is noted though that the phase unwrapping algorithm is not capable of

overcoming all the unwanted problems at the very dark and deep regions. Improved

unwrapping algorithms developed in future studies may help to increase the success at

these regions. In this part of the work, rms error measurements could be determined

for regular geometric shapes, such as a triangle and a hemisphere, as shown in Figure

5.4 and 5.7, respectively. Such rms calculations could not be performed for irregular

shapes shown in Figure 5.10 since the topographies are very much complicated and it is
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almost impossible to get reliable and accurate true surface topography measurements

using an ordinary ruler or caliper.

5.7. Conclusion

A phase stepping optical profilometry is achieved for the first time using a fiber

optic Lloyd′s mirror assembly. Compared to other fringe projection techniques, this

experimental setup is superior to existing techniques due to its low cost, practicality,

accuracy, and robustness as it is clarified in Fourier transform application. The con-

structed light pattern is less sensitive to external factors, such as ambient vibrations

and thermal fluctuations, which cause deterioration during sequential image capturing.

Our preliminary results prove that the Lloyd′s technique is successfully applicable to

phase shifting optical profilometry. A high quality mirror with higher reflectance ratio

and flatness may be used to improve the quality of the structured light pattern. The

proposed fringe projection technique is both practical and easy to construct and can

be a promising method for reconstruction of 3D shape measurements of rigid objects

via noninvasive optical profilometry techniques.



69

6. CONTINUOUS WAVELET TRANSFORM OPTICAL

PROFILOMETRY METHOD

6.1. Introduction

The final of our study considers a modification on the experimental setup to be

able to scale the fringe pattern in micron–size. The Lloyd’s mirror setup is combined

with an optical microscope for increasing the resolution and minimizing the projection

area. The Continuous Wavelet Transform (CWT) Profilometry method is used for

phase extraction and surface topography calculations.

Wavelet transform is a tool that cuts up data or functions or operators into differ-

ent frequency components, and then studies each component with a resolution matched

to its scale [95]. The wavelets provide a tool for time-frequency localization. The con-

tinuous wavelet, discrete wavelet, within discrete wavelet, redundant discrete (frames)

and orthonormal basis of wavelet are substantial methods. The wavelet transform is a

useful tool especially for analyzing non-stationary or transient signals.

The Continuous Wavelet Transform method provides the signal to be well repre-

sented in both time-space and frequency domains because of dilation and translation

characteristics of the daughter wavelets. Compared to Fourier analysis, Wavelet Trans-

form method is more suited in actual measurements to phase information retrieval from

a non–stationary signal [96]. Fourier analysis method is a global signal analysis tool so

it can not perform local analysis and is affected by spectrum overlapping problems. A

solution of this problem is using a window function to analyze the local signal, how-

ever, making this choice automatically is another challenge. Wavelet analysis method

brings a solution to this problem and can extract the phase map from only one single

frame [97, 98]. Wavelet transform method does not suffer from the spectrum overlap-

ping problems, thus, offers higher accuracy.
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M. Farge explains the Wavelet Transform method in [99] and the study gives a

detailed definition of the wavelet function and indicates it to be called the “wavelet”.

The analyzing function should be admissible, that is, its average should be zero for

an integrable function. All analyzing wavelets should have a constant number of os-

cillations due to similarity properties. The wavelet transform gives very good spatial

resolution in the small scales and very good scale resolution in the large scales. Win-

dowed Fourier transform has lack of similarity condition because of its decomposition is

based on a family of trigonometric functions exhibiting increasingly many oscillations

(trigonometric functions oscillate forever) in a window of constant size (the Hanning

Window is explained in FTP Chapter). In that case, the size of the window limits the

spatial resolution in the small scales and the range of the large scales.

If we consider a function that is smooth everywhere except a few points with

singularity the problem becomes much tougher. The positions of the singularities

are related to the phase of all the Fourier coefficients. Therefore there is no way to

localize the singularities in Fourier space. f(x) is nonregular with singularities and

then the essential information is lost, which means, f(x) is regular everywhere except

at a few singular points. Thus if this is an experimental error that needs to be erased

from the raw data, filtering is not possible because it has already affected all Fourier

coefficients [99]. However, wavelet transform keeps the locality of the signal and allows

the local reconstruction of a signal.

One more superiority of the wavelet techniques is the number of available wavelet

functions. The most appropriate one can be chosen for the signal in concern. Depending

on what signal features are aimed to be detected, the user can feel free to select a wavelet

that suits best. This can not be an option for Fourier analysis which is restricted to only

one feature morphology (that is the sinusoid). Haar wavelet, Meyer wavelet, Morlet

wavelet and Daubechies wavelet are some well-known wavelet functions.

In this study, the phase map of the deformed fringes is extracted by 1D CWT

technique using Morlet Wavelet as a mother wavelet. After the phase is extracted,

a phase unwrapping algorithm is applied to make the phase continuous. The details
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about the phase unwrapping and its importance are explained in the section Phase

Unwrapping and Phase Extraction.

