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Abstract

The metrology industry is constantly looking for new ways to accurately and quickly inspect and
digitise surface topographies including the calculation of surface roughness parameters and
generating point clouds (a collection of 3-dimensional points which describe a surface or surfaces)
for modelling or reverse engineering purposes. Many types of profllometer systems currently exist
and the past decade has seen the rise in popularity of optical based systems, however most optical
profilometers are expensive to purchase and to maintain. The development of optical profilometers
can also be exceptionally complex depending on the type of system and its fragility may not make
it suitable for most workshop or factory floor applications. This project covers the development of a
profllometer using the principle of optical triangulation.

The developed system has a scanning table area of 200 by 120 millimetres and a vertical
measurement range of five millimetres. The position of the laser sensor above the target surface
also has an adjustable range of 15 millimetres. A control program was developed to automatically
scan user selected part and surface areas. This new system was characterised in terms of
dimensional accuracy. The maximum cosine error of the system was measured at 0.07°. Dynamic
accuracy of the system was measured at 2fim in the Z-axis (height) and at approximately 10jam in
the X and Y axes. Good dimensional correlation between scanned parts (coins, screws, washers,
and fibre optic lens moulds) were achieved. Testing of the system will be also discussed, including
the limitations of the profllometer and possible improvements to the system.



Chapter 1 Introduction

The main aim of all manufacturing processes is to produce a required quantity of goods, which have
a specified level of quality. Surface measurement systems have been around for over half a century
and until about 20 years ago practically the whole of this industry was based on contact style probe
systems. With the development of more advanced electronics and signal processing, high quality
optical components and the refinement of lasers and focused light technology, it has become
possible to employ sophisticated vision equipment as a metrology tool.

The most basic of these systems is possibly the triangulation method; a design on which the system
developed in this thesis is based. Triangulation is a very simple approach to the surface
measurement problem, yet it can be highly effective. Further research on laser triangulation
systems, specifically in the areas of advanced image acquisition, beam scanning/sweeping, and
intelligent optics is of vital importance to the metrology industry to further increase the
performance of optical metrology systems.

The first section in this thesis will discuss many different types of surface inspection and
measurement techniques as well as their advantages and limitations. Various methods and
techniques for deflecting and moving the laser beam over the target surface will be described.

The second section ofthe thesis will describe in detail the development, construction, and testing of
a laser profilometer capable ofa vertical resolution of ~2(j,m.



11 Surface roughness & defect inspection

Why measure surface roughness? Well, for many engineering applications the type of surface
texture is closely related to the function, especially if that surface will come into moving contact
with another surface. A very smooth surface is not necessarily the most desirable surface finish,
and it is important to look at a number of factors before deciding on the surface finish of a
component.

A classic example is the effect of surface roughness on lubrication - for efficient lubrication to take
place between two parts a film of oil must be maintained between them and it has been found that
the roughness valleys are essential. Another example are lip seals, sometimes used on motor
vehicle axles. The seal is interposed between the differential housing and brake mechanism. If the
finish on the shaft is too smooth it may allow lubricant to escape under the seal, while on the other
hand, if it is too rough, it may cause abrasion ofthe seal, and lead to its failure.

Figure 1.1 - Relative production time necessary to produce different surface finishes'll



The time and operation required to achieve a better surface finish can lead to increased cost, see
figure 1.1 and table 1.1. It may not be cost effective (or necessary) to produce a part with a high
surface finish. Improving a surface finish more than is necessary adds considerably to a
components production time and cost, while it may only fractionally improve its performance.

To measure the finish or texture of a surface requires inspection, where all deviations of a
component from its design specification can be detected. Depending on the results from the surface
measurements it may be necessary to alter the production process. Surface texture is like the
fingerprint of manufacture and it is an important means of control. Examination of the texture of a
machined surface will often reveal tool or machine defects, incorrect machine or tool settings, or
deficient operating procedures. For example, tool wear, material stress, and incorrect machining
conditions all leave their mark on a surface. In order to alter the process, the cause of each fault or
flaw must be identified, and then corrected.

Generally speaking, most surfaces produced by common manufacturing processes have a surface
texture that is regular over most of its area. This means that a profile recorded from a line (achieved
either through stylus or laser triangulation) across the surface will differ only in detail from a
parallel-recorded line a small distance away. The parallelism of these two lines is important due to
the direction of the surface’s lay. A surface’s lay refers to the predominant nature of the surfaces
texture and is usually a function of the particular production method used. The geometry of the lay
is made up of striations or peaks and valleys aligned in the direction that the cutting tool was drawn
across the surface and can take on a number of forms.

Most of the time, a single trace along a line or track across a surface is enough to obtain a profile
that is typical of that surface, and thus assess the surface roughness. Occasionally however, it is
necessary to calculate the surface roughness over an entire area. It is possible to measure surface
texture across a large area using a stylus, however it can get quite tedious as many traces need to be
recorded, each one only spaced a fraction from the last. Similarly, triangulation scanning of such a
surface may appear equally tedious, however, because it is a non-contact technique, it is possible to
scan very quickly, the only limiting factors being the sampling rate, mechanical integrity of the
scanning rig, and the speed at which either the sample or laser beam can be moved. As compared
with a contact type system, an optical triangulation system will be able to scan much faster across
the surface, however the relative speeds of both systems will vary depending on the complexity of
the surface, scan area, and required resolution for example.
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Table 1.1 - Machining roughness characterisation for various methods of material removal[]]

Roughness Average Ra
fim 50 25 125 6.25
Process
juin 2000 1000 500 250
Flame Cutting
Snagging
Sawing
Planing/Shaping
Drilling
Chemical Milling
EDM
Milling
Broaching
Reaming
Electron Beam
Laser
Electro-Chemical
Boring/Turning
Barrel Finishing

Electrolytic
Grinding

Roller Burnishing
Grinding
Honing

Electro Polishing
Polishing
Lapping

Superfinishing

3.2

125

11

1.6

63

0.80

32

0.40

18

0.20

0.10

0.05

0.02
5

1

0.01
2

0.5



1.2 Stylus based surface profiling

It has been said of surface profiling that in order “to see where we are going next, we must know

where we have been”|2]. The very first stylus type profiling instrument was described by Schmaltz
in 1936[23].

A simple contact inspection instrument is illustrated in figure 1.2. The instrument itself is made up
of a lever, which has a pivot at one end. At the end of the lever is a stylus, which is used to trace the
profile of the target surface. On the opposite end (pivoted end) of the lever is a plotting device or
pen. The vertical ‘excursions’ of the stylus are recorded through the pen at a greatly increased
magnification (for example X5000). By moving the stylus across the surface at a constant speed and
by moving the paper at a higher speed (so that the individual surface irregularities can be separated
clearly) it is possible to accurately map the various surface profiles, see figure 1.3.
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Figure 1.3 - Typical surface profile graph1]]

From the late 1930’s onwards, the Rank-Taylor-Hobson (RTH) Talysurf instruments, models 1 to
6, epitomised the progress of the traditional surface roughness profilometer and together with their
two sister devices, the Form Talysurfand the Talystep, they embraced the direction of the evolution
of profiling stylus devices.
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The Talystep was essentially designed for step height measurements and it made a new stride
towards low amplitude, low wavelength measurement capability. The Form Talysurf evolved in a
different direction, covering macroscopic profiles (form measurement) - its unique feature being
the ability to measure both roughness and form in one pass due to the use of an interferometric
transducer, conferring high range and resolution simultaneously.

Further advances in the stylus profilometer are still possible however. It is possible to reduce the
flank slopes of the styli by reducing the included angle of the stylus cone, but this would have to be
a trade-off with the tip radius. What has happened though is that the vertical resolution has
improved significantly through the improvement of active filtering and the overall design of the
inspection device reducing both electrical and mechanical noise. In addition, more powerful
software (higher acquisition and sampling rates for example) is being developed year-by-year
further increasing the performance of the latest contact styli instruments. Inspection requirements
beyond the abilities of the smallest styli (typically with tip radii of around 0.1jam) are being
explored using devices such as Scanning Tunnelling Microscopes (STM) and Atomic Force
Microscopes (AFM)[4].

National Physical Laboratory’s (NPL) Nanosurf-2 was the successor to the earlier profilometer, the
Nanosurf-1 which itself came about through the need to inspect the internal bore surfaces of the
mirrors on the Wolter X-Ray microscope[5]. The construction ofthe Nanosurf-1 included a Talystep
head fitted with a stylus, which was offset from the axis of the transducer. The head was fitted to a
precision slide-way/carriage assembly and could provide linear scans up to 15mm long. The
Nanosurf-2 was constructed using the experience base provided by the Nanosurf-1 however it was
fully optimised for stability through insensitivity to thermal, vibrational, and other extraneous
inputs that would be detrimental to the systems performance. The head assembly again, was
essentially a Talystep head, however many of the parts were replaced with identical parts
constructed from Invar, Zerodur, and fused silica. The reference loop of the instrument was also
contained mainly in Zerodur (almost zero rate of thermal expansion) and was kept as short as
possible. A diamond (conical shape) stylus was interfaced with the transducer by a thin walled
silica tube (in place of the aluminium tube used on the Nanosurf-1)[4]. The inspection and levelling
table was mounted kinematically on a precision specimen carriage. In turn, the carriage was
supported by dry polymeric bearing pads.

Horizontal motion of the carriage was achieved through the use of a remotely mounted DC motor
linked to a micrometer head. The carriage was not moved directly however. Motion was achieved
via an intermediate carriage, which forms a non-influencing drive system. The stylus was brought
into contact with the target surface though the use of another micrometer, which adjusted the height
ofthe measuring head.

