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Abstract

Development and characterisation of a novel optical

surface defect detection system

By

Mohammad Abu Hana Mustafa Kamal

The objective of this project was to develop and characterise a novel optical high-
speed online surface defect detection system. The inspection system is based on the
principle of optical triangulation and provides a non-contact method of determining
3D profile of a diffuse surface. Primary components of the developed system consist
of a diode laser, CCf15 CMOS camera, and two PC controlled servomotors. Control
of the sample movement, image capturing, and generation of 3D surface profiles was
programmed in LabView software. Inspection of the captured data was facilitated by
creating a program to virtually present the 3D scanned surface and calculate
requested surface roughness parameters. The servomotors were used to move the
sample in the X and Y directions with a resolution of 0.05 pum. The developed non-
contact online surface-profiling device allows for quick high-resolution surface
scanning and inspection. The developed system was successfully used to generate
automated 2D surface profiles, 3D surface profiles and surface roughness
measurement on different sample material surfaces. This automated inspection
facility has X-Y scanning area capacity of 12 by 12 mm. In order to characterise and
calibrate the developed profiling system, surface profiles measured by the system
were compared to optical microscope, binocular microscope, AFM and Mitutoyo

Surftest — 402 measurement of the same surfaces.
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Chapter One

Introduction

Surface engineering provides an important means of engineering product
differentiation in terms of quality, performance and life-cycle cost. Surface
inspection is used for quality assurance of surface engineered products. There are
many types of inspection methods for surface inspection, generally categorised as
destructive and non-destructive inspection (NDT). The main NDT systems for defect
. inspection include eddy current, liquid penetrant inspection, radiography, ultrasonic,
and optical techniques. NDT inspection techniques have great advantages over
destructive testing, The demand for greater quality and product reliability has created
a need for better techniques of NDT [1]. The optical methods include imaging radar,
interferometry, active depth-from- defocus, active stereo, and triangulation. Among
them optical triangulation is one of the most popular optical range finding

approaches [2].

Over the last few years there has been a significant increase in research into the
development and application of optical methods for surface inspection. This has been
due to a number of factors such as greater familiarity with laser techniques, the
availability of new commercial equipment, and developments in solid-state detector
arrays and image processing. There are two types of measurement data acquiring
methods: contact measurement and non-contact measurement. Contact measurement
is a measuring method that acquires surface geometric information by physically
touching the parts, using tactile sensors such as gauges and probes. One example is
the co-ordinate measuring machine (CMM). Without physically contacting the part,
non-contact measurement is used to acquire surface information by using some

sensing devices, such as laser or optical scanners, X-rays or CT scans [3].

Scratches, cracks, wear or checking for proper finish, roughness and texture, are
typical tasks of surface quality inspection or surface inspection. Laser scanning
inspection systems using the triangulation or stereovision principles are the most

common and useful methods for 3D surface profiling [4]. Optical scanning



technologies are generally preferred because of their greater ﬂexibility in the
digitization of surfaces, non-contact measurement, sub-micrometer resolution, simple
structure and accuracy compared to mechanical systems [5,6]. Four types. of light
projection patterns are commonly used for 3D profiling include single poinf, strip,
grating and grid [7,8]. Desirable features for on-line profiling systems are:

a) Non- contact measurement to prevent surfaces from being damaged

b) High vertical resolution

¢) Immunity to environmental vibration, air disturbance, translation stage error

and other error sources and

d) Easy installation and convenient automated operation [9].

The accurate measurement of surface roughness is very important to ensure the
quality of parts and products. A stylus type instrument is commonly used tool for
measuring surface roughness parameters. Difficulties for this device in on-line
measurements include potential surface scratches, wear of the stylus tip, and danger
of instrument damage for high speed and long duration measurements [10]. As an
alternative optical techniques have other key advantages including high speed,
greater accuracy and reliability [11,12]. Different parameters can be used for the
characterization of surface roughness. Statistical parameter such as the arithmetic
mean of the roughness, R. and the root mean square roughness, R,, are most

frequently used [13].

In this work an automated laser, based on a previous manual surface scanning
system, has been developed. The inspection principle of the optical triangulation
provides a non-contact method of determining the displacement of a diffuse surface.
Main components of the developed 3D surface-profiling device are a light source, a
CMOS camera, and two PC controlled servomotors. Point and a strip pattern of laser
light were used as a light sources. The light of a laser diode was focused onto the
target surface. A lens imaged this feﬂected laser light onto the CMOS camera. As the

target surface height changes, the image shifts on the CMOS camera due to parallax.

The developed non-contact online surface inspection system allows for quick high-
resolution surface scanning and inspection. In the developed inspection system the

control of the sample movement, image capturing, and generation of 3D surface



profiles was programmed by LabView and interfaced with a Graphical User Interface
(GUI). A separate GUI has been developed for surface roughness parameters

measurement.

This thesis is sepﬁrated into seven chapters and nine appendixes. Chapter two deals
with the literature survey for the developed automated surface defect detection
system. In the first section of this chapter reviews surface inspection, surface defect,
surface roughness, roughness parameters, surface roughness measurement technique
and different 3D surface profiling rﬁethods. Also reviews the laser as a light source,

lasers applications and servo technology.

Chapter three describes the operation principle and experimental setup of this

project.