There are two methods used in carrier phase subtraction: Linear and non-linear

carrier removal methods. In the thesis study of Inanc in 2017, it is explained how

to apply both methods [100]. Linear carrier removal depends on a plane fitting to

the undeformed part of the fringe pattern and then subtraction this calculated plane

from the phase map, while non-linear carrier removal is done by capturing the fringe

pattern that is projected on a reference surface. Then, the phase of reference frame is

subtracted from the deformed fringe pattern phase map and only phase deformation

is extracted. In above mentioned study, both methods are explained in detail and

in our study, non-linear carrier removal method is applied for a true phase map of

deformation. Finally, the phase map is multiplied by a constant that is derived from a

calibration procedure to get the real surface height distribution of the object. Our first

rigid target is a micro-channel on silicon wafer with an ion–beam cut in the middle.

Then our second object is a set of hydroxyapatite discs which are used in biological

applications as a substrate for bacterial growth and biofilm formation. We investigate

their surface structure and compare various disks using height calibration process. All

the calibration methods and error analysis are given in details in the results section.

6.2. Fringe Analysis for Continuous Wavelet Transform

The intensity distribution of the fringe pattern is given as;

g(x, y) = A(x, y) +B(x, y) cos[2πf0x+ φ(x, y)] (6.1)

Here, A(x,y) is the background illumination and B(x,y) is the amplitude of the mod-

ulation. The sinusoidal frequency is given as f0 and the object′s phase distribution is

φ(x, y).

The frame is a two-dimensional matrix and the wavelet transform will be carried

out line by line along the chosen direction of y for the fringe image g(x, y). We im-
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plement continuous wavelet transform method and the integration of the transform is

given by

W (a, b) =

∫ +∞

−∞
I(x)ψ∗a,b(x)dx (6.2)

Since the captured frame will be analysed line by line, I(x) represents a line of the

fringe image g(x, y), and ψ(x) is the mother wavelet that will be introduced below.

The constants a(> 0) and b(real) are scale parameter and shift parameter, respectively.

ψa,b(x) =
1√
a
ψ(
x− b
a

) (6.3)

ψa,b(x) function is vertically magnified by a constant 1√
a

and is expanded with a hor-

izontally. W(a,b) is in fact represents the strenght of correlation between ψa,b(x) and

I(x). ψ∗a,b(x), which is the complex conjugate of ψ. The choice of mother wavelet is im-

portant for the process, besides the description of the function as a wavelet must ensure

those criteria. These criteria are listed in the study of Addison et. all (2005) [101].

(i)The function must have finite energy as

E =

∫ +∞

−∞
|ψ(t)|2dt <∞. (6.4)

(ii)If ψ̂(f) is the Fourier transform of ψ(t), i.e,

ψ̂(f) =

∫ +∞

−∞
ψ(t)e−i(2πf)tdt (6.5)

then the admissibility condition must hold

Cg =

∫ +∞

0

|ψ(t)|2

f
df <∞. (6.6)
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The wavelet must has no zero-frequency components or, in other words, it must

have a zero mean (ψ̂(0) = 0). The Equation 6.6 is called as admissibility condition and

the constant Cg varies due to the chosen wavelet.

(iii) For complex or analytic wavelets, the Fourier transform must be real and

must vanish for negative frequencies.

ψ̂(f < 0) = 0 (6.7)

All these steps are for an appropriate choice of a suitable mother wavelet. After picking

the most applicable one to the current condition, the Equation 6.2 needs to be solved.

The solution can be achieved using fast Fourier Transform algorithm by defining Equa-

tion 6.2 in Fourier space. Here, the Parseval Theorem offers in Equation 6.8 that the

integration of a function multiplied with another complex conjugate function will be

equal to the integration of the multiplication of the Fourier transforms of these two

functions. This formulation can be named also Plancherel [102].

∫ +∞

−∞
f(t)g(t)∗dt =

1√
(2π)

∫ +∞

−∞
f̄(w)ḡ(w)∗dw (6.8)

Fourier Transform of both functions in equation 6.2 are given below

I(x) =

∫ +∞

−∞
Î(s)ei2πsxds, ψ(x) =

∫ +∞

−∞
ψ̂(f)ei2πfxdf (6.9)

The variable change is done as and the ψ(x) takes the form of;

x→ x− b
a

&
f

a
→ g (6.10)
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ψ(
x− b
a

) =

∫ +∞

−∞
ψ̂(f)ei2πf(x−b

a
)df

=

∫ +∞

−∞
ψ̂(f)ei2πf

x
a e−i2πf

b
adf

=

∫ +∞

−∞
ψ̂(ag)ei2πxge−i2πgbadg

(6.11)

Finally the Equation 6.11 and the Fourier of I(x) is put into the Equation 6.2, which

yields

W (a, b) =
1√
a

∫ +∞

−∞
dx

∫ +∞

−∞
Î(s)ei2πsxds

∫ +∞

−∞
ψ̂∗(ag)e−i2πxgei2πgbadg (6.12)

Solving Equation 6.13 for x variable results in a delta function

W (a, b) =
√
a

∫ +∞

−∞

∫ +∞

−∞
Î(s)ψ̂∗(ag)ei2πgbdsdgδ(s− g)

=
√
a

∫ +∞

−∞
ψ̂∗(ag)ei2πgbdg

∫ +∞

−∞
Î(s)δ(s− g)ds

(6.13)

This equation can be written also in the form of

W (a, b) =
√
a

∫ +∞

−∞
ψ̂∗(ag)ei2πgbdgÎ(g)

=

∫ +∞

−∞
Î(g)ψ̂∗(g)a,bdg

(6.14)

The complex conjugate function in above equation is ψ̂a,b(g) =
√
aψ̂∗(ag)ei2πgb.