Using this instrument, the typical measured noise level during stationary operation was reported to
be in the region of 0.05nm rms and noise levels during dynamic tests were in the region of
0.084nm[4]. Tests were also carried out on the effects of mechanical and airborne vibration and it
was shown that for an airborne shockwave, the Nanosurf-2 system was 30 times less sensitive than
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the Talystep system. Thermal step tests of the transducer showed a response of around 50nmK"
while the linear slide showed a height deviation of 1.5nm during successive start-ups. In addition,
the slide showed a reproducibility of 1.5nm rms over successive 40mm long scans, while scans of
5mm showed a reproducibility of better than 0.25nm rms.

The ultimate tool in stylus profilometry is the atomic force microscope. It records surface profile by
measuring the interaction forces between the target surface and the instrument tip, the gap between
the two being only around Inm. Depending on the surface, forces may be either repulsive or
attractive. The use of extremely fine, delicate tips (such as ion sharpened diamond styli) is possible
as the force acting on the tip is only of the order of 10’10N. To acquire an image the microscope
raster-scans the probe over the sample while measuring the local load on the tip. The resulting
image can be represented on atelevision screen and it consists of many rows or lines of information
placed one above the other. In its repulsive "contact" mode, the instrument lightly touches a tip at
the end of a leaf spring or "cantilever" to the sample. As a raster-scan drags the tip over the sample,
some sort of detection apparatus measures the vertical deflection of the cantilever, which indicates
the local sample height. Thus, in contact mode the AFM measures hard-sphere repulsion forces
between the tip and sample. In non-contact mode, the AFM derives topographic images from
measurements of attractive forces; the tip does not touch the sample. AFMs can achieve a
resolution of 10pm, and unlike electron microscopes, can image samples in air and under liquids. In
principle, AFM resembles the record player as well as the stylus profilometer. However, AFM
incorporates a number of refinements that enable it to achieve atomic-scale resolution”6,7L

- Sensitive detection
AFMs can generally measure the vertical deflection of the cantilever with picometer
resolution. To achieve this most AFMs today use an optical lever, a device that
achieves resolution comparable to an interferometer while remaining inexpensive
and easy to use

- Flexible cantilevers
A high flexibility stylus exerts lower downward forces on the sample, resulting in
less distortion and damage while scanning, see figure 1.2c. For this reason AFM
cantilevers generally have spring constants of about 0.1 N/m and very high resonant
frequencies to respond quickly to surface topography changes. Two 100Jim long V-
shaped cantilevers are shown in figure 1.4.

14



Sharp tips

AFMs generally use one of four types of tip, three of them are shown in figure 1.5.
The standard tip is a 3 pm tall pyramid with a -30 nm end radius. The electron-
beam-deposited (EBD) tip can image steep, high structures by scanning force
microscopyl8L Improvements on this have been achieved with an electron-beam-
induced deposit of carbonaceous material made by pointing a normal tip straight into
the electron beam of a scanning electron microscope. The Supertip (not shown here)
offers a higher aspect ratio (it is long and thin, good for probing pits and crevices)
and sometimes a better end radius than the normal tip. Finally, Park Scientific
Instruments offers the Ultralever tip, which is based on an improved
microlithography process. Ultralevers offer a high aspect ratio typically with a -10
nm end radius.

/100fim

Figure 1.4 - Electron micrograph oftwo 100pm long V-shaped cantilevers[9

@ (b) (©)
Figure 1.5 - (a) Standard tip (b) EBD tip (c) Ultralever tip[9]

High-resolution tip-sample positioning

Piezoceramics make it possible to create three-dimensional positioning devices of
arbitrarily high precision. Most scanned-probe microscopes use tube-shaped
piezoceramics because they combine a simple one-piece construction with high
stability and large scan range. Four electrodes cover the outer surface of the tube,
while a single electrode covers the inner surface. Application of voltages to one or
more ofthe electrodes causes the tube to bend or stretch thus moving the sample.
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- Force feedback

The presence of a feedback loop is one ofthe subtler differences between AFMs and
older stylus-based instruments such as stylus profilometers. The AFM not only
measures the force on the sample but also regulates it, allowing acquisition of
images at very low forces. The feedback loop consists of the tube scanner that
controls the height of the entire sample; the cantilever and optical lever, which
measures the local height of the sample; and a feedback circuit that attempts to keep
the cantilever deflection constant by adjusting the voltage applied to the scanner.

One point of interest: the faster the feedback loop can correct deviations of the cantilever
deflection, the faster the AFM can acquire images; therefore, a well-constructed feedback loop is
essential to microscope performance. AFM feedback loops tend to have a bandwidth of about 10
kHz, resulting in fast image acquisition times[9].

13 Contact vs non-contact inspection

There are a number of advantages and disadvantages associated with contact and non-contact
measurement or inspection systems111,12]. The basic fundamental difference between contact and
non-contact measurement is that contact gauging instruments measure what they can touch, while
non-contact gauging instruments measure what they can ‘see’. Examples of equipment used in
contact measurement include callipers, micrometers, or CMM (Coordinate Measuring Machine)
equipment. Each of these must touch the part in order to measure it. Non-contact measurement
sensors usually involve the use of optical sensors (such as CMOS or CCD cameras) and/or lasers.
Typical machine vision systems have a video camera on the product line, which captures images of
each product, sending them to a computer for analysis. Laser sensor systems use diffusely reflected
light from the part to measure features on a component. In order to avoid ambiguity, the word
reflection used in the context of reflected laser light is to be taken as diffuse reflection rather than
specular reflection unless otherwise stated.

One concern for non-contact measurement is whether or not it is rugged enough for use in the
manufacturing or production environment. Also, if the part or surface is covered with grease, dirt,
or fluids (such as coolant), this may also create a considerable problem for non-contact
measurement. Contact gauging may be more appropriate in a situation such as this. Generally
speaking, contact gauging is far more rugged than non-contact gauging. Rod Leehy, Quality
Engineer at Nypro Inc[11] - “A contact machine might be more robust to go out to the
manufacturing environment...although vision is used on thefloor. Non-contact sees a piece ofdirt
and says thats part of the part...you can pick up stray points and get bogus readings with vision
systems a lot easier than you can with contact because it5 not actually physically touching
something”. Having said this however, due to the harsh conditions, which are found in some
industrial environments, in addition to the continuous motion or fluctuations in products (size,
orientation, etc) on the line, non-contact inspection systems are often preferablel13L
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Charles Seifert of Metrology Products Group, GSI Lumonics, comments on the use of non-contact
equipment on manufacturing lines with constant product changeover[ll] - "If the line changes
product all the time, then there's a large advantage to using laser and non-contact. 1ts more apt to
be adapted to product changeover. Contact gauging requires a lot of setup and calibration to
change over and, ifnot, then a lot ofdesign went into it, and that’s very expensive

Touch trigger probes have become very advanced, in terms of both probe technology, and also
through the use of powerful software packages. Modem styli can have contact pressures of less
than 10g and can be used to measure soft materials without damaging the model or the pattern that
is being scanned. In addition, the tip radius of a typical CMM ball stylus can be as low as 0.3mm
and pointed styli can have tip radii as low as 0.1mm. This virtually eliminates problems associated
with sharp comers that can sometimes be a major stumbling block for contact probe systems. When
used with a fine step over distance, the combination of a small styli and a low contact force means
that a user can collect highly accurate data from arange of complex surfaces.

In comparison, laser-scanning (or indeed other methods of optical scanning) systems may have
trouble with such complex surfaces. Deep or near vertical faces present a huge problem for laser
systems, especially when the depth of the surface is outside the measuring range of the device. The
scanned data often requires extensive post-capture processing in order to generate workable data,
and although this may improve the overall quality of the recorded information, it is usually at the
expense of accuracy and loss of sharpness on pointed geometries or comers. For optimum
operation, the laser head needs to be aligned perfectly perpendicular to the target surface - this is
suitable for surfaces of low relief, but for structured surfaces or steep vertical faces the laser head
should be re-aligned and re-datumed in order to collect accurate data. Generally speaking, for a
misalignment of 5° between the laser and target surface, the error influence will be around 0.05%
of the measuring range. This increases to 0.12% for a 15° misalignment, and 0.5% for 300tll]. A
further disadvantage of laser-based systems is the need to remove ‘rogue’ points which usually is
not necessary when using a contact probe. In addition, most laser-based scanning requires the user
to setup a fixed grid format prior to scanning or digitising a surface.

Contact measurement or inspection is acceptable for mgged materials such as steel. Unlike more
fragile materials and components, steel will not be indented or damaged when probes touch it.
However, if the working material or part is delicate, such as an electronic component, then non-
contact measurement may be more suitable. It is also important to note that non-contact
measurement of such a part is ideal from the point of speed. High volumes of small parts can be
measured very quickly using non-contact equipment. According to Stephen Kress of Cognex Corp,
spark plugs, gaskets, syringes, contact lenses, bottle caps, and tips of ballpoint pens are some
examples of products that are ideally suited for non-contact inspection. Each of these products is
high volume, and so requires rapid measurement. Contact gauging would be unsuitable, as it would
disrupt the flow ofthe manufacturing process.
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Optical sensors and non-contact techniques are finding greater applications for inspection tasks, not
just because of their non-contact nature, but also due to their high response speed, excellent
resolution, and ever increasing ruggednessill|

14 Optical interferometry

Interference is the term given to the phenomenon by which light waves (in this case) interact with
one another both constructively and destructively producing an intensity maximum or minimum of
the resultant wave respectively1®33L Collectively, the distribution of these fringes is called an
interference pattern, the bright regions occurring where the waves add together to produce an
intensity maximum, and the dark regions indicate areas of intensity minimumI%43L Optical
interferometers employ a ‘common path’ method, where two interfering beams are reflected from
different parts of the target surface thus making the interferometer sensitive to vertical
displacementlZL Using interferometric techniques, the required sensitivity to the variations in
height of the target surface can be measured by gauging the path difference between the two
interfering beams. This in itself will vary according to the profile of the surface as the interference
beams move across it. The parameters which bound the operation of this type of system in
measurement of surface roughness depends on the wavelength of the light used, and the numerical
aperture of the probe beam optics. The longest surface wavelength across the target surface that can
be measured depends on the optical configuration ofthe measurement instrument.