Chapter four presents the software development for the automated surface inspection
system. This chapter gives detailed descriptions of the develop software, which
include CCAM CCf15 camera interfacing with LabView, automated surface
scanning system, and 3D surface reconstruction. This chapter also present that

procedure for surface roughness determination.

Chapter five presents experimental results achieved with the system. Surface
roughness parameters results are compared with commercial systems including a
Pacific Nanotechnology atomic force microscope (AFM) and a stylus instrument

Mitutoyo Surftest—402.
Chapter six presents a discussion on the automated LTS system scans results.

Chapter seven presents a conclusions and recommendations for future work.



Chapter Two

Literature survey

2.1 Surface profile

A profile is the line of intersection of a surface with a sectioning plane which is
perpendicular to the surface. It is a two-dimensional slice of the three-dimensional
surface. Profiles are almost always measured across the surface in a direction

perpendicular to the lay of the surface, as shown in figure 2.1.

vavwpredevedm |

L Profite
Sectioning
Plane.

Surface shape is
exaggeraled

Profiting Instrument
Pick Up

Figure 2.1: Surface profiling system [13].
2.2 Roughness profile

Roughness is of significant interest in manufacturing because it is the roughness of a
surface that determines its friction in contact with another surface. The roughness of
a surface defines how that surfaces feels, how it looks, how it behaves in a contact
with another surfabe, and how it behaves for coating or sealing. For moving parts the
roughness determines how the surface will wear, how well it will retain lubricant,
and how well it will hold a load.

The roughness profile includes only the shortest wavelength deviations of the
measured profile from the nominal profile. The roughness profile is the modified

profile obtained by filtering a measured profile to attenuate the longer wavelengths

v



associated with waviness and form error. Optionally, the roughness may also exclude
(by filtering) the very shortest wavelengths of the measured proﬁle,'which are

considered noise or features smaller than those of interest [13].
2.3 Surface inspection

Surface inspection is usually a bottleneck in many production processes. The visual
inspection for appearance of metal components in most manufacturing processes
depend mainly on human inspectors whose performance is generally inadequate,
subjective and variable. The human visual inspection system is adapted to perform in
a world of variety and change. However, the accuracy of the human visual inspection
declines with dull, endlessly routine jobs. The inspection is therefore, slow,
expensive, errafic, and particularly, subjective. As visual inspection processes only
require the analysis of the same type of images repeatedly to detect anomalies,
automatic visual inspection is the alternative to the human inspector to objectively
conduct such an inspection [14]. Visual surface inspection of plastic, steel, fabric,
wood, and other techniques can be easily performed using machine vision. Inspection
of products on high speed manufacturing lines can be boring, exhausting, and
dangerous for human operators. The manual activity of inspection could be
subjective and highly dependent on the experience of human personnel [15]. These
reasons lead to humans not always being consistent evaluators of quality. Automated
inspection can relieve this work, and provide more consistent quality of inspection
untiringly. Furthermore, automated inspection can find defects that are too subtle for
detection by an unaided human and can operate at higher speeds than the human eye,
for example, products moving several meters per second [16]. Image analysis

techniques are being increasingly used to automate industrial inspection.

Lasers are used in inspection and measurement systems because laser light provides
a bright, unidirectional, and collimated beam of light with a high degree of temporal
(frequency) and spatial coherence. These properties can be useful either singularly or
together. For example, when lasers are used in interferometry, the brightness,
coherence, and collimation of laser light are all important. However, in the scanning,
sorting, and tﬁangulation applications, lasers are used because of brightness,

unidirectionality, and collimated qualities of their light; temporal coherence is not a



factor. The various types of laser-based measurement systems have applications in
three main areas:

e Dimensional measurement,

e Velocity measurement, and

e Surface inspection.
The use of lasers may be desirable when these applications require high precision,
accuracy, or the ability to provide rapid, non-contact ganging of soft, delicate, hot, or
moving parts. Photo detectors are generally needed in all the applications, and the
light variations can be directly converted into electronic form [17]. -Surface
inspection with low-power lasers is done either by evaluating the specular or diffuse
light reflected from the surface being interrogated. The laser beam used is almost
always scanned so that the surfaces involved can be inspected in the shortest period
of time. Evaluation of specular reflected laser light to detect surface defects has been
highly successful for Iﬁachine parts where the machined surfaces are specular and
surface defects are filled with black residue from the machining process. Evaluation
of diffuse laser light to determine differences in the surface finish has been

successful in some cases [18].
a. On-line Inspection

On-line inspection is the acquisition of maintenance data using a computer-based
system, revolving around real time data acquisition and processing, giving warning if

any of the monitored parameters fall outside pre-configuration levels.
b. Off-line Inspection

Off-line inspection is the collection of data from a product, which has been removed
from the production. Data are collect via a sensor. Sensor and part are moved from
point to point as needed. This is obviously different from on line inspection, where

the sensor must stay in place to provide instantaneous-data acquisition [19].