The solution of 1D CWT equation gives the complex array with the coordinates

a and b for every row of the intensity matrix. Then, the modulus and the phase of this

complex array W(a,b) is extracted for every row of the image. That step is important

for the phase extraction of the 2D signal. The calculated modulus and the phase are

Mw(a, b) = |W (a, b)|=
√

[Re(W (a, b))]2 + [Im(W (a, b))]2 (6.15)
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Pw(a, b) = arg(W (a, b)) = arctan(
Im(W (a, b))

Re(W (a, b))
(6.16)

6.2.1. The Morlet Wavelet

The Morlet wavelet is the most popular complex wavelet that is preferred in

practice. General form of the Morlet wavelet is given by [101].

ψ(x) =
1
4
√
π

(eiw0x − ei
w2
0
2 )e−

x2

2 (6.17)

w0 is the central frequency of the mother wavelet. In Equation 6.17, the second term

is the correction term which corrects the non-zero mean of the complex sinusoid the

of first term. If the central frequency is taken greater than 5, then this term can be

neglected. We picked up the central frequency term 6 in our calculations.

Figure 6.1. The Morlet wavelet functions with w0 = 2.0 and w0 = 12,

respectively [101].

As it is indicated in Equation 6.8, both the Morlet wavelet and the Intensity func-

tion’s Fourier transforms need to be calculated. If we put Equation 6.17 in Equation

6.9 the ψ (x) function is derived. In MATLAB code, the Fourier of the intensity func-

tion I(x) in Equation 6.9 is calculated using the cwt1d.m function which is a special

file belonging to the YAWTB directory (Yet Another Wavelet Toolbox) [103]. Then

direct ridge maximum method is used for the phase calculations.

6.2.2. Direct Ridge Maximum Method for Phase Extraction

The modulus array in Equation 6.15 is introduced to be the amplitude of the

complex array W(a,b). Gdeisat et al. (2009) studied 1D continuous wavelet transform
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for spatial and temporal carrier fringe pattern demodulation and in their study, Morlet

wavelet is used as the mother wavelet for 1D-CWT [104]. Figure 6.2(b) shows the

modulus of the array in gray scale. White areas in the image indicates large values while

the dark ones indicate small values in the transform. Translation (shift) parameter b

and scale factor a are given in horizontal and vertical axis, respectively. The extracted

phase array from Equation 6.16 is given in greyscale in Figure 6.2(c).

Figure 6.2. Intensity of (a) a fringe pattern, (b) its modulus and (c) phase

arrays [104].

Direct ridge maximum detection algorithm is used for calculations of the phase

for each row. First, the maximum value of the modulus for each column for all the b

values in Figure 6.2b is determined then the corresponding phase at these points are

chosen from Figure 6.2c. The dotted lines in (b) and (c) parts show the maximum value

of the modulus and the element ar with the maximum point is called as ridge point.

All the maximum points are the ridges of the wavelet. A path is constructed following

all the maximum points for every b values and this path is called as ridge array. This

procedure makes out the coordinates a and b where the phase of the wavelet and the

phase of the signal are similar. The phase of the chosen row of the intensity frame is

given

Pwr(ar(b), b) = arg(Wr(ar(b), b)) = arctan(
Im(Wr(ar(b), b))

Re(W (ar(b), b))
(6.18)

After calculating the first row, this process is repeated for every row of the intensity

matrix of the image. Final phase map is extracted from the whole columns and then

a phase unwrapping algorithm is used to unwrap the phase to gain a continuous phase
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map. This final phase includes 2πf0x+φ(x, y) carrier removal term and the modulation

term, respectively. Carrier removal term comes from the nature of the tangent function

which is explained in the chapter Phase Unwrapping and Phase Extraction. The carrier

removal term needs to be erased for a successful phase matrix.

The flow chart of the CWT method is given in Figure 6.3. The deformed fringe

pattern is captured and then the frame is converted to greyscale and every row of

the intensity matrix is Fourier transformed. This row matrix is put into 1-D CWT

algorithm. The Fourier transform of the row matrix and the Fourier transform of the

Morlet wavelet are inserted into the CWT equation and after this step the modulus

and the phase arrays are calculated. Determining the maximum of the modulus array

gives us the ridge arrays. The corresponding point of these ridge points on the phase

array matrix are chosen and this process is repeated for every row of the captured

frame. Finally a 2D total phase matrix is built and an unwrapping is applied to form a

continuous phase distribution. The carrier removal step ensures that the tilt is removed

from the total phase and then only the phase of the deformation is remained. In our

final step, the phase map is multiplied with a constant, that is, it is derived from a

calibration procedure to get the real surface height distribution of the object.
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Figure 6.3. Flow chart of the CWT algorithm.