Optical interferometry provides an extremely powerful tool for the measurement of highly finished
surface profiles, however care must be taken in the interpretation of the recorded results, as they are
directly dependant on the energy distribution within the interfering beams and the actual
characteristics of the surface roughness under examination. The ‘common path’ design of these
instruments makes them relatively insensitive to environmental conditions enabling high
measurement stability while also making them simple to apply in a practical sense.

1.4.1 Laser and white light interferometry

Interferometry is an extremely powerful tool for optical measurements®16171. Currently most
interferometry is performed using a laser as the light source. The primary reason for this is that the
long coherence length of laser light makes it easy to obtain interference fringes and interferometer
path lengths no longer have to be matched as they do if a short coherence length (white light
source) is used. The ease with which interference fringes are obtained when a white light source is
used is both good and bad. It is good that it is easy to find laser light interference fringes, but it can
be bad in that it can be too easy to obtain interference fringes and any stray reflections will give
spurious interference fringes, which can result in incorrect measurements. The principle behind
interferometry is not a new technology - it is a combination of older white light interferometry
techniques and modem electronics, computers, and software to analyse, filter and improve the
quality of the acquired data. This has produced extremely powerful measurement tools, which can
accurately measure and inspect objects and surfaces.
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The shape of an object can be measured by means of a white light interferometer. White light from
a source is collected by a lens and is passed through a beam splitter where it is divided into two
beams - one beam is directed towards a reference mirror and the other towards an object mirror.
The reflected beams are brought together and the resulting beam is displayed on a screen, see figure
1.6.

Figure 1.6 - Typical setup ofa Michelson interferometer

If the object mirror is moved on its z-axis the light intensity on the screen will vary. The
modulation ofthe intensity is strongest when the light waves superimpose coherently, this is given
as position zo. Light from the object and reference mirrors takes the same time to reach this point
and it lies in the reference plane. White light interference appears if the object mirror lies in the
position zo or its immediate locality. The range in which the light interference may be observed is
determined by the size ofthe coherence band ofthe light source. For example, thermic light sources
have short coherence bands of approximately 3jam, while on the other hand the coherence bands of
lasers range from a few centimetres to several kilometres. To use this technique to inspect surfaces
the object mirror is replaced by the target surface (see figure 1.7). Coherent light is reflected from
the diffuse surface and the intensity distribution is displayed on the screen as speckle. Although
speckle is a typical effect for laser illumination, it can also be achieved by white light, once the
condition of coherence is fulfilled - this condition of sufficient temporal coherence is achieved if
the target surface roughness is smaller than the coherence length (band) of the light source. To
fulfil the condition for spatial coherence, the coherence area on the target surface must be larger
than the area contributing to one speckle.

Figure 1.7 - Interferometer setup for profile height measurement
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Like the object mirror, if the target surface is moved on its z-axis so that it passes the reference
plane each particular speckle will display the intensity modulation as described earlier. The speckle
intensity is modulated with the period of YzXs where Asis the mean wavelength of the white light
source. The image is continuously recorded and processed during the measurement by a CCD
camera. As the target surface is moved in its z-axis, each position at zo is recorded. This value
together with the known coordinates (x,y) of the pixel describes the geometrical position of each
recorded point on the measured surface The collection of all these points being the geometrical
shape of the surface itself. By processing this data it is possible to generate a 3D image of the
scanned surface.

Currently, one ofthe leading innovations in laser interferometry is the Conoscan 3000 produced by
Optimet of Danvers, MA[1819]. Illumination of a 3-dimensional object yields a characteristic wave
front that is determined by the topography of the object, however ordinary cameras are not phase-
sensitive, thus they can only capture 2-dimensional images. Recent progress in surface scanning
technology by a team of scientists at Cal Tech University has led to the development of a new and
revolutionary type of laser scanning measurement system called conoscopic holography, discussed
below.

It is a non-contact 3-dimensional surface measurement technique and can create extremely precise
3-dimensional digital images of virtually any surface, including previously difficult to measure
components. It can do this at very high speeds and at standoff distances once considered totally
unfeasible. It is suitable for measuring surfaces with a roughness, Ra, down to 0.5jam and is also
vibration insensitive.

In classical holography, an interference pattern is formed between a reference beam and an object
beam using a coherent light source. The two beams propagate at the same velocity but follow two
different geometrical paths, creating a Gabor Zone Lens (GZL). An older technique using
holographic interferometry made use of the wave (amplitude and phase) pattern emanating from the
target object by combining it with an off-axis carrier wave. The interference of these two coherent
wave fronts could be then recorded on a photographic plate. In order to measure surface
displacement (roughness), two such wave patterns must be recorded when the object is in its
original and displaced states. These two patterns are then combined to give and interference fringe
pattern or interferogram. The fringe patterns represent surface contours of equal displacement. Each
successive fringe pattern is actually a change in the displacement of the object, equal to
approximately half the wavelength of the incident light source used during the recording process.
By far, the biggest downfall of this technique was its inability to measure displacements on
different planes.

However, during conoscopic holography, the two beams are replaced by the ordinary and
extraordinary components of a single beam traversing a uni-axial crystal. It is an incoherent and
collinear interferometric technique. This has the ability to produce holograms even with incoherent
light whose fringe patterns can be measured very precisely to determine the exact distance to the
point measured, such as on a component (i.e., the absolute distance to any point is retrieved by
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counting the fringes in the interferogram - this can be done on a CCD detector or camera by
placing the appropriate optics before and after the crystal).

This idea has been marketed with the Conoscan 3000. The Conoscan 3000 has the ability to
measure the X, Y and Z components ofa part, analysing in detail it’s angles and radii, and it can do
this with practically any material, rubber, plastics, fabrics, and shiny metallic parts. The system can
measure blind holes with internal cross piping, tiny radii, or even steep angles and intricate
contours. What sets the Conoprobe apart from other holographic systems, is that it is collinear,
rather than having object and reference beams that follow separate paths. This is what enables the
probe to measure intricate features. The probe can measure up to 700 points per second whilst in
motion118L

During most scanning applications the systems precision and repeatability is greater than 1/8,000 of
the working range. It can also measure narrow, deep slots and holes of diameter <Imm, and depth
to diameter ratios of 25:1. The system can also measure angles very close to the grazing incidence

and the ‘forbidden’ zone extends only 5° from normal incidence in all directions, giving the user

the ability to measure at angles from 0° to 85°.

14.2 Heterodyne interferometric profilometer

Figure 1.8 shows the principle of operation of the heterodyne profilometerll6l The system operates
by focusing two orthogonally polarized beams (He-Ne laser) onto the target by means ofa Zeeman
beam splitter and scanning lens. The focus is held on the surface by an autofocus system.

Figure 1.8 - Heterodyne interferometric profilometerl6l
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The system is not of differential type, but instead measures the profile height directly from the
target surface. The scanning head in this particular system is mounted on an air-bearing slide way
of 300mm travel. Profile measurements in the 10 to 40nm range can be readily obtained, and
surface roughness measurements in the sub-nanometer range may be obtained after high-pass
filtering (cut-off wavelength in the region of 100 to 500l|j,m) of the raw profile data. Surfaces with
irregularities within the spot width, having large local slopes, or having sharp comers or edges are
extremely difficult to be profiled accurately.

15 Laser-based inspection systems

Previous optical surface scanning systems (ones that did not use lasers) were forced to use
inefficient high power linear type lamps in order to provide a sufficiently strong light intensity for
high speed scanning12013L Recently, in the past 10 years, laser systems have become much more
rugged and are suitable for use in the harshest of manufacturing and inspection environments.

Lasers are able to offer a significant improvement in surface scanning performance, specifically in
their resolution, speed, and reliability. Laser scanning measurement systems can achieve high
resolutions because the maximum resolution of the system is directly proportional to the size of the
projected laser spot. In addition, because the object is being illuminated by intense laser light for
very short periods, laser scanning produces a very low signal to noise ratio (SNR). It is also
possible to select a specific angular scattering range due to the directionality of laser systems, thus
improving defect detectability.

Some of the drawbacks of laser based systems have already been covered in section 1.3, however
some ofthe advantages of laser-based systems over other optical systems are listed below:

- Higherresolution

- Extremely fast scanning speeds

- High contrast image acquisition

- Brightness

- Increased depth of field

- Improved spectral filtering capabilities

- Small size (i.e., diode lasers)

- Increased lifetime (over conventional lamp sources)
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151 Basic laser theory

The acronym LASER stands for Light Amplification by Stimulated Emission of Radiation. Lasers
operate on the principle of stimulated emission. See figure 1.9. Stimulated emission occurs by
achieving a significant population inversion in atomic or molecular energy states. This is a
precondition for laser action. Electrons will normally reside in the lowest available energy state.
They can be elevated to excited states by absorption, but no significant collection of electrons can
be accumulated by absorption alone since both spontaneous emission and stimulated emission will
bring them back down to a lower energy state. A population inversion cannot be achieved with just
two levels because the probability for absorption and for spontaneous emission is exactly the same.
The lifetime of a typical excited state is about 10'8 seconds, so in practical terms, the electrons drop
back down by photon emission about as fast as you can pump them up to the upper level. In gas
lasers excitation can take place through either electrical discharge or optical pumping.