2.4 Surface defects

In practice the quality determination of component parts often involves the
identification and subsequent quantification of characteristic defects that pertain to
the particular manufacturing process employed. In consequence it is often possibie to
associate specific products, materials and manufacturing processes, with particular
types of observable surface defect. For example, injection moulded'components may
tend to exhibit undesired sink or tooling marks, and/or incomplete or additional
topological features, whose form, position and orientation, directly relate to both
component and tool design. Similarly, cutting, grinding and polishing operations may
produce characteristic surface markings, including an altered texture and excessive
burrs due to tool wear or the inclusion of foreign abrasive materials. Other
characteristic defects include a distinctive wrinkled aspect to sheet metal
components, and defective solder joints, which exhibit a predictable abnormal
surface appearance and shape. Further examples are the excessive splafter and
surface discoloration observed during welding and laser machining, and various
surface imperfections on semi-conductor wafers, and in the glaze of ceramic

tableware, both of which can result in characteristic observable surface traits [20].
2.5 Surface roughness

The finer irregularities of the surface texture usually result from the inherent action
of the production process and material condition [21]. Roughness is a measure of the
topographic relief of a surface. Examples, of surface relief include polishing marks
on optical surfaces, machining marks on machined surfaces, grains of magnetic
material on memory disks, undulations on silicon wafers, or marks left by rollers on

sheet stock.
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Figure 2.2: Schematic representation of a rough surface [22].

Figure 2.2 shows a schematic representation of a rough surface and some parameters
used for describing the surface. Note that the surface height variations are measured
from a mean surface level and expressed as a root mean square (RMS) roughness
value. The separations between similar surface features along the surface (laterally)
are generally referred to as surface spatial wavelengths or statistically as a correlation
length. Generally a surface profile is sealed move on the height axis. If both vertical
and horizontal scales were the same, the profile would appear as a straight line, and

no height detail could be seen [22].
2.6 Surface roughness parameters

Surface roughness parameters are used to qualify various conditions of the material
surface [23]. Due to the need for different parameters in a wide variety of machining
operations, a large number of surface roughness parameters have been developed.
They include arithmetic mean roughness (R,), root-mean-sqﬁare average (Ry),
maximum height (Ry), ten-point mean roughness (R,), highest peak (Rp), and lowest
valley (Ry) [21,23,24,25].




2.6.1 Arithmetic mean roughness (R,)

The average roughness is by far the most commonly used parameter in surface finish
measurement. The average surface roughness, or average deviation, of all points
from a plane fit to the test part surface [24]. This parameter is also known as average
roughness, AA (arithmetic average), and CLA (center line average). R, is universally

recognized and is the most used roughness parameter [26]. Therefore,
. v
Ra=zf|Z(x)|dx

Where R, = the arithmetic average deviation from the mean line.
L = the sampling length

Z = the ordmate of the profile curve.

Figure 2.3: Surface roughness profile [21].

For digital instruments approximation of the R, value may be obtained by adding the
individual Z; values without regard to sign and dividing the sum by the number of

data points, N. ‘ o~

R,=(1Z,|+|Z, | +|Zy | +et | Zy )/ N 21

As shown in figure 2.3, Z(x) is the profile height function used to represent the point-
by-point deviations between the measured profile and the reference mean line [21].

Distance between two successive points or step size denoted by dp.



2.6.2 Root-mean-square average (R,)

The root-mean-square average of the height deviations measured from the mean
linear surface taken within the evolution length or area, Rq 1s used in computations of
Skew and Kurtosis [24].

In mathematical symbols:

Re= {% [ Z(x)ds

The digital approximation Ry is [21]:

R, =(Z2 +Z2 4 Z2 +oe.e. +Z2)/N 2.2

2.6.3 Skewness, Kurtosis and Maximum height

-Skewness is a measure of the asymmetry of the profile about the mean line. For

digital data the useful formula for skewness is as follows:

1 1

=7 23
R, N3

sk

Kurtosis is a measure of the peakedness of the profile about the mean line [21]. The
digital approximation for kurtosis is:
1 14,

=37 2.4
RENG™

ku

Maximum height is the distance between two lines parallel to the mean line that
contacts the extreme upper and lower points on the profile within the roughness

sampling length [26].

10



2.7 Roughness measurement

Roughness can be obtained directly from surface-profile measurements, or it can be
calculated from a scattering measurement using a theory-relating scattering to
surface roughneés. Height variations on a surface can be obtained directly from a
profile measurement, but one must realize that the instrument is averaging over some
area of the surface. Scattering measurements, though easier to make, yield only a
statistical average of the surface roughness. [22]. The measurement technique can be
divided into two board categories: |
(1) Contact, and
(2) Non-contact

On the microscopic scale of surface measurements, a contact type stylus profiler (SP)
using electronic amplification is the most popular, but the disadvantage here is that it
1s possible to damage the surface being measured. The probe is also subject to wear-.
after prolonged use, thus affecting the readings. More recently, a non-contact optical
profiler based on the two-beam optical interferometry was developed and is now
widely used in industry. On a finer scale of surface measurements, two techniques,
namely scanning tunnelling microscopy (STM) and atomic force microscopy (AFM)
have recently been developed to measure fine details of surface on a molecular scale
[28].

Several optical or non-contact methods are applicable to surface-roughness
measurement. The most common of these are interferometry, speckle, light
scattering, and focus [29,30]. The main advantages of optical methods are that they
can be used for measurements, applicable to in-process measurement, and are

relatively fast measurement system [31].