6.3. Experimental Setup for the Continuous Wavelet Transform (CWT)

The experimental setup is redesigned to perform micron-size fringe pattern gen-

eration. The Lloyd’s mirror is used to generate the fringe pattern but this time the

fringe frequency is increased as much as possible for micron-size target area. The setup

is not planar to the optical table anymore but vertical and an optical microscope is

used to ensure optical path between the camera and the target surface. A He-Ne laser

with 632.8 nm wavelength is used and the laser beam is coupled into a single mode

optic fiber. The tip of the fiber is placed very close to the mirror surface but not

attached to it. The mirror is an Al-coated regular round mirror. The mirror and the
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fiber optic chuck is placed paralel and positioned above the stage so that the generated

fringe pattern can easily illuminate the planar microscope stage. CCD camera is an

Optronis CR 600x2 CamRecord High-Speed camera (with monochrome sensor). The

detailed sketch of the stage is given in Figure 6.4.

Figure 6.4. Microscope stage and Lloyd′s mirror configuration.

Figure 6.4 illustrates the microscope stage and Lloyd′s mirror configuration. The

fringe pattern is projected to a point where the objective of the microscope is focused

on. The focal plane of the objective lens on the microscope is chosen 5 cm with 10x

magnification and the CCD camera is focused on the vertical eyepiece tube on the

top of the microscope. The frames are captured in an optical laboratory under indoor

lighting. After the setup construction, the target surfaces and the objects are placed on

a microscope slide and positioned under the objective. The position of the microscope

stage is adjusted to focus on the fringe patterns and after the highest resolution fringes

are observed on the computer screen (that the CCD camera is connected), the frames

are captured.

The difference of this study from previous chapters is that it considers micro-scale

fringe pattern generation and the fringe frequency is varied and the total area of the

projected fringes is minimized as much as possible. The total visible area that the

objective is focused on is a circle with a radius of approximately 750 µm. So the total
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calculated area under the objective that the fringe pattern is visible is approximately

1.77 mm2. All frames have a 1280 ×1024 pixel resolution.

The main aim is to find the surface topography so the calculated phase map

must be converted into a real object dimension matrix for a true description of the

target surface. To do so, in general triangulation method is used. This basic technique

ensures a true description of the object surface with multiplying the phase matrix with

a constant that is derived using setup parameters.

6.3.1. Optical Triangulation

Figure 6.5 indicates the optical triangulation method. The technique is basic and

depends on the triangulation of the optical setup and triangle resemblance method. M

is the point that the laser beam is projected on the microscope stage and if there is

not any target object, the beam coming from the M point would directly reach to the

point A’. When a target is placed on the plane surface, this point will shift to the point

P and its projection on a plane surface is indicated as A. This is the fringe shift due

to the height of the object. |A′A| shift is equal to the distance |CC ′|. h(x, y) is the

surface height at that coordinates and L is the distance between the screen and the

CCD camera. θ is the angle between the camera axis and laser beam.

Figure 6.5. Optical Triangulation.
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Now considering the small and the big triangles, we can write below formulation

through the triangle resemblance of 4(A′AP ) and 4(MCP ) as

|A′A|
|AP |

=
|CM |
|CP |

(6.19)

h(x,y) is |AP |, |CM | is d, |CP | is L − h(x, y). Using all these definitions and above

formulations we can write basicly,

|A′A|
|h(x, y)|

=
|d|

|L− h(x, y)|
(6.20)

The height formula can be derived from equation 6.20 as

|h(x, y)|= |A′A||L|
|A′A|+|d|

(6.21)

Here the fringe shift is related to the difference of |A′A|. So this parameter can be

connected to the amount of phase shifting. Considering fringe pattern, for a length of

fringe frequency λ the total phase is 2π.

If we establish a proportion, for a 2π total phase difference, a wavelength of λ

is required, so for a φ(x) phase distribution, a 4x spatial distance is required. This

spatial distance in our case is |A′A| so 4x = φ(x)λ
2π

. Finally the height description of

the object is given in below by formula ;

|h(x, y)|= φ(x, y)L

2πf0d
(6.22)

We assume that the d�4(x) and the wavelength of the fringe pattern is related with

the fringe frequency λ = 1
f
.

The Equation 6.22 gives the height description of the object. Normally, the vari-

ables (L, d) that depend on the experimental setup can be measured and in previous

sections they are measured and added in calculations. Now we use an optical mi-
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croscope system and measuring these parameters in a high precision, which is quite

challenging. That is because the camera and the mirror assembly are not placed on the

same level as it is indicated in Figure 6.5. The anticipated positioning of the camera

and the mirror assembly as in the figure does not let the fringe pattern projected on

the focal area of the microscope. Also, the width of the fringes must be very small to

ensure that enough number of fringes are projected on the target object.

So an alternative method of the calculation of the setup parameters is investigated

here. In fact the used technique does not calculate one by one all the spatial parameters

and the constants but it produces a multiplication constant to convert the phase to

the real dimensions of the object.

6.3.2. Step Calibration Instead of Optical Triangulation

The used method is step height fitting and basically, the technique includes cap-

turing multiple successive frames where the microscope stage is moved up and down

under the objective and so the fringe pattern is shifted on different points at every step.

The position of the microscope stage is moved up and down by using coarse and fine

adjustment knobs of the microscope. The fine adjustment knob has a 1 µm resolution,

which allows to fix our increments by any amount we want.

Before the experiment starts, the microscope stage position is adjusted that it is

inside the focal plane of the objective. Therefore, the observed fringe pattern projected

on the plane stage is in focus and well-resolved. More than 15 consecutive frames can

be captured moving the microscope stage up or down. Inside all these frames, 5 or more

successive frames are chosen and then a portion of these images are cropped and copied

on one single image. The fringe shift, in other words, the phase shift can be observed

directly on this image. The real phase difference between the steps is calculated using

a MATLAB code which applies the Heaviside step function to the unified image.