Photons produced

000000 E by stimulated
? 000000 emission have
If a significar_lt _ a definite phase
population inversion relationship,
~photon = exists, then stimulated producing
Uncident emission can produce coherent
photon significant light light,
amplification
El

Figure 1.9 - Photon production by stimulated emission

- Electrical Discharge
Applying high voltage to electrodes at both sides of the tube containing the gas
causes electrical breakdown through the gas. Electrons are ejected from the cathode,
accelerated toward the anode, and collide with the gas molecules along the way.
During the collision, the mechanical kinetic energy of the electrons is transferred to
the gas molecules, and excites them.

- Optical Pumping
Exciting a laser medium by optical pumping, requires that the absorption spectrum
of the medium will be similar to the emission spectrum of the pumping source, so
that a big amount of the radiation will be absorbed. Conventional light sources used
for optical pumping have a broad emission spectrum, so only a small part of the light
is used in the excitation process. Because gas atoms absorb only a small portion of
the spectrum, optical pumping is not generally an efficient method for gas lasers.

The absorption spectrum of solids is wider than the absorption spectra of gases, so the pumping
efficiency of solid state lasers by conventional light sources are higher than that for gas lasers. Thus
gas lasers are usually excited by an electric discharge. To excite a gas laser by optical pumpingit is
beneficial to use an optical source with very narrow bandwidth, which fits the narrow absorption
spectral lines of the gas. A good source for optical pumping of a gas laser is another laser. This
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method is used for pumping Far-Infra-Red (FIR) gas lasers by a CO2 laser. The characteristics of
lasers (discussed below) that make them ideal for optical inspection are radiance, collimation,
monochromaticity, and coherence.

Radiance is an important property of laser beams. Lasers can achieve high radiance at relatively
low power output levels[2l The radiance of a laser source (or of any light source) is the power
emitted per unit area of the source per unit anglel2], units are in watts per metre, per steradian.
Generally speaking, lasers have a very high radiance output - high radiance meaning that the beam
has a very small divergence angle (unless the source power is very large), which is in turn linked to
the directionality (collimation) ofthe beam.

Light from a typical laser emerges in an extremely thin beam with very little divergence. Another
way of saying this is that the beam is highly "collimated". The high degree of collimation arises
from the fact that the cavity of the laser has very nearly parallel front and back mirrors, which
constrain the final laser beam to a path that is perpendicular to the mirrors. The back mirror is made
almost perfectly reflecting while the front mirror is about 99% reflecting, letting out about 1% of
the beam. This 1% is the output beam, which you see. The light is passed back and forth between
the mirrors many times in order to gain intensity by the stimulated emission of more photons at the
same wavelength, see figure 1.10. If the light is the slightest bit off axis, it will be lost from the

beam.
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Figure 1.10- Collimation of a laser beam

The highly collimated nature of the laser beam contributes both to its danger and to its usefulness.
One should never look directly into a laser beam, because the highly parallel beams can focus to a
dot on the retina of your eye, causing almost instant damage to the retina. This capacity for sharp
focusing means that the laser is a very useful tool in optical inspection.

Another important property of laser light is monochromaticity. The light from the laser typically
comes from one atomic transition with a single precise wavelength hence the light has a single
spectral colour and is almost the purest monochromatic light available. That being said, however,
the laser light is not exactly monochromatic. The spectral emission line from which it originates
does have a finite width, if only from the Doppler effect of the moving atoms or molecules from
which it comes. Since the wavelength of the light is extremely small compared to the size of the
laser cavities used, then within that tiny spectral bandwidth of the emission lines are many resonant

modes ofthe laser cavity.
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Coherence is one of the unique properties of laser light. It arises from the stimulated emission
process, which provides the amplification. Since a common stimulus triggers the emission events,
which provide the amplified light, the emitted photons are "in step” and have a definite phase
relation to each other, see figure 1.11.

This coherence is described in terms of temporal coherence and spatial coherence, both of which
are important in producing the interference, which is used to produce holograms. Ordinary light is
not coherent because it comes from independent atoms, which emit on time scales of about

10'8 seconds. There is a degree of coherence in sources like the mercury green line and some other
useful spectral sources, but their coherence does not approach that of a laser.
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Figure 1.11 - Coherence of laser light

152 Common lasers types

Currently there are many different types of lasers available for industrial use, each class having its
own unique characteristics12l1 The application of lasers in industry ranges from surface coating, to
surface inspection, to surface forming. Lasers can be divided into groups according to different
criteria:

- The state of matter of the active medium: solid, liquid, gas, or plasma.

- The spectral range of the laser wavelength: visible spectrum, Infra-Red (IR)
spectrum, etc.

- The excitation (pumping) method of the active medium: Optic pumping, electric
pumping, etc.

- The characteristics of the radiation emitted from the laser.

- The number of energy levels, which participate in the lasing process.

The active medium of the laser plays a major role in how the laser operates and its characteristics.
The material used as the active medium determines:

- Laser wavelength

- Preferred pumping method

- Order of magnitude of the laser output
- The efficiency of the laser system
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Also, there are two basic requirements for laser action, population inversion between the upper and

lower energy levels, and the active medium must be capable of emitting the collimated laser light,

i.e. it must be transparent to the output wavelength. The active medium determines most of the

laser properties; hence the laser name is often derived from the name of the active medium.

A briefdescription ofthe most common laser types used today is given below[21]:

Helium-Neon (HeNe) laser

Electrically pumped gas laser - energy transfer from electrons to HeNe atoms.

Beam (red) wavelength of 632.8nm and infrared lines at 1.15 and 3.39jnn.

Output from a fraction of 1 mW to 50mW.

Electrical efficiency -0.1% .

Operating life ~ 15,000 - 20,000 hrs.

Most commonly used in barcode readers, CD and DVD equipment, and laser
printers.

CO2molecular lasers

Laser operation is based on the rotational, vibrational, and electronic levels of
molecules.

Molecular lasers are capable of generating very high powers with high efficiency
(>10%).

CO2 lasers with outputs in excess of 20kW are commercially available.

High output CO2 lasers are most commonly used in material processing applications,
such as metal cutting, welding, etc.

Solid State (Nd:YAG, Nd:Glass, Cr:Ruby) Lasers

Lasing atoms are embedded in a host transparent material (solid).

Population inversion occurs through optical pumping.

Many solid-state lasers must be cooled - usually water-cooled.

Solid-state lasers find use mostly in range finders, targeting equipment, and other
tactical military equipment as well as in material processing and the medical sector.
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Semiconductor (GaAs) Lasers

- Semiconductor lasers are the most common type of laser in use today.

- Advantages: ruggedness, cheap.

- Disadvantages: Generally limited to low power applications

- Semiconductor lasers, or laser-diodes are effectively formed between junctions of p-
doped and n-doped materials.

- The resonator is often formed by polishing the end faces of the semiconductor.

- Laser emission is stimulated.

- Beam wavelength of 0.33]|im (ultra violet) to 40pm (infra red).

- Output is typically in the mW range.

1.6 Methods of surface inspection using laser speckle

Speckle is a result of interference from a coherent beam of radiation from one or any number of
point light sources. It is identified as a random arrangement of light and dark spots on the incident
surface as these beams interfere with one another, both constructively (light spot) and destructively
(dark spot). An object viewed under highly coherent light will be granular in appearance due to the
speckle pattern. Laser speckle is created by the coherent nature of a single laser beam and was first
discovered in the 1960’s when the earliest lasers were created. Initially, it was thought that this
phenomenon was due to a source of noise in the laser itself and was considered parasitical,
however, soon after its discovery, the full potential of speckle was realised.
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Figure 1.12 - Principle of laser speckle12

When the object or target surface (i.e., the surface illuminated by the laser light) undergoes any
kind of movement (rotational, translational etc.) or deformation (bending, shearing etc.), the
speckle viewed in the observation plane will move and/or change structure, see figure 1.12.

The following speckle techniques can be used to inspect surfaces and measure surface roughness by

studying the correlation of two separate speckle patterns obtained from the same target surface.
This is achieved by either changing the orientation or the wavelength ofthe incident laser beam.
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16.1 Surface roughness measurement by the correlation oftwo speckle patterns

The target surface is illuminated with a plane wave from a laser (see figure 1.13) and two speckle
patterns are obtained, each with two distinct angles of incidence, which are recorded successively
on a photographic plate (the speckle patterns recorded are translated relative to one another).
Changing the angle ofincidence, 0, does not produce any decorrelation under the above conditions.
If the change in the angle of incidence is small enough, the speckle will simply be translated by a

distance  where;

= d.Co0s6.A0
eq 1.1

and d is given as the distance between the target surface, S, and the photographic plate, H. As A9
increases for a given value of 0, the speckle itselfis not only shifted, but its structure changes due
to the roughness of the target surface.

Figure 1.13 - Two speckle patterns obtained by changing the incidence of the laser beam

This is the principle of this technique - two successive recordings are made on the same
photographic plate, H, the angle A0 being the difference between the angles of incidence of the two

laser beams.

1.6.2 Real-time measurement of surface roughness by the amplitude correlation oftwo speckle

patterns

In the previous measurement, the surface roughness could be calculated by inspecting the contrast
of the interference fringes, which were recorded on a graphic plate. Real-time measurements can be
made by using intensity correlation of the beams amplitudes. To achieve this, the target surface is
illuminated by two coherent plane waves from the same laser source. The incident laser beam is
splitby a beam splitter and a mirror shown in figure 1.14.
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Figure 1.14 - Real-time measurement of surface roughness by amplitude correlation

For an incidence angle of 0 a speckle pattern D is observed in the direction 0’. For an angle of
incidence 0 + AQ, another speckle pattern D’ is observed. This speckle pattern is related to speckle
pattern D through a rotation of A0’ and the two have a certain degree of correlation, where:

AQ0’= (Cose/Cose’).A0
eq 1.2

To measure the correlation, the two speckle patterns are superimposed on one another. This is
achieved by using a 2-beam interferometer such as a Michelson interferometer if AO and AQ’ are

variable, or two Wallaston prisms if A0 and A0’ are fixed.