2.8 Types of scanner for surface profiling

They are two main types of scanners, which use different methods of scanning;:
1.Contact
| o Touch probe
2.Noﬁ-contact
a. Laser strip triangulation

. b. Optical triangulation using structured sight
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2.8.1 Contact scanning - Touch probe

The object to be scanned is placed anywhere on the machine bed. A probe extends
downwards and touched every point on the object to be scanned. This method can be

time consum.ing and scanning may prove difficult for some odd shaped objects.
2.8.2 Non-contact scanning

This enables capturing of surface data in a fraction of the time required by contact
probes. With non-contact scanning, chances of inaccuracies or damage occurring to

the object you wish to scan are eliminated and it gives precise x; y, and z locations.

Advantages: .
e Capable of full profiling and topographical analysis

¢ Non-contact feature may be advantageous for soft surfaces

e Can generate filtered or unfiltered profiles

Disadvantages:
e Measurements may vary with sample material or reflectivity
* May have difficulty measuring surface features with steep slopes

e Parameters and available filter types may vary with instrument
a, Laser strip triangulation
A laser diode and strip generator is used to project a laser line onto the object shown
in figure 2.4. The line is viewed at an angle by cameras so that height variations in

the object can be seen as changes in the shape of the line. The resulting captured

image of the strip is a profile that contains the shape of the object.
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thereby the part surface height data, z data. The lateral surface x and y data can be
acquired directly from any 2D camera image. After the image is captured, it needs to
be processed. During processing, the point clouds go through stages of alignment
[32]

2.9 Laser technology

The most important hardware in optical metrology is light source. Laser is an
acronym for Light Amplification by Stimulated Emission Radiation. Stimulated
emission is the process by which light passing through a fluorescing substance is
amplified. With sufficient amplification, a powerful, highly directional beam can be
propagated. The laser is a unique source that simultaneously produces both coherent
(in-phase) and monochromatic (single-wavelength) radiation. Laser light has
propagation characteristics that make possible numerous applications that cannot be
achieved with random or collimated sources [33]. A laser is constructed around on an
energy pump, which irradiates the laser-active medium and that way, excites
particles from the ground into high laying electronic stat, from which they relax by
emitting photons. A resonator exerts a selective feedback to the system by restricting
the number of allowed eigenfrequencies (modes) that can start oscillating and by
coupling the emitted particles. If the total gain per round trip of photons in the
resonator exceeds the total loss, then the condition for self-excited oscillation is

fulfilled and the laser starts lasing [34].
2.9.1 Laser diode module

Most inspection systems require a continuous wave (CW) laser input whose
wavelength 1s in the visible range. TEMgy Gaussian mode beams, focused to a high
intensity, and to the smallest possible spot are standard requirements for surface
inspection. Laser diode modules make cost effective solutions for many laser
alignment, measurement, automation, scientific, security, and industrial applications
involving batch processing and positioning. Laser diode modules include circuits, a
laser diode, and optics packaged in a protective housing as shown in figure 2.6. All

that is required for operation is an appropriate external power supply [42].
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indicates the laser line generated with lens a only and C indicates the generate laser

line generated with both lens combination.
2.9.3 Intensity distribution of laser line

Most laser line generators on the market today use cylindrical optics to generate a
line. The Gaussian or non-Gaussian distribution refers to the distribution of power
over the projected laser line. The phrase Gaussian distribution (also called Normal
Distribution) is a statistical term that refers to a bell-shaped graph. The light intensity
of a Gaussian line fades away towards the ends of the line, eventually falling below
the threshold level of the detector and becoming invisible to the system. Depending
on the settings of the detector and the level of uniformity required by the application,
as much as 50% of the available power can be lost. The power intensity is lowest at
the tips of the projector laser line, and highest in the middle. Point A and B in figure

2.8 shows the different intensity of the laser line with a Gaussian distribution.

Intensitv
. C—

3
Point A
/3 Point B
r

Figure 2.8: Standard intensity distribution (Gaussian distribution) [46].

Poasition an
Laser Line Length

As the light intensity of Gaussian lines is non-uniform, the calibration of the system
can become difficult. Separate calibrations must be made for pixels in the bright
central area and for those in the transition area. The low intensity area cannot
contribute to the calibration because it is invisible to the system. Figure 2.9 shows
the distribution of a standard uniform intensity line generator. Point A and B shows
similar intensity. These generators are efficient and easy to calibrate because of their

uniform intensity distributions [46].
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- 2.9.6 Laser application

In the time which was has elapsed since Maiman first demonstrated laéer action in
ruby in 1960, the applications of lasers have multiplied to such an extent that almost
all aspects of our daily lives are touched upon, albeit often indirectly, by laser. They
are use in many types of industrial processing, engineering, metrology, scientific

research, communications, holography, medicine, and for military purpose [35].
a. Low-power application

Lasers generally in the 1 — 50 mW range fall into this category and are often HeNe or
diode lasers. Applications of this type are easy to decide on because invariably there
is no other way to do the job. The characteristics of lasers, which make them useful
in this type of application, are high monochromaticity (frequency stability),
coherence and high radiance (low beam divergence) [36]. The high brightness
permits the use of low power lasers for accurate triangulation measurements of
absolute distance for both measurements and control of machines such as robots [15].
Low power lasers can used for less mechanical purposes, for example

telecommunications [19].
b. High-power application

Materials processing applications are more difficult to analyze than most low-power
applications. Laser systems also provide powerful deep drilling capability in the
~ aerospace and automotive industries, often at angles and with hole diameters not
achievable by conventional, non-laser systems [15]. High power lasers are applied
increasingly in various field of material processing, such as welding, cutting,
melting, hardening, and others [19]. There are many competing technologies in
welding, heat-treating and material removal. What one has to look for is some unique
aspect of the application, which would make good use of one more of the laser’s

unique capabilities [36].
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2.9.7 Advantages & disadvantages of laser