Figure 6.6 represents the fringe pattern which is projected on a microscope lame

with blue label field. We used this field because it is smooth, nonreflective and also this
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label field area is free from sparkles when the light is projected on. In fact, the fringe

pattern frames belong to microscope lames are used only to explain the step height

calibration procedure, efficiently. The following paragraphs explain how Heaviside step

function is applied and the calculations which are required to derive the real object

dimensions from the phase map of the object. Then, for all samples this procedure is

repeated and individual calibrations are done for each different object.

Figure 6.6. Real image and its wrapped phase map of the fringe patterns projected

on the microscope lam for 20 µm height steps.

The fringe shift due to the microscope stage positioning is obvious in Figure 6.6.

Here, five successive fringe images are chosen and there is 20 µm step heights between

each frame. More step height difference results in much more fringe shift. The phase

maps of the successive frames is given in Figure 6.6 and 1D–CWT (continuous wavelet

transform) algorithm is used to extract the phase distribution of the image. The user

can pick different step height values but must keep in mind that if the phase difference

between the fringes is equal or greater than the 2π, then the algorithm may have

problems about the phase calculation. Because for more than a 2π phase difference the

fringe moves on a full period but this total period step variation will not be observed on

the fringe pattern because the fringes will be similar to their initial state. One another

crucial factor about the phase calculations is the problems about phase ambiguities.

The problem depends on the amount of shifting and if this shifting result a phase

difference around π, then the algorithm may not recognize if we raise the microscope

stage up or lower it. Because the fringes will be shifted by a step that corresponds

to π and the camera captures all frames one by one at each position of the stage, the

camera can not recognize if the phase is increased or decreased. Thus, sometimes the



84

steps will not be incremented (as it is given in Figure 6.7) but fall to the bottom. Using

a much smaller phase increment may solve this problem. A more detailed explanation

and relevant figures are given in the thesis study of Inanc, 2017 [100].

Figure 6.7. 3D constructed phase map of the microscope lam with 20 µm height steps.

All successive frames are taken on the same microscope lame and the unified pic-

ture of the cropped fringe patterns are given in Figure 6.6. Now below figure represents

the 3D phase map of the unified fringe patterns. The figure clearly shows the phase

steps between shifted fringe patterns and these steps are very similar to each other.

We used a Heaviside functions to fit these steps. The general definition of Heaviside

function that we implement in our calculations is given as

h(x, y) = a1heaviside(y − n) + b1heaviside(y − 2n) + c1heaviside(y − 3n)+

d1heaviside(y − 4n) + f1x+ g1

(6.23)

Each consecutive steps has a length which is indicated as a1, b1, c1 and d1. All the cut

frames are unified along y direction so the step height will change along y-axis. Then

n variable presents the increment of the step function on y-direction. The amount of

n is equal to the length of the y-axis in the cut area of the frame. f1 is any existing

tilt on the image and finally g1 is a constant that determines the intersection of the yz

plane.

To apply fitting on the step heights MATLAB Curve Fitting Tool (cftool) is used.

Figure 6.8 presents 3D phase map of the fringe patterns with 20 µm height steps.
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Figure 6.8. 3D phase map of the captured fringe patterns with a 20 µm step height

difference between consecutive patterns

The result parameters are given with their corresponding deviations.

a1 = 0.9385± 0.0013 rad

b1 = 0.8317± 0.0013 rad

c1 = 0.9942± 0.0013 rad

d1 = 0.7049± 0.0013 rad

f1 = (2.378± 0.284)10−5

g1 = 1.787± 0.001 rad

(6.24)

The average of the four steps give us the mean phase. The mean phase with the relative

error amount is given by

4φ = 0.867± 0.006 rad (6.25)

Thus, we can say that for a 20 µm height change will result in a phase of 0.867 rad.

Using a basic ratio, user can find a constant c parameter for conversion from the phase
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[rad] to the size[meter]. The height matrix can be written basicly as

h(x, y) =
δ(x)

φ(x, y)′
φ(x, y) = c.φ(x, y) (6.26)

where the φ(x, y)′ is the phase which is gained from the calibration process, δ(x) is the

step height value and φ(x, y) is the phase matrix of the demodulated fringe pattern.

For this example, the c constant c is 23.06 [µm/rad]. This conversion is done for every

set of the measurement data. Therefore, each time before image capturing of objects

is started, the reference fringe patterns are captured and the plane calibration is done.

6.4. Results

6.4.1. Measurement of Microchannel on silicon wafer

A microchannel structure is formed on polished silicon wafer surface with 122

µm depth by ion beam etching. In the middle of the channel there is a small circular

area is curved with a diameter of 1500 µm. The diameter is measured under light

microscope Leica CTR 6000. Before placing the silicon wafer under the objective, a

thin layer of correction fluid is coated on the surface of the wafer and also inside the

channel. That is a required step because the surface of the silicon is very reflective and

the projected fringe pattern could not be observed on it. After a thin layer of white

color coating, the surface is highly visible and the red fringes are easily distinguished

on the silicon surface. The major drawback of this step is that the correction fluid

has also a thickness. This thickness is studied in A. Inanc’s master thesis study [100]

and the thickness of the fluid is measured to be 15 µm . This extra thickness is all

around the microchannel and also inside the tunnel. The measurement results show

that the thickness of the correction fluid increases the thickness at the same amount

on every point on the surface of the microchannel so the depth of the tunnel can

correctly be measured. After the correction fluid is dried, the microchannel is placed

under microscope objective and the fringe pattern is projected onto the surface of the

silicon wafer. Figure 6.9 shows the object and the reference fringe frames. We used a



87

reference image to remove the carrier frequency tilt on the phase. First a calibration

process is done to extract the constant that is used to convert the phase map to the

real dimension matrix, then the reference image and the object images are captured.