Figure 1.15- Setup using two Michelson Interferometers

In the case where two Michelson interferometers are used (see figure 1.15), the second
interferometer not adjusted for zero path difference, the two speckle patterns are shifted along the
axis shown above. Interference fringes are observed at the focal plane of the lens O and their
contrast is directly related to the correlation of the two speckle patterns, which in turn is
proportional to the surface roughness of S. For rough metal surfaces where ¢ > 1pm , the contrast,

y, ofthe fringes is defined by:
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y = 72exp[-2((27ta)12/?i .SinAG)Z2]
eq 1.3

1.6.3 Surface roughness measurement oftwo speckle patterns obtained with two wavelengths

Rather than changing the orientation of the incident beam as discussed previously, it is also
possible to change the wavelength, however this does not allow real-time measurement if only one
laser source is used.

Figure 1.16 - Roughness measurement oftwo speckle patterns obtained with two wavelengths

The target surface, S, is illuminated with a laser of wavelength X and an image of S is projected
onto a photographic plate H through a lens O where a speckle pattern (which corresponds to X) is
recorded, see figure 1.16.

The photographic plate is translated by a small amount £o, and the target surface is again
illuminated, this time with a laser of wavelength X + AX. The speckle pattern corresponding to this
new wavelength is then recorded at H.

An alternative to the previous method is to avoid the need for lens O by recording the speckle at a
finite distance as shown in figure 1.17.

Figure 1.17 - Recording speckle at a finite distance

Again, the same procedure is followed, however, before illuminating the target surface S with a
laser of wavelength X + AX, the surface undergoes two translations e and sq. The photographic plate

is shifted by s to compensate for the variation AX.

31



Under these new conditions two identical speckle patterns are obtained on the photographic plate if:

a« AJAA
eq 1.4

If this condition is not satisfied, the two speckle patterns are more or less decorrelated. Again, the
spectrum of the photographic plate is observed as before, and the correlation of the speckle patterns
(0) may be deduced from the contrast of the fringes.

1.6.4 Surface roughness measurement with a source having a wide bandwidth

Maximum speckle contrast is achieved when a rough surface is illuminated by spatially coherent
light. Reducing the temporal coherence while maintaining the spatial coherence will in turn reduce
the speckle contrast.

Figure 1.18- Relationship between white light speckle intensity and surface roughness

The relationship between the speckle intensity and the surface roughness for any given coherence
length is predominantly great when the variations in the surface roughness are in or around the
same order of magnitude as the coherence length.

From figure 1.18, we can see that for white light, with a coherence length of approximately 1 to
1.5|un the surface roughness may be assessed by measuring the contrast of the speckle, provided
the surface roughness is in the region of 0.2 to 3]xm. The intensity of the speckle contrast may be
measured by projecting an image of the target surface onto a small aperture, behind which there is a
detector or transducer to record the level of the intensity. As the surface is translated in its plane the
profile of the speckle intensity may be recorded.
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1.7 O ptical triangulation

Optical triangulation requires a light source, imaging optics to focus and receive the light, and some
form ofphoto detector to provide an output relative to the position ofthe imaged light. The
principle of optical triangulation can be seen in figure 1.19 below.

Laser Diode

Figure 1.19 - Optical triangulation

The laser diode provides a collimated or focused beam of light which is projected onto the target
surface through the focusing lens. The diffuse light or object spot is then captured (diffuse
reflection) by the imaging lens and is focused onto a photo detector. Due to parallax, as the relative
distance between the target surface and focusing lens changes, so too does the position of the
imaged spot on the receiver or detector. The laser sensor is equipped with it’s own signal
conditioning electronics allowing linearisation and digital or analog signal conditioning. The output
signal from the sensor is proportional to the position of the spot on the target surface.

The most critical component of a triangulation type sensor is the receiver element. There are
currently three main types of photo detector or receiver employed in triangulation type sensors, the
oldest device being the PSD, or Position Sensitive Device. When used under ideal conditions, a
PSD sensor will perform very well, however, should the target surface vary in colour, texture or
alignment, then the PSD runs into problems. These changes alter the centre of light distribution
thus inducing a change in the output ofthe PSD device even though the true position of the spot has

not changed.
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In the case of a CCD array, the array surface is made up of rows of coupled photo capacitors, which
individually accumulate charge as light lands on them. The voltage across each capacitor can be
measured thus it is possible to ascertain how much light is falling on any particular area of the
array. Since movement of the assembly with respect to the target surface will change the position of
the imaged light on the CCD array through parallax, it is possible to accurately measure the
distance between the focusing lens and the target surface. The effects of target alignment, colour,
and texture variation are no longer issues since CCD devices work as a function of light intensity,
not quantity. Some ofthe most modem CCD triangulation sensors only require about 1% of diffuse
reflection from the target surface in order to operate. For some years CCD technology was limited
in it’s response time to constant surface variations, especially during high speed scanning. This
limitation was more down to the speed of the sensor’s microprocessor rather than the CCD. Today
however this is no longer an issue and CCD devices can cope with high speed scanning as well as
the aforementioned problems that limited the use of PSD. Laser triangulation and its limitations
will be discussed further in section 2.5.

1.8 Methods of laser scanning

There are several methods of laser scanning or sweeping currently used today. In this particular
context, laser scanning means the actual ‘sweeping’ motion of the laser beam over the target
surface, and how that motion is achieved. This motion may be accomplished through a variety of
means, including mechanical, acoustic (acousto-optical), or electric (electro-optical) among others.
In turn, these specific types of scanning system may be further split into two groups; high-inertia
and low-inertia scanning systems. Generally speaking, high-inertia systems include rotational
(mechanical) systems as well as mirror/prism (mechanical) systems, while low-inertia systems
include vibrational (mechanical) systems as well as electro and acousto-optical systems.

For the most part, the laser scanning motion is achieved through mechanical means, whether it be
through the use of mirrors, or prisms. Mechanical scanners work by moving or oscillating an
optical component, which is directly in the path of the incident beam from the laser. Depending on
the arc or rotation of this movement, a laser beam may be moved backwards and forwards across a
surface. The distance that the laser beam moves across the surface before it starts back the other
way is equal to twice the amplitude of the scan. The amplitude of the scan may be varied through
the use of different mirrors and prisms. Assuming that the rotational velocity of the
oscillating/rotating surface remains constant, the speed of the scan and it’s amplitude will be
directly proportional. The actual physical motion of the optical components is usually
accomplished through the use of electric motors or a galvanometer/coil arrangement. Due to the
high inertia of the system, mechanical scanners tend to have very high stability with a low
positional error. On the other hand, mechanical scanners tend to be very slow and difficult to
control as compared with their electro or acousto-optic counterparts. Mechanical scanners tend to
have a very rigid scan format, which may be complicated to change or adapt. Also, the bulky nature
of mechanically rotational scanners may be outside of the physical parameters allowed, however
mechanical scanners have some major advantages over other types due to their comparatively low
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cost, durability, and simplicity in design. A review of possible mirror and prism orientation set-ups
and laser scanning methods have previously been presented [17,26,28,29,34].

1.9Laser scanning motions & patterns
1.9.1 Laser scanning motions
The movement of a scanning motion may fall into one of three categories:

- Rotational
- Oscillatory
- Translational

The three primary scanning motions are shown in figure 1.20.

t

Rotational Oscillatory Translational

Figure 1.20 - Primary scanning motions12m™

Rotational motion is a simple, natural movement and is generally associated with mechanical
scanners (which use mirrors or prisms to deflect the laser beam). Usually the angular velocity ofthe
rotational motion is kept constant, however, depending on the device’s parameters and the relative
size of its optics, this speed may differ over a broad range. The limit of the rotational velocity is
restricted by the stresses and loads associated with the systems mechanical components (such as
bearings) and by the substrate material of its optics. See section 1.14.1 Mechanical considerations
of laser based surface inspection.

Oscillatory motion is probably the most natural physical movement, however it can become quite
complicated, especially when associated with mechanical scanners. Dynamic requirements of the
system can change from simple harmonic motion (displacement varies sinusoidally with time) to
reciprocating motion (displacement variation is in some other way, proportional to time), which has
a saw-tooth or triangular type displacement over time, see figure 1.21 on the next page. With this
continuously changing direction, speed, and acceleration, the dynamic movement of the system
may become very complex.
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Figure 1.21 - Oscillatory motion[Z]]

Looking at figure 1.21 above, the change in displacement seems to take place at a particular instant
in time suggesting an infinitely fast acceleration/deceleration, which is impossible. In reality, the
comers of the saw-tooth/triangular waveform are rounded. Another important consideration when
using the saw-tooth/triangular waveform for scanning, is that it is effectively composed of a series
of simple harmonic motions, each having a frequency that is a multiple of the fundamental
frequency. In other words, there is an interaction between the oscillatory rate and the natural
frequency response of the system - depending on the design of the system, one may choose to
operate close to or avoid the resonant frequency.

A translational or transverse motion is a simple sideways motion without any change of direction. It
may also be considered as an arcuate (curved) motion, where the centre of rotation is an infinite
distance away. An angularly scanning or sweeping beam from a rotating or oscillating mirror or
prism can be converted to a transversing scanning beam through the collimation and focusing of the
beam, see figure 1.22.
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Figure 1.22 - (a) Angular movement, (b) traversing movement, and (c) magnification of a scanning

beam [Z7]

Figure 1.22 shows how an angularly scanning beam may be turned into a traversing beam and vice
versa, and also the magnification of the angle of deflection and angular velocity of the scan
(eo = angular velocity, v = linear velocity).
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1.9.2 Laser scanning patterns

There are numerous types of scan pattern that the laser beam can follow. These patterns are
generally determined by the performance limitations of the scanning device and also from a cost
efficiency perspective.