The laser, in its many different forms, is one of the most versatile manufacturing
tools. Advantages and disadvantages of laser discuss below.
Advantagés:
The advantages of the laser are direct or indirect results of the unique properties of
laser light. All such properties are not important in all applications. In fact, in a few
cases a unique property may be a disadvantage [36].
The major advantages are:

e High monochromaticity

¢ High coherence

¢ Small beam divergence (high radiance)

¢ Can be focused to small spot |

o Easy to direct beam over considerable distances

o Small heat-affected zone (HAZ) in material processing

o Propagates through most gases

. Can be transmitted through transparent materials

e No inertia or force exerted by beam

e Easily adapted to computer control or automated manufacturing system

o Not affected by electromagnetic fields

e Wide range of power levels, mW to tens of kW

e Wide range of pulse energies, pJ to tens of J

e Wide range of pulse repetition rates, pulse lengths and pulse shapes

Disadvantages:
To be cost effective an application must take advéntage of unique characteristics of
the laser. When these types of applications are identified, the disadvantages often
become incidental. Nevertheless, they must be considered in the decision-making
- process when determining the viability of using a laser for a specific application [36].
The major disadvantages are:

e High capital cost

o Low efficiency

o High technology
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3D data measurement techniques
2.11 Triangulation

The optical triangulation technique is the simplest method to measure distances
between an image acquisition system and the points on target surfaces. The laser

diode provides an active light source and the CCD is used to analyze the intensity
profile of the reflected laser beam. A target surface is placed at a fixed distance from
the video camera. The laser illuminates a spot on the scene and than the camera
receives the reflected light and focuses the light on the CCD [6]. Optical
triaﬁgulation provides a non-contact method of determining the displacement of a
diffuse surface. This method has been used in a variety of applications as its speed
and accuracy has increased with the development of imaging sensors such as CCD’s
and lateral effect photodetectors. Due to its simplicity and robustness, optical
triangulation has been recognized as the most common method of commercial three-

dimensional sensing [33].
2.11.1 Optical triangulation principle

Basic elements of such a range finding system are: a light source, a scanning
\ mechanism to project the light spot onto the object surface, a collecting lens and a
position sensitive photodetector [15]. Figure 2.15 is a simplified diagram of a laser-
based system that is successfully used in many industrial applications; [18]. A laser
beam projects a spot of light onto a diffuse surface of an object and a lens collects
part of the light scattered from this surface. If the object is displaced from its original
position, the centre of the image spot will also be displaced from its original position.
Therefore, the displacement of the object can be determined by measuring the
displacement of this spot centre on the position sensor. By using a laser beam to scan
the object, the object’s shape can be determined with knowledge of the projection

angle of this beam and the spot displacement on the position sensor. |
In the figure the triangulation device is built with the detector surface perpendicular

to the axis of the converging lens. Assuming the surface displacement, A, to be small
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and the angle, 6, to be constant as the surface is displaced, the CCD image
displacement, J, in relation to A is

0 = Amsin€ ' 2.8

where, m = % is the magnification factor [18,33].
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Figure 2.15: Optical triangulation technique [18,33].

Range acquisition literature contains many descriptions of optical triangulation range
scanners. The variety of methods differs primarily in the structure of the illuminate
(typically point, strip, multi-point, or multi-strip), the dimensionality of the sensor
(linear array or CCD grid), and the scanning method (move the object or move the
scanner hardware). For optical triangulation systems that extract range data from a
single imaged pulse can contain errors due to variations in surface reflectance and
spot shape. Several researchers have observed one or both of these accuracy
limitations. The images of reflections from rough surfaces are also subject to laser

speckle noise, which introduces noise into the range measurement data [15].
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2.11.2 Error ih Triangulation System

For optical triangulation systems, the accuracy of the range data depends on proper
interpretation of imaged light reflections. The most common approach is to reduce
the problem to one of finding the “centre” of a one-dimensional spot, where the
“centre” refers to the position on the sensor, which hopefully maps to the centre of
the illuminate. Typically, researchers have opted for a statistic such as mean, median
'or.peak of the imaged light as representative of the centre. These statistics give the
correct answer when the surface is perfectly planar, but they are generally inaccurate

to some degree whenever the surface perturbs the shape of the illuminate [2,15].
a. Random Error

Random error in the laser-scanned data comes from a number of sources and is
difficult to control. For triangulation-based laser scanners, the speckle noise caused -
by the summation of light waves on the CCD is one of the main sources contributing
to the random error. The light wave summation often involves random phasors.
These phasors may cancel or reinforce each other, leading to dark or bright speckles,
respectively. This random process creates uncertainties in fhe determination of the

exact centroid position of the CCD laser image.
b. Systematic Error

Systematic error in the laser-scanned data is the repeatable component in the
digitizing error. It always has the same value under the same scanning conditions. As
the systematic error corresponds to the repeatable misinterpretation of the laser
images on the CCD photo detector, the three scanning process parameters (scan
depth, incident angle, and projected angle) affecting the CCD laser image properties

are considered to have primary effects on the systematic error [49].
2.11.3 Advantages and Disadvantages of Triangulation System

The advantages of a triangulation measuring system are speed (data rates up to

10,000 measurements per second are possible) and accuracy (resolution of 2,000:1 to
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20,000:1). When such a system is rotated about a central axis, it is possible to
measure structures, which are relatively large with reasonable speed and accuracy for
most practical purposes [30].