Figure 6.9. Captured fringe patterns projected on the microchannel and the plane

surface(image size 1880 µm× 1880 µm).

The dark areas around the circle indicate the areas where the laser light could not

illuminate enough. The circular hollow and the tunnel of the microchannel can easily

be observed. These are the real images but for image processing, a preprocessing step

is applied on each frame and a denoising filter is used to get rid of the sparkles of the

frames and to smooth the dark areas. fwt2d˙denoise.m filter can be found in YAWTB

directory (Yet Another Wavelet Toolbox) [103]. 1D-CWT algorithm is applied to the

images and the wrapped phase maps of the deformed and the reference fringe patterns

are given in Figure 6.10.
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Figure 6.10. Wrapped phases of the deformed and reference fringe patterns for

microchannel on silicon wafer (pixel in size)

The wrapped phases are unwrapped by cunwrap.m in YAWTB directory [105]

and then the unwrapped phase matrix is converted into real dimensions by multiplying

with a constant. This constant value is gained using Heaviside step function that is
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explained in previous sections. The step height values are given in;

a1 = 1.063± 0.0040 rad

b1 = 1.31± 0.0040 rad

c1 = 1.304± 0.0040 rad

d1 = 1.229± 0.0040 rad

f1 = 4.641± 10−4

g1 = 2.21± 0.0040 rad

(6.27)

Then the mean phase value φm is given with its standart deviation error;

4φ = 1.226± 0.115 rad (6.28)

The calculation results of the Heaviside step function gives the multiplication constant

c =
40 µm

1.2265 rad
≈ 33µm/rad (6.29)

This ratio defines the multiplication constant c. The error on the calculated multipli-

cation constant depends on the error of the adjustment of stage positioning and the

phase calculation.

First error component depends on the adjustment knob of the microscope stage

and its precision is about 1 µm. Second component is the error of the phase calculation.

If we consider a measurement A = B.C, the error on A can be computed through

standart error propagation from the individual uncertainities of the measurements of

B & C, assuming that those uncertainities are small relative to their central values

which are well-behaved (like Gaussian distributed).

σA =

√
(
∂A

∂B
.σB)2 + (

∂A

∂C
.σC)2 (6.30)
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The equation 6.31 is written for microchannel multiplication constant and it is given

by

σc =

√
(

1 µm

1.226 rad
)2 + (

40 µm

1.226 rad
× 0.115 rad

1.226 rad
)2

≈ 3µm/rad.

(6.31)

σc is the error of the multiplication constant c. Then, we calculate the height description

of the object and there will be an error propagation depends on the calculation of c and

the phase matrix. Now, using the height formula given in Equation 6.26, the z-profile

of the object is calculated with the tolerance of

h(x, y) = c× φ(x, y) = (33µm/rad)× φ(x, y) (6.32)

The error propagation on every single point of the phase matrix is calculated for height

measurement as

σh(x,y) =
√

(0.1092rad× 33µm/rad)2 + (φ(x, y)× 3µm/rad)2 (6.33)

Here 0.1092 rad is the φ(x, y) rmse (root-mean-square-error) value (in rad) for every

single point of a phase matrix belong to the area that is cropped at the bottom of the

microchannel. That area is used for plane fitting Then, putting the phase matrix into

φ(x, y) in Equation 6.33 gives us the required profile of the target object. Figure 6.11

presents the calibration steps of microchannel where 40 µm height steps are used.
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Figure 6.11. Microchannel steps with 40 µm heights for calibration process.

The phase matrix in Figure 6.10 is unwrapped and then multiplied with the

coefficient c, and finally, the microchannel height distribution is given in Figure 6.12.
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Figure 6.12. 3D surface topography of the microchannel etched on silicon wafer.

The depth of the microchannel is measured for a chosen line on x-axis at 860 µm

in the middle of the channel. Figure 6.13 gives the height profile of the channel and the

base of the channel is close to 120µm. After plane fitting to the base of the channel,

the approximate depth value is given as 119.5µm ±11.6 µm. Here, these fluctuations

are very predictable because of the correction fluid on the microchannel. Also, the

height variation from the base to the surface is not very sharp because of the fluid

accumulation at the edges of the channel. The real depth of the microchannel due

to stylus profiler measurement is 122 µm. The depth profile of the microchannel is

measured close to the real profile but the correction fluid contribution to the height

profile is non-negligible. The fluctuation coming from the correction fluid is not so

distinct on the height calibration steps, because the height calibration procedure only

considers relative phase changes. And, even though there is an additional coating on

the surface, the objective will focus on the same area on the sample so it will not be

influenced by the local variations of the sample surface.
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Figure 6.13. Cross-section of the depth of microchannel at X=860 µm.