Figure 1.23 - Straight line scan[2/]

The simplest type of scan is the straight-line scan (see figure 1.23 above), where the beam sweeps
repetitively across the target surface at a constant velocity (acceleration = 0). Mechanical rotational
or oscillatory scanning systems usually scan in a simple harmonic saw-tooth pattern made up of
straight-line scans. This type of scan is easy to achieve on such a system as well as translational
systems

Figure 1.24 - Raster scan[ZAd

The raster scan pattern (see figure 1.24) is made up of two mutually perpendicular scanning
motions running at a constant speed. One complete motion across the target surface by raster
scanning is called a frame, and the amount of scans or lines in one frame is proportional to the ratio
of the periodicies ofthe x and y-axis motions.

The lissajous scanning pattern in figure 1.25 is made up of two simple harmonic motions, again, in
mutually perpendicular directions, producing a lissajous pattern. The actual pattern configuration
depends on a number of factors associated with each of the harmonic motions - frequency ratio,
phase differences, and amplitude.
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Figure 1.25 - Lissajous scan[2]

When observing the actual lissajous pattern, it will seem to move in the x-direction when the scan
frequency in the y-axis, fy, is greater than that of the x-axis frequency, fx, and that fy/fx does not
reduce to a whole number, for example with fy/fx= 3.001, the integral part, 3, determines the actual
pattern configuration, while the decimal portion, .001, determines the rate of migration. Likewise,
the pattern will exhibit movement in the y-direction when fxis greater than fy. In order for a patter
to migrate at a uniform rate the ratio of the frequencies must be synchronised otherwise the pattern
will drift, reverse, or speed up.

Figure 1.26 - Sinusoidal pattern1271

A sinusoidal scan (see figure 1.26) is the combination of a simple harmonic motion and a constant
scanning motion in two mutually perpendicular directions. The number of cycles (spatial
wavelengths) per scan length is directly proportional to the ratio of the velocity of the constant
speed and simple harmonic motions. If the ratio results in an odd number, then the pattern will be
interlaced and it will have the appearance of a lissajous pattern. Again, the same general guidelines
apply regarding the migration ofthe scanning pattern.

1.10 Technical considerations of laser based surface inspection

Due to its high quality and efficiency, a plane mirror can provide an effective means for scanning a
beam of light. In order to be useful in scanning a beam of light, it is required that a mirror vibrate at
a adequately high rate and over a sufficiently large angle (depending on the distance to the target
surface), while at the same time being able to cope with the effects of high torque, i.e. while
suffering low surface deformation. Mirror sizes are typically 10mm or smaller in width with a
angular excursion of up to 40° and a step response usually greater than 100(is. To be an effective
substrate for the mirror, the mirror material must be of a low mass (to help reduce inertia) and high
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stiffness (to help prevent deformation under inertial stress). It must also be fabricated and polished
to an extremely high finish to provide efficient and controlled reflectance. Although glass remains
one of the most effective substrates, more demanding tasks require the use of exotic materials and
high technology fabrication techniques, such as in the manufacture of ultra-light weight beryllium
mirrors. This section will deal mainly with mechanical scanning systems and the problems
associated with mechanically ‘sweeping’ a laser beam.

1.10.1 Mechanical considerations of laser based surface inspection

Mechanical scanners tend to be very slow and difficult to control as compared with their electro or
acousto-optic counterparts whilst they also tend to have a very rigid scan format, which may be
complicated to change or adapt. In addition, the high inertia produced by the rotating components
(which helps the stability) unfortunately greatly limits the systems performance. Also, the bulky
nature of mechanically rotational scanners may be outside of the physical parameters allowed,
however mechanical scanners have some major advantages over other types due to their
comparatively low cost, durability, and simplicity in design.

As covered previously, another way of mechanically scanning a laser beam across a surface is
through the use of a galvanometer type arrangement. A galvanometer works on the principle that a
current carrying coil wrapped around a permanent magnet will tend to repulse one from the other.
A mirror mounted on the coil of the galvanometer may be moved backwards and forwards by
varying the amount and direction of the current passing through the coil, achieving in some cases a
very high angle of deflection with little or no distortion of the incident beam. In addition, optical
correction is kept to a minimum because the centre of deflection coincides with the axis of rotation
of the mirror, also, due to the simple nature ofthe scan, two or more mirrors may be used together
to scan the beam in a number of directions. However, galvanometer mirror arrangements are
limited by a number of factors. Large scan angles can cause slow scan rates, simply because the
mirror must deflect more to achieve the required scan angle. Likewise, high scan rates (>15Hz) are
only achievable through small scanning angles, where the mirror is only deflecting very slightly.

Most optical devices are made from physical materials which have elastic properties (small as they
may be) which have fundamental importance to the design and subsequent performance of the
system13L The most critical material properties include stability, stiffness, and stress limitations.
The stiffness properties of the material will determine the amount of deformation of the material
during normal operation that may induce high inertial forces or temperature changes in the
material; for example, plain mirrors tend to flex and warp when undergoing an oscillatory motion
where the acceleration ofthe mirror is constantly changing.

When dealing with a system which must meet a high degree of repeatability we must also consider
factors such as material stability with relation to temperature, and general degradation of the
material and associated mechanical system. Further material regarding mechanical considerations
ofbeam scanning have been previously presented [30°34].
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1.10.2 Optical considerations of laser scanning

1.10.2.1 Focused beam spot diameter

Theoretically, a focusing lens will focus a set of light rays from a point to another point, however in
reality, lenses always focus light to a spot which has a finite size (the term ‘point’ suggests an
infinitely small spot size)[27]. The size of the spot is dependent on a number of variables, the two
most important being the quality of the lens (both in design and manufacture), and the wavelength
ofthe light. A perfectly designed and manufactured lens will in fact focus light to a spot, which in
turn is surrounded by collection of faint rings. The diameter of the spot is given by:

Da= 2.44 X (1/A)
eq 1.5
where,
Da= Beam diameter
X = Wavelength ofthe light
1= Distance of spot from lens (for a collimated beam 1= f, the focal length ofthe lens)

A = Lens aperture diameter
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Figure 1.27 - Focused beam spot intensity distribution~271

The actual intensity distribution of the spot is shown in figure 1.27. The series of light and dark
rings is known as an Airy pattern, the central part of the pattern being known as the Airy disk. A
lens that produces an Airy pattern is identified as being diffraction limited.

1.10.2.2 Focused Gaussian beam spot diameter

A beam or spot having a Gaussian intensity distribution is said to have an effective spot diameter,
Ds, corresponding to 4a, where a is the standard deviation of a Gaussian beam intensity
distribution[27]:

T: ](b~r2/2 ° 2

eq 1.6
where,
I = Spot intensity at radius r from axis ofthe beam
lo= Peak intensity
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Specifically for a Gaussian beam, the effective spot diameter, Ds, is related to the effective beam
diameter, Db, as shown below.

Ds= (49 A(VDY

eq 1.7
where,
Ds=4as
eq 1.8
and,
Db=4ab
eq 1.9

1.10.2.3 Beam/spot power

Consider a beam whose Gaussian intensity distribution focuses to a spot which also has a Gaussian
intensity distribution it can be seen that at the spot diameter of 4cib the intensity level has dropped
to only 14% of the peak, see figure 1.28[271 The central circle of the Airy disk holds roughly 86%
of the total beam or spot power, thus 14% of the power of the beam lies outside the effective
diameter of the spot. Table 1.2 shows the relative intensity and power against diameter for a spot
size of eight millimetres and with a Gaussian distribution.
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Figure 1.28 - Beam/spot power[Z/]

Beom/ Spot with a Gaussian Beom with o uniform
intensity distribution

2 4 6
Diameter (d/or)

Figure 1.29 - Beam intensity distribution”271
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Table 1.2 - Relative intensity and power vs spot diameter for a Gaussian distribution”

Intensity Level % o
Power % within Beam Spot 0

Spot 0 1/10

1.00 94% 6%
152 5% 25%
2.00 61% 39%
2.35 50% 50%
3.33 25% 75%
4.00 14% 86%
6.00 1.1% 98.9%
8.00 0.034% 99.966%

1.10.2.4 Beam truncation

Truncation, or ‘aperturing’ of the laser beam is also an important consideration as the intensity of
the distribution of the beam will also be truncated asymmetrically thus leading to variation in the
effective spot diameter and spot shapel27l

Aperturing occurs because the mirror facets of scanning devices are themselves apertures, which
project various different shapes when a beam falls on the mirror surface obliquely. When a beam
(again, which has a Gaussian intensity distribution) passes through an aperture it will become
increasingly truncated as the effective beam diameter becomes equal to and greater than the
diameter of the aperture.

Figure 1.30 - Beam intensity distribution after passing through an aperture12l
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When the beam emerges from the aperture, its intensity distribution will neither be Gaussian nor
uniform, hence the focused spot intensity distribution will not be Gaussian. As a beam passes
through an aperture, the beam diameter will grow and the truncation of the intensity distribution
will increase dramatically, however the intensity variation across the aperture will become more
consistent, hence, as the beam expands and becomes even more truncated, the focussed spot will
evolve into an Airy pattern the central spot becoming the Airy disk, see figure 1.30 above. In
general, for beams truncated by apertures of different shapes, the effective spot diameter, Ds, is
given by:

Ds= kX (\/A)
eq 1.10
where,
k = Constant (depending on aperture shape), 1< k < 3
A = Effective aperture dimension.