A disadvantage of the use of triangulation systems is that the measurement does not
take place coaxial with the light source, leading to problems of shading and in the
physical size of the measuring instrument. If the distance between the sensor and the
light probe is reduced to minimize these problems then, the non-linearity inherent in
the simple triangulation georﬁetry becomes a serious limitation. The light source
used has to maintain a high signal to noise ration at the detector compared to the
ambient light reflection in the area of interest, and this can lead to problems of eye
safety. Resolution of the triangulation system is limited up to certain extent, so is
suitable for bounded situations where it is known that all objects of interest will fall
within the range of the measuring equipment. The lens system and laser launching
system may present problems in dirty environments with ensuring clear optical path
to the target surface [30;33]. The following section represents other control factors

for triangulation system
2.11.4 Angle of triangulation and shadow effect

Usually, we have to make a trade-off between height resolution and shading. Good
resolution requires a large triangulation angle. On the other hand, the triangulation
angle should be as small as possible in order to avoid shading. The later restriction is
a strong motivation to optimise optics, detector and signal evaluation in order to
localize the spot image with the highest resolution possible [29]. In laser
triangulation, there are two shadow effects as shown in figure 2.16;

(a) Points on the surface that the projection beam cannot reach; and

(b) Points on the surface that the sensor cannot detect. Triangulation angle 0, or 6,

should be as small as possible in order to avoid these effects [29,33].

26



Light Y - 0, tcctor
Source /\/

0,
S
L8 3 S
Qs d A
QY Object

Figure 2.16: Shadow effect is inherent when using optical triangulation [50].
2.11.5 Spot size
The projected spot should be small, for two reasons: firstly, to achieve higher lateral

resolution on the object. Secondly, the image on the detector should not be too large,

to ensure better localization on the detector, i.e., for a better resolution of depth [29].

2.11.6 Brightness and contrast

Brightness and contrast are two major factors related the quality of an image. A

possible definition of the brightness of an image is its average gray level. For an

image with MXN pixels, the average gray level can be mathematically expressed as

— 1 M
B=—r ZI:Z[ 2.9

X y=

where I, , represents the intensity of the pixel at coordinate (x,y). The contrast in an
image can be regarded as the amount of variation of its gray levels. One-way of
quantifying this value is to calculate the root-mean-squared difference of the gray
level from their mean. Therefore, the contrast also means the standard deviation of

the gray levels. As stated in the definition, the contrast can be mathematically

expressed as
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2.11.7 Peak detection algorithm

Theoretically, if we do know the exact forming position of the laser spot in the
image, we can compute the distance from the target to the sensor. As mentioned
previously, obtaining a good laser beam-profile measurement of even an ideal
Gaussian beam is difficult; the task is more difficult with non-Gaussian beams. In
general, a commercially available CCD is reported to have signal-to-noise ratio of 40
to 50 dB, which represents the ratio of the RMS noise to the peak signal level. Since
peak-to-peak noise is about six times RMS noise, the real signal-to-noise ratio in
terms of photocurrent is about 50:1. Therefore, even a pure Gaussian beam has
detectable enefgy at more than twice the beam radius. This noise, particularly in the
wings of the beam, can cause significant measurement errors. To increase the
reliability of locating the laser spot in the image, using a good algorithm for peak
detection is necessary. A good algorithm for peak detection should be insensitive to

the varniation of noise [51].
2.11.8 Image resolution

The resolution of an image is determined by the number of pixels within it and is
measured in pixels per mm or dots per mm. The higher the resolution in the image
with a fixed image size, the more pixels are to be stored. Most commercially
available CCD cameras are equipped with the function of altering the display
resolution of the captured image. The setting of the image resolution determines the A
level of detail recorded by the camera. Higher resolution allows for more detail and
subtle color transitions in an image. At the same time, higher resolution means more
memory that would be required to store and process an image on computer. On the
quality of range finding, however, high resolution does not mean high precision. A
higher image resolution might not yield significantly better results without a proper
peak detection algorithm; but it is sure to waste a greater computing time. In contrast,
a lower resolution image has a less focused look and its outline often appears jagged; |

but, on the other hand, it might have greater possibilities  of increasing the
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repeatability of calculations. That is to say, choosing an image resolution is a
compromise between capturing all the data you need and reducing the noise you do

not want [51].
2.12 Interferometry

Phenomena caused by the interference of light waves can be seen all around us
typical examples are the colours of an oil slick or a thin soap film. Only a few
colored fringes can be seen with light. As the thickness of the film increases, the
optical path difference between the interfering waves increases, and the changes of
colour become less noticeable and finally disappear. However, if monochromatic
light is used, interference fringes can be seen with quite large optical path
differences.