The vertical calibration procedure is explained for the z-profile in above sections.

The step height calibration with consecutive frames gives a reliable and straight-forward

conversion from the phase map to the surface profile. For a well defined 3D profile the

horizontal axis must also be calibrated and converted into the same scale. For this aim,

an image of the microchannel is captured with optical microscope Leica CTR 6000,

and then, a pixel to size calibration is done and the ratio derived after this calibration

is used as a multiplier for the horizontal profile of the captured images. The captured

image of the microchannel is given in Figure 6.14.

Figure 6.14. Optical microscope image of the microchannel.
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6.4.2. Measurement of hydroxyapatite discs

A set of hydroxyapatite discs are delivered from the biology department and the

aim of the study is to measure the height differences of all the discs due to a reference

one. This procedure is done because all these discs are used in many times for various

biological applications. During these previous treatments, the surface of the discs are

exposed to many chemicals and rough applications. Biofilm formation and some kind

of bacterial growth processes are achieved on the disc surfaces and we want to realize

the deformation on these surfaces. If there is a very large amount aberration, it will

also affect the thickness of the discs. We would like to find out most damaged discs and

pick them out. The surface topograpy is also investigated and the surface is checked

if there are cracks or streaks. Lateral calibration is not done because there is not any

figure or form on the plane surface.

To this end, the clean and dry hydroxyapatite discs are numbered and placed

under the objective of the microscope. The image resolution is the same with the

microchannel measurement process but this time apart from the previous study, we do

not need any correction fluid because the color of the discs is white. The 4X objective

is combined with a NFK 3.3 LD lens and the resolution of the captured frames are the

same. The frequency of the fringe pattern is adjusted again and one disc is chosen as

a reference one to compare with all others.

Figure 6.15. Calibration phase map of hydroxyapatite discs with 50 µm height steps.
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Table 6.1. The phase difference of all hydroxyapatite discs compared to a reference

one and their corresponding height values

# Phase Difference(rad) Relative Height(µm)

1 0.688 43.4

2 0.663 41.7

3 0.353 22.2

4 0.610 38.4

5 0.750 47.2

6 0.789 49.6

7 0.713 44.8

Figure 6.15 presents the phase matrix of reference hydroxyapatite disc with 50

µm height step. Heaviside step function is applied to the steps and 0.799 rad phase

difference is calculated for a 50 µm height step. Approximately 0.16 rad phase difference

occurs for every 10 µm height increase. That value is checked for different step heights

and similar results are obtained for 10 µm increments. The relative height differences

of each disc with a chosen reference one show that some discs are abraded so much

that their thickness is reduced distinctly. These values indicate how much each disc

is higher than the reference one, so lower values indicate much higher attrition on the

disc surfaces. This comparison procedure is in fact a calibration for the next step of

the experiment.

6.5. Discussion

Continuous Wavelet Transform optical profilometry based on Lloyd′s fringe pro-

jection method results in an efficient micro-scale optical profilometer. The image cap-

turing procedure is easy to repeat because the fringe frequency is not changed during

the procedure, say, even over weeks. The algorithm used for height description of the

sample does not depend on the fringe frequency so it would not be a problem even if

the fringe pattern changes slightly. On the other hand, that would be a problem when

the number of fringes projected on the sample surface change or if the fringe width
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change. Because very large fringes would cause a rough description of the surface with-

out fine details that the sample has. An easily adjustable fringe pattern helps us very

much, especially for fine details or sharp edges of the samples and the user can easily

change the fringe width as it is projected on the sample or on the reference surface.

After required fringes are gained, the fiber is fixed and the mirror- fiber couples are

not disturbed during the image capturing process. In some phase shifting processes,

the sample is hung on the screen and the fringe pattern is moved on the object sur-

face. That is the way we did in Phase Stepping Profilometry application. That would

not disturb the fringe pattern of the Lloyd′s mirror but needs a delicate treatment to

prevent user-based crushes or hits. Unlike, in this setup, after the fringes are adjusted,

user hardly touches to the mirror-fiber stage, only moves the microscope stage up or

down to form the fringe shift in this assembly.

One important pre-process about the method is the denoising of the captured

frames. That is a required process for reducing the sparkles and noise on our im-

ages. After denoising, the images become much softer and the errors on the final

phase map are reduced so much. The phase of the images can also be calculated us-

ing phase˙unwrap.m function [106] but we used cunwrap.m [105] because it does not

locate wrapped phase map on the zero-line while plotting. Even though the denoising

filter achieves prominent results on the phase map, it should not be ignored that the

high-quality images result minor errors. While capturing images, the object and the

projection direction of the fringe pattern must be chosen in such a way that there are

no shadowing areas or very bright points as much as possible. If this is inevitable, then

an enough pre-processing filtering is applied to the captured frames.

The error on the results of the microchannel is relative to the correction fluid and

this is a source of error that needs to be removed. The relative error on the result is

very approximate to 15 µm which is the height measurement of the correction fluid.