1.10.3 Electrical & control considerations

A rotating mechanical scanner has three states of motion; at rest (the scanner is in a stationary
position), transient-state (where the motor/scanner is accelerating/decelerating towards a steady
state velocity, a different operational steady state velocity, or a rest state), and steady-state (where
the motor/scanner has a constant velocity and acceleration equals zero)131L The transient state is an
unwanted state as it is not constant, therefore measurement or inspection usually does not take
place during this time. Using an electrical drive coupled with a control system, this transient period
can be controlled and kept to a minimum, although realistically it can never be eliminated entirely.
In addition, during steady-state operation, there will also be a requirement to ensure that the system
remains at this steady-state constraint with the minimum of variation. This can be done in two
ways, by using either an open or closed loop controller. Open loop control systems rely entirely on
the electromechanical characteristics of the scanning device and voltage inputs powering it. In
contrast, the closed loop system is a servo-control structure and will continuously monitor the
scanners parameters and will adjust them accordingly through the use of feedback to the controller,
and on to the various scanning devices. This type ofreal-time control and requires the use of some
type of encoder, capacitive, magnetic, or optical sensor.
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Figure 1.31 - Common optical encoders for scanning devices[3]

Optical encoders for scanning devices usually take one of the forms shown in figure 1.31. A disk,
with equiangular black and white (a) or opaque and transparent (depending whether reflection or
transmission is required) sections (b), or a multi faceted-mirrored rotor (c) is mounted on the shaft
of the motor or on the axis of the scanning device. As the motor or scanner rotates, reflection or
transmission will occur and the angular position of the motor or scanner can be established
(assuming the start position is known first). These types of encoder can achieve exceptional
resolution depending on the number of equiangular, mirror, or opaque sections. Table 1.3 on the
next page details a comparison ofthe parameters of different motor types.
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Parameter

Highest Speed
Output Torque
Rotor Heating
Speed Control*
Phase Lock**
Efficiency
Power Factor

Relative Cost

DC Motor

5000 rpm
High
1Zm
Easy

Medium
High
High

Low

* Complexity for Simple Speed Control

** Complexity for Phase Locked Performance

Table 1.3[30] - Comparison o fthe parameters of different motor types

Induction

Squirrel Cage
30,000 rpm

High

Load Dependant

Hard
Hard
Medium
Medium

Low

Solid

High

Medium

Medium

Medium
Low

Medium

150,000 rpm

Load Dependant
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Motor Type
Reluctance
Hysteresis Squirrel Cage Hysteresis
150,000 rpm 30,000 rpm 150,000 rpm
Medium Medium Low
Minor Loop Load Dependant Minor Loop

SelfRegulating
Hard
Medium
Low

Medium

Hard
Hard
Medium
Medium

Medium

Self Regulating
Hard
Low
Low

Medium

Brushless DC

30,000 rpm
Medium
None
Easy
Medium
High
High
High



1.11  Summary
This chapter has introduced the principle of utilising optical triangulation and laser light for the

measurement of surface profile and surface digitisation. This has led on from a discussion of the
development of manual systems for measuring surface roughness. Having developed the
parameters of a measuring system, the next chapter introduces a new system developed, utilising

the principle ofoptical triangulation, for these purposes.

50



Chapter 2 Profilometer development

The previous chapter indicated the need and principle behind both contact and non-contact
profilometers. This chapter will discuss the design and prototyping of a profilometer using optical
triangulation. The first section in this chapter deals with the mechanical design ofthe system.

2.1 Mechanical design

The complete system was designed with SolidWorks v2001 in order to minimise design changes
after the production of piece parts had begun. By using a 3D modelling tool such as this it was
possible to simulate the systems complete range of movement and detect any collisions or problems
before production of the individual parts had begun. A picture of the developed laser scanning
system is shown in figure 2.1. The laser scanning system is made up of a number of different
assemblies. The system assembly drawings are presented in detail in Appendix E. The base
assembly for the system is made up of a thick granite surface plate mounted on four elastic
mountings to absorb vibration. Granite itself is a good medium for absorbing shock and vibration
while also being much more dimensionally stable than either steel or cast iron. Granite also has a

very low co-efficient of thermal expansion.

Figure 2.1 - Laser scanning system
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The elastic mountings which the granite surface table sits on are constructed of rubber with a
threaded bar protruding from the centre of one end. The mountings are fixed in threaded holes in
the bottom of the granite table, see drawing ST-GR, Appendix C. These mountings were designed
to protect sensitive machinery and equipment from shock and excessive vibration however they
also allow a degree ofrelative movement thus reducing forces and tensions.

Four more elastic mountings were attached to the top surface of the granite table however these
mountings differ from the previous one in that they have threaded bolts protruding from both ends.
Fixed to the top of these elastic mountings was the 5V' (15.875 mm) aluminium bolster plate to
which the remaining main assemblies were attached. Fixed directly to the bolster plate was the Y-
axis slide assembly, see Assembly Drg. #1 in Appendix E. The Y -axis slide was constructed from a
single leadscrew stepper actuator assembly. This in itself is made up of a leadscrew (2mm
movement per revolution) mounted on a length of aluminium extrusion. The whole leadscrew
assembly was bolted through the aluminium extrusion onto the bolster plate. Aluminium was
chosen as the main component material for the profilometer mainly because of it’s machinability
and low cost.

For added stability of the inspection table (which was mounted on the Y-axis leadscrew actuator
carrier plate) two additional linear guides were mounted on the bolster plate, either side of the Y-
axis slide assembly, see Assembly Drgs #2 and #4 in Appendix E. Two linear bearings support the
inspection table and run along these guides, see figure 2.2.

Figure 2.2 - Table assembly showing table linear bearings and guides



The inspection table was constructed from V4" (6.35 mm) aluminium tooling plate, which has a
total of 73 M3 tapped holes in itata 17.5 x 18.4 mm spacing. These tapped holes allow specimens
or samples to be mounted securely on the inspection table.

A stepper motor located at the opposite end of the leadscrew actuator assembly drives the
leadscrew, which in turn drives the surface inspection table up and down the Y-axis. There are two
stepper motors attached to the system, one to drive the Y-axis, shown in figure 2.3, and the other to
drive the X-axis, shown in figure 2.4. The Y-axis carried the inspection table and the sample to be
scanned. On the other hand, the X-axis carried the laser height measuring scanning head.

Figure 2.3 - Y-AXxis stepper motor

Both of the motors were mounted in the same way (see Assembly Drg #3 in Appendix E) but in
two different locations. The stepper motors were attached to an aluminium frame, which was in
turn mounted in position using four small elastic mountings, again to absorb the vibrations from the
stepper motors. The motors were coupled to the leadscrew drives through flexible couplings which
allowed the motors to run non-concentric with the axis of each leadscrew without putting a shear
load on the couplings or causing excessive vibration in the leadscrew bearings.
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Figure 2.4 - X-AXxis stepper motor

The frame assembly onto which the X-axis leadscrew assembly was fixed was also mounted onto
the bolster plate. The frame was constructed from high tensile 20 x 20mm black anodised extruded
aluminium alloy. The frame elements contained longitudinal grooves in the profile, which could be
used in conjunction with many other connecting elements. The aluminium extrusion was chosen
again due to it’s machinability and because of it’s modular design, allowing it to be easily fastened

to other elements.

Figure 2.5 - X-Axis leadscrew assembly
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The frame profiles also had a 04.2mm EDbore, which is suitable for use with an array of fastening
elements. The frame assembly was designed such that the laser sensor and X-axis leadscrew
assembly could be positioned at either end or at the centre of the system. Moving the laser sensor to
the end of the system gives a broader scanning area since the X-axis assembly can also be mounted
at on the end vertical members. For the purposes ofthe work presented in this thesis, the sensor and
X-axis was located at the centre of the system, fixed to the centre pair of vertical frame members as
shown in figure 2.5. Optimum areas of the surface inspection table for scanning operations are
detailed further on in the thesis.

The laser sensor assembly was mounted on a manual linear stage, which was in turn mounted to the
X-axis carrier plates. This linear stage was used to fine-tune the height of the laser above the table
surface. The linear stage had a travel of £7.5mm and could be locked in place during operation of
the system.

Figure 2.6 - X-axis leadscrew and laser displacement sensor

The laser displacement sensor attached to the linear stage was a Micro-Epsilon OptoNCDT 2000.
The sensor operates on the principle of optical triangulation, which was detailed in section 1.7. A
visible (laser diode), modulated point of light is projected onto the target surface[]. The beam
passes through a focusing lens which converges the beam to an average spot size of 90jj.m. The
light spot is reflected onto a CCD array through an imaging lens. The position ofthe imaged spot of
light determined from the CCD, is relayed as a real-time signal voltage (x5VDc) which is
proportional to the height of the laser sensor above the target surface.
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The reflection factor range of the unit is very wide, from almost total absorption to almost total
reflection. The system was designed so that continuous scanning could be possible as the part
moved beneath the laser. Due to excessive vibration of the laser sensor during movement of the
laser head assembly in the X-axis, it was decided early on during experimental work that the scans
over target surfaces should be a straight line in the Y-axis. This vibration may have been caused by
the moment acting on the laser displacement sensor assembly along the axis of the leadscrew.
Because the leadscrew assembly is not supported by additional guides, this moment force could
cause the sensor assembly to vibrate back and forth very slightly, and thus causing errors in the
scan. One step in the X-axis would then be performed before recommencing the next straight line
scan in the Y-axis. Two LVDTs (Linear Variable Displacement Transducers) were also attached to
the X-axis leadscrew assembly to measure vibration of the X-axis during continuous scanning. The
LVDTs measured minute changes in the height of the X-axis assembly above the bolster plate. The
control program is detailed in section 2.2.4.

The signal from the displacement sensor was taken into the data acquisition (DAQ) card as a
differential signal ranging from -5Vdc to +5Vdc corresponding to a height between -2.5mm and
+2.5mm about the nominal. A Ikii load resistor was connected in series with the voltage signal and
helped to reduce noise and stabilise the signal from the sensor. The total sensor output voltage
range was IOVp.p for a Z height range of 5mm. The recorded signal therefore needed to be divided
by 2 to give the actual Z height measurement (e.g. 2Vp.p represented 1mm height differential). All
graphed results including 3-D digitised surfaces were post processed to present the data on a
micrometer or mm scale with the graphed points shifted to set the first height point acquired to
zero, i.e. a datum shift of all data.

2.2 Electrical & control software development

The electrical design of the system was developed around the two stepper motors moving the axes
and the voltage acquisition from the laser displacement sensor. Electrical wiring schematics of the
individual motor circuits, power supply, and laser sensor circuits are given in Appendix D. Each of
the 1/0s from the motor control boards and laser sensor were wired back to a breakout box
(terminal box), which was connected to the data acquisition card in the attached PC. In addition to
simply acquiring data from the terminal box, the data acquisition card was also used to output drive
voltages and a clock output to drive each of the stepper motors. Outputs from the data acquisition
card were controlled using software developed in LabVIEW, a National Instruments graphical
programming package. Similarly, the same program was used to record the output voltage from the
displacement sensor. Overall, four different programs were developed for the scanning process - a
main program for controlling the scanning system which could be used to execute a raster scan over
a selected area, a smaller program used for positioning the laser spot at the start position before a
scan, a 3D plot program which could display the digitised surface after scanning, and a program
which could transpose the recorded data matrix for post processing.
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221 LabVIEW v6.1

LabVIEW (Laboratory Virtual Instrument Engineering Workbench) is a graphical programming
language in which functions represented by icons are connected together to write the program
instead of lines of text. The programs or Vis (Virtual Instruments) used to drive the stepper motors
and record the signal from the laser sensor were developed using LabVIEW 6.1. The program
developed allowed to acquire the voltage output from the laser displacement sensor while
simultaneous controlling the systems stepper motors..The VI developed was designed to run
autonomously. The scan characteristics could be input from the GUI main screen before each scan
was recorded. The control program is presented in detail in section 2.2.4

2.2.2 Data acquisition card & break-out box

A SCB-68 break-out box and a PCI 6024E data acquisition (DAQ) and control card used in this
work. The PCIl 6024E card has a total of 16 single ended or 8 differential analogue inputs, 2
analogue outputs, 8 digital 1/0s, and 2 clocks. Using this arrangement it is possible to acquire data
for analysis in the LabView software environment. Figure 2.7 shows the layout of the SCB-68
board.
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Figure 2.7 - SCB-68 board layout[10]

2.2.3  Stepper motors

The stepper motors were controlled by two IM483 stepper motor control boards. Each board was
powered by a +12Vdc taken from one of the 3 output 0-30Y power supplies. Each 1M483 driver
board could be configured to output between 400 and 51200 steps per revolution, resulting in a
leadscrew movement range from 3.9 x 10°2(im to 5pm per pulse. The clock signal to drive the
stepper motors was taken from the DAQ board and controlled via the LabVIEW software and the
DAQ (data acquisition) card. The clock output form the DAQ card was selectively sent to either of
the two motor control boards by sending a digital signal to a Phillips 3 to 8 line inverting
demultiplexor. A single clock signal was output from the DAQ card to the demultiplexor chip. By
sending a high or low signal to the enable inputs on the chip the output clock signal could be routed
through up to 7 output channels (only 2 output channels were needed in this work). Using this
method, either one of the stepper motors could be driven to move either the X or Y-axis in a
positive or negative direction. The direction of rotation of each motor was selected by sending a
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low or high signal (+OVdc or +5Vdc) to Pin 3 of the motor control board, see electrical wiring
schematics in Appendix D. All surface and straight-line scans were run with 51,200 steps per
revolution (256 micro-steps per step). Table 2.1 details the stepper motor control board settings.

Table 2.1 - Stepper motor control board settings

Micro Dip Switch Settings
Steps / uti . |
Step 2 3 4 Steps / Revolution ljm/ pulse
2 ON ON ON ON 400 5
4 OFF ON ON ON 800 25
8 ON OFF ON ON 1,600 125
16 OFF OFF ON ON 3,200 6.25 x 10 *
32 ON ON OFF ON 6,400 3.125 xI0"1
64 OFF ON OFF ON 12,800 156x 10'1
128 ON OFF OFF ON 25,600 7.81 x 102
256 OFF OFF OFF ON 51,200* 3.906 x 102

*For all incremental scans the motor control board is configured for 51,200 pulses/rev

2.2.4  Control methodology

Initial testing using a continuous scan method with a maximum data sampling rate (200 kHz) led to
difficulties obtaining a constant scan rate due slowness in the speed of the PC. This also proved
difficult to implement as the simultaneous collection of time stamps and measured points resulted
in excessive memory usage for high resolution scans or scans over large areas.

Once the system had been set up various scans were made to test the program to ensure proper scan
direction, scan step, number of scan increments, and scan measurements. One of the first 2D test
scans was of a 20 Cent coin and the features on its surface proved to be very useful in determining
system stability in both the X and Y axes. The coin was chosen simply for proving the principle of
operation. The second version of the control methodology was straightforward. A finite number of
pulses were output to either the X or Y-Axis motor, thus moving the laser scanner over the target
surface or vica versa. Once this VI was activated the user would then activate an additional VI to
record the voltage received from the laser displacement sensor’s camera and save it to file. The
second (data acquisition) VI was linked to the first VI so that it would terminate once the first VI
had output the desired clock pulses to the active stepper motor.

The program was then developed further to use a fixed frequency scan of 1kHz. By using a fixed
frequency it was possible to scan the target surface at a known constant speed and calculate the
distance between each scan point taken. A number of test scans were run, again over the 20 Cent
coin, however it was clear that the scanning frequency was erratic, varying between 700Hz to
1kHz. It was determined that a lot of the system memory was being used to write the data to file
and that the changing available memory on the user PC was having an adverse effect on the scan
frequency as less memory was available to deal with running the control and data acquisition Vis.
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To overcome this problem a scan cycle was developed which moved across the target surface in
steps. The voltage from the laser sensor was recorded after an increment rather than continuously.
This type of scan ensured that height points were captured at the specified locations. It also allowed
for a time delay to be introduced ensuring the axis movement had stopped before the height data
was recorded. This scan methodology was further developed to allow raster-scanning patterns over
the target area. This type of movement improved the accuracy of the system by ensuring the X-axis
was stationary before data acquisition.

Figure 2.8 - Sample incremental raster scan

Figure 2.8 shows a sample incremental raster scan, each point representing a location at which a
voltage is recorded from the laser displacement sensor. The distance from one of these points to the
next is the incremental scan resolution, ResL. The movement of the beam over the target surface is
along the path traced from the scan start point to the scan end point as shown. The sample above is
made up of fourteen passes in the Y direction. The lateral resolution of the scan will affect the
quality of the surface information captured.

However, by increasing the lateral resolution so that each step size is small, a high-resolution image
of the target surface can be achieved. Increasing the lateral resolution can however decrease the
performance of the system on a number of levels and may actually be detrimental to the quality of
the recorded data. The higher the resolution the more data points that must be recorded thus
increasing the time it takes to scan a given area. In addition, using a small stepper motor and a high
lateral resolution can lead to errors from sticking friction in the leadscrew assembly thus having an
adverse effect on the integrity of the collected data.

Figure 2.9 shows the GUI or front panel of the main data acquisition program called Scanner
Controller Main. Movement in both the X and Y-Axis can be manipulated through speed
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(Frequency), distance (Number ofpulses = number of pulses per increment) and the number of
Scan increments. The lateral resolution (Rcsl) is defined by the number of pulses per increment.
For example, if the stepper motor controller has been set up to output 51,200 pulses per one
revolution of the leadscrew, then 25.6 pulses is equivalent to a ResL of Ijim (1 revolution of the
leadscrew = 2mm linear travel). For all scans made during the testing of the system, the ResL of
both the X and Y-axis were kept equal. The Number of Passes required over the target surface is
input by the program user below the motor settings. For a simple straight line scan in the Y-axis,
the Number ofpasses would be set to 1 and the Number ofpulses and Scan increments in the X-
Axis would both be set to 0. The scan can be set to move in either the positive or negative X-Axis
by clicking the Reverse X Direction button. The X-Axis direction is set to negative as default. The
scan can be set up so that the program will run continuous scans by selecting the Loop button - this
loop must be stopped manually by selecting the Loop button again.

it} Scanner Controller Mainvi I~
Hle Edt Qperate Tods Broass Window Hip
<> | I3ptAdictionFot | v

XAs Mbtor Settings  Y-Ads Mbtor Settings
intid celay (secs) intid delay (secs)

/0.000000 510000000
frequency (H) frequency (H)
\16000,0000 S[16000.0000
auty cycle (0.5)) duty cycle (0.5))
| jo500000 0500000
rurker of pulses rurer of pulses
ij j2000 VSTID
Reverse Xdrection NLrber of passes
ONGH
Scan Increments XAds  Scan Increments Y-Ads
sir |IE
Lop Pause at Sitch Ower (1Ts)
m :
Quiput File Peth
DC\Testing\Surfo12.txt

Figure 2.9 - Scanner controller main.V1 (front panel)
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Table 2.2 - Labview symbols

This Boolean constant provides a constant FALSE value to the block
diagram.
Integer number, 32 bit.

This VI writes one point (a logic high or low) to the digital line which
controls the Y-axis motor direction.

Computes the integer quotient and the remainder of the inputs.

Use the numeric constant to pass a numeric value to the block diagram.
Returns TRUE if x is equal to y. Otherwise, this function returns
FALSE.

Returns TRUE if x is equal to 0. Otherwise, this function returns
FALSE.

Generates a timed, simple-buffered waveform for the given output
channel at the specified update rate.

Indicates the IVI instrument which it will communicate with, in this
case channel 0.

Single-precision floating-point number which have a 32-bit IEEE
single-precision format.

Long unsigned integer number, 32 bit.

Waits the specified number of milliseconds