Since the wavelength of visible light is quite small (approximately half a micrometer
for green light), optical interferometry permits extremely accurate measurements and
has been used as a laboratory technique for almost a hundred years. Several new
developments have extended its scope and accuracy and have made the use of optical
interferometry practical for a very wide range of measurements.

The most important of these new developments was the invention of the laser. Lasers
have removed many of the limitations imposed by conventional sources and have
made possible many new interferometric techniques. New applications have also
been opened up by the use of single-mode optical fibres to build analogs of
conventional interferometers. Yet another development that has revolutionized
interferometry has been the increasing, use of photo detectors and digital electronics
for signal processing.

Some of the current application of optical interferometry are accurate measurements
of distances, displacements and vibrations, tests of optical systems, studies of gas
flows and plasmas, microscopy, measurements of temperature, pressuré, electrical
and magnetic fields, rotation sensing, and high resolution spectroscopy. There is little

doubt that in the near future many more will be found [52].
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2.12.1 Speckle interferometry

When the scattered light from a diffuser illuminated by a coherent source such as a
laser falls on a screen, a stationary granular pattern results, called a speckle pattern
[45]. The image of any object with a rough surface that is illuminated by a laser
appears covered with a random granular pattern known as laser speckle. In speckle
interferometry the speckled image of an object is made to interfere with a reférence
field. Any displacement of the surface then results in charges in the intensity
distribution in the speckle pattern. Changes in the shape of the object can be studied
by superposing two photographs of the object taken in its initial and final states. If
the shape of the object has changed, fringes are obtained, corresponding to changes
in the degree of correlation of the two speckle patterns. These fringes form a contour
map of the surface displacement [52].

Speckle interferometry differs from speckle photography in two main respects. The
first is that it involves recording the speckle pattern formed by interference between
the speckled image of the object and a uniform reference field or, more commonly,
another speckle field. The second is that fringes are obtained due to local changes in
the degree of correlation between two such speckle patterns. The sensitivity of the
fringes to surface displacements is similar to that obtained with holographic
interferometry [53].

Hologram interferometry is based on the use of holograms, which contain more
information about the object shape and reflectance than is needed to measure only
displacements. These holograms require a recording medium with a high resolving
power and this, in practice, means a low sensitivity. Sufficient information for
obtaining displacements is contained in the speckle pattern produced by the object
and this can be recorded with lower resolving power. As holograms can store waves
and reconstruct them later, they introduce a new variable, time, into interferometry.
This ability is shared by the speckle techniques.

The two waves in a Michelson interferometer in which one or both mirrors are
replaced by a flat diffuser still have the :same average phase difference as they had
from the mirrors, but on this are superimposed the random phase of the surface
roughness. They interfere to produce a speckle pattern that changes if one surface is
moved. If the two patterns, before and after the change, are compared, the phase

change caused by the movement can be derived. For every 2N= change of phase the
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speckle returns to its original form so that the correlation pattern of the speckle
before and after the change appears as an interferogram that gives contours of

changes of 2Nn [54].
2.12.2 Electronic speckle-pattern interferometry (ESPI)

A typical 'system used to study movement of an object along the line of sight is
shown schematically in figure 2.17. The object is imaged by a lens, stopped down to
about f/ 16, on a silicon target vidicon on which is also incident a reference beam
which diverges from a point located effectively at the centre of the lens aperture. The
resulting image interferogram has a coarse speckle structure, which can just be
resolved by the camera. The video signal from the camera is electronically processed
and signal processed to obtain optimum fringe contrast. This has been studied by
Slettemoen, who has also described a modified system, which uses a speckle
reference beam [53]. ESPI as it is usually called is now the most widely used method
of speckle interferometry. It can observe vibrating surfaces directly to give

quantitative results [54].

Reference beam

== Camera
( ) ~—5

Beam splitter

Monitor  [¢ Image processor [

Figure 2.17: System for electronic speckle-pattern interferometry (ESPT) [S4].
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2.12.3 Speckle pattern shearing interferometry

Speckle pattern interferometry (SPI) is a technique in which a speckle pattern
interferes with a reference coherent light wave or with another speckle pattern.
Speckle pattern shearing interferometry (SPSI) shows some analogy with SPI, but it
uses the interference of two slightly laterally sheared speckle patterns produced by an
image-shearing element, and therefore, it is known as a "self-referencing” technique.
When measuring, the object to be studied is illuminated by laser light. The speckle
pattern produced by the diffusing object surface interferes with a reference light
wave or with another speckle pattern on the image plane of an imaging lens, where a
Holotest film or a CCD array is positioned, producing a random interference pattern.
When the object is deformed, this interference pattern is slightly modified.
Superposition or subtraction of the two interference patterns (deformed and
undeformed) yields a fringe pattern depicting the surface displacements of the object

in SPI and depicting the surface displacement gradients of the object in SPSI [55].
2.12.4 Application of interferometry

Interference occurs when the radiation follows more than one path from its source to
the point of detection. It may be described as the local departures of the resultant
intensity from the law of addition, for, as the point of detection is moved, the
intensity oscillates about the sum of the separate intensities from each path. Light
and dark bands are observed, called interference fringes. The phenomenon of
interference is a striking illustration of the wave nature of light and it has had a
considerable influence on the development of physics. Derived from interference is
the technique of interferometry, now one of the important methods of experimén'tal
physics, with applications extending into other branch of science [54].
Important application of interferometry [56]:
1. Non-destructive testing
. Experimental engineering design investigation
. The quantitative 'measurement of static surface displacements and strain