The correction fluid fills the edges of the tunnel and it results in a curved shape at the

edges of the tunnel instead of a sharp corner shape in Figure 6.13. A different liquid

could be used to form a much thinner and homogeneous film on the sample surfaces.
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The thickness variations between hydroxyapatite discs are obtained in a very

straightforward method. Measurements of degradation, abrasion and diminution on

the substrate are major obstacles for successful measurement of the top coatings. If

the objective coating is sensitive and vulnerable to rough analyzing methods, then

our method becomes much precious as a non-invasive surface topography analysis and

profilometry applications.

6.6. Conclusion

The Continuous Wavelet Transform profilometry with fiber optics Lloyd’s mirror

assembly method has been introduced in this chapter. The experimental setup is easy

to configure without the need of any high cost optical apparatus or any kind of optical

aligners. The technique is straightforward and the algorithm based on CWT works

quite fast. The setup is arranged to measure micro-scale deformations and the profile

of the object is measured with an error propagation of ±10µm. This error can be

reduced if more height steps are taken into account. However, result graphs indicate

that the observed fluctuations on the measured profile are higher than this level of

uncertainty because of the correction fluid on the microchannel. This fluid is aimed to

be replaced with a smoother and more efficient one in reducing the surface reflection

of objects.
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7. CONCLUSION

A fiber optical Lloyd′s fringe projection technique has been introduced in optical

3D profilometry, which is applied to three general and leading algorithms. In Chapter

4, it has been demonstrated that our developed fiber optic Lloyd′s mirror assembly

enables us to obtain good quality result, which are based on the interference fringes

at a relatively low cost and allows to obtain precise 3D topographic measurements

combining with the Fourier Transform Profilometry (FTP). These patterns are less

sensitive to external disturbing factors such as ambient temperature and vibrations.

Using single and double-mirror assemblies introduce a small error in 3D reconstruction

of the objects and imply that the proposed technique for the FTP is promising. Pattern

improvement may be possible using high-quality mirrors with good reflectivity and

better flatness. Since the proposed fringe projection technique is flexible and easy to

configure, it enables us to develop unique setups for other specific applications and 3D

shapes of more complicated objects.

In Chapter 5, a phase stepping optical profilometry is achieved for the first time

using a fiber optic Lloyd′s mirror assembly. The experimental setup has advantages

over other existing techniques due to its low cost, practicality, accuracy, and robustness.

The constructed light pattern is less sensitive to external factors, such as ambient

vibrations and thermal fluctuations, which cause deterioration during sequential image

capturing. All results indicate that the fiber optic Lloyd′s mirror assembly can be used

as a fringe projection method not only for stationary methods, but is also successfully

applicable to shifting related profilometry applications. The proposed fringe projection

technique is both practical and easy to construct and can be a promising method for

reconstruction of the 3D shape measurements of rigid objects via non-invasive optical

profilometry techniques.

In Chapter 6, the Continuous Wavelet Transform profilometry with fiber optics

Lloyd′s mirror assembly method is introduced and is combined with CWT method.
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Apart from the aforementioned methods in above paragraphs, this setup is ar-

ranged to measure micro-scale deformations and the profile of the object in concern is

measured with an error of ±11.6 µm. This value can be derived from the Equation

6.33. Plane fitting is applied to the bottom of the microchannel and the depth of the

channel is measured approximatelly 119.5 µm. The total error propagation will be

a little much while considering phase difference and the contribution of the error in

phase to the total phase propagation can be reduced by adding more number of steps

to the step height calibration procedure. The total observable area under the objec-

tives is around 1.77mm2. The fringe projection technique combined with the optical

microscope is a promising method for micron-sized optical profilometry applications.

Increasing the fringe frequency means increasing the density of the fringes, which al-

lows to study much finer details on the target objects. All applications, which are

mentioned in this thesis have some drawbacks that can be reduced in future studies.

The most important and common drawback for each method is the shadowed areas

and bright points on the captured frames. To increase the image quality, the position

of the target object and the projection angle of the fringe pattern needs to be arranged

so that the shadow areas on the captured image are minimum. If it is inevitable to

do this, then the user must choose a successful phase unwrapping algorithm that can

overcome the broken fringes on the shady areas.

In all sections, the algorithms first extract the phase matrix and then this infor-

mation is converted into the height description of the target object using a conversion

constant. Equation 4.13 in FTP and Equation 5.8 in PSP algorithms carry the exper-

imental setup related constants, which are used for phase to height conversion, while

in CWT a calibration procedure is introduced to find the relative conversion constant

”c” and to result in a true object profile in meter scale. In all chapters 3D real and the

constructed object profiles and the cross-sections of them are given with corresponding

errors. The error range in FTP and PSP methods are in millimeter scale while in CWT

method the relative error is in micrometer range. All the error values are within the

acceptable limits.
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Changing the wavelength or combining different laser sources in the fiber optics

Lloyd′s mirror assembly may provide an improved and high resolution fringe pattern.

As a future work, as it is introduced in CWT section, we have proposed to study

the biofilm formation of the bacterial culture on the hydroxyapatite discs and the

precise measurements of the biofilms in different proliferation times. The fiber optics

Lloyd′s mirror assembly method prove itself for optical profilometry applications from

millimeter size objects to a few micrometer scale. To investigate the borders of this

introduced fringe pattern on optical profilometry applications is another future aim

for our study. Previous studies have shown that there are various nano-lithography

and nano-patterning applications, which are based on Lloyd′s mirror method for fringe

projection [107–111].
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skin topography measurement using Fourier transform profilometry”, Strojnǐski
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