2

3

4, Experimental vibration analysis

5. Component inspectioh and quality control
6

. Fluid flow visualization\
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2.13 Nomarski microscope

The differential interference contrast (DIC) or Nomarski microscope is a useful
instrument for observing surface roughness and other surface defects. The Nomarski
microscope emphasizes surface detail by the use of polarized light. Light from the
illuminator passes through a polarizer and then through a Wollaston prism, shown in
figure 2.18, where it is split into two beams polarized at right angles to each other.
The microscope lens focuses this light into two spots on the surface separated by a
distance (typically ~ 1pm) that depends on the magnification of the objective. Any
smail defects on the surface will introduce a relative phase difference between the
beams. The reflected beams again pass through the microscope objective and the
Wollaston prism, interfering in the image plane. Each colour or shade is associated
with a specific phase change between the two beams. By using a retarder / polarizer
combination the backgrouhd colour can be cancelled, and the only part of the beam
that is visible is that caused by surface defects. Thus, any features that have
differences in height or optical constants between them and the rest of the surface
will be visible.

Nomarski microscopes are usually used for taking photographs of surfaces; it is also
possible to do special- data processing of the micrographs to emphasize surface

defects and to obtain quantitative information about surface heights and slopes [22].

L\/:/‘ Wollston
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Reflecting Sample
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Figure 2.18: Schematic diagram of a Nomarski microscope showing

detail of two shared images on a sample surface.
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2.14 X-ray micro tomography

The 3D X-ray computer tomography is a non-destructive test that generates a stack
of images of a testing body (all parallel among each other) as shown in figure 2.19.
The computer tomography was initially developed for medical applications but it is
being used in other scientific and technological areas nowadays [57].

X-ray microtomography is a 3D radiographic imaging technique. It is similar to
conventional X-ray computed tomography systems used in medical and industrial
applications. Unlike those systems, which typically have a maximum spatial
resolution of about 1 mm, X-ray microtomography is capable of achieving a spatial
resolution close to 1 um. In both conventional tomography and microtomography,
hundreds of 2D projection radiographs are taken of a specimen at many different
angles. This series of radiographs is mathematically reconstructed to produce a
quantitative 3D map of the objects X-ray absorption. Because X-ray absorption is a
function of the elemental composition of the object, these X-ray absorption maps can
be directly related to the microstructure of the material.

Thé high resolution of the microtomography system used in this research is the result
of using an extremely bright collimated synchrotron X-ray source and a high-

resolution scintillator and CCD as the X-ray detector [58].
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Figure 2.19: X-ray microtography [58].
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Chapter Three

Laser- Triangulation Scanning System (LTS)
Experimental Setup

Detail operation principle of the inspection system would be described in this
section. The method is based on the triangulation procedure. The surface being
inspected is swept point by point by an oblique light beam, which create a bright spot
on it by diffuse reflection [60]. Figure 3.1 illustrates the diagram of automated
inspectioﬁ system and figure 3.2 illustrates the working principle. The theory of the
principle 6f operation was discussed in section 2.11.1 of chapter two and further

detailed discussed in Appendix A.

CMOS camera 3D surface
and focusing profiles by data
system processing unit
(PC)
XYZ translation
stage
Aperture

l

[TANI -
VA

Sample " F ocusing lens

Figure 3.1: Diagram of the laser triangulation scanning (LTS)

system for surface defect inspection.

The main components of the developed inspection system were a diode laser, a
CCf15 CMOS camera, and two PC controlled servomotors. The light of a laser diode

was focused onto a target surface. An image of the laser spot was reflected from the
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sample surface onto the CMOS camera. As the target surface height changes, the
image spot shifts on the CMOS camera due to the parallax. For spot triangulation the
laser diode used was a Thorlabs, CPS186, 4mW output power and 670nm
wavelength. The beam shape was a 4.4 mm by 1.2 mm elliptical shape. An aperture
was used to generate a 1 mm circular beam from the elliptical laser beam. For line
scanning a different laser diode used. This was a Laserex standard laser diode
module, LDM-4 series, 650nm wavelength, 25mW output power, glass optics, with
60-degree line generating optic and optimized for 25mm working distance. Two
Thorlabs servomotors, Z612B, were used to move the sample in the X and Y
directions with a resolution of 0.05 um. A 100 mm focal length plano-convex lens
was used as the focusing lens for the laser beam. The CCf15 CMOS camera was
used to capture the signal of the laser beam spot on the sample. An objective lens
(L25F1.4) and another plano-convex lens with a focal length 50 mm were used as the
imaging lenses for the camera. A photograph of the experimental set up for the

automated surface scanning system is shown in figure 3.2.

In the developed inspection system the control of the sample movement, image
capturing, and generation of 3D surface profiles was programmed in one LabView
program. The developed optical inspection system was also used to calculate surface
roughness parameters. Data acquisition, analysis and display program details are
presented in software development chapter. The PC used to control this system,
acquire the data and analyse the data was a Pentium III model. The PC had a
Windows 2000 operating system, 256 MB RAM, 40 GB hard drives and 1000 MHz
processor speed. Two PCI cards were installed one to control the camera and one to

control the servomotors.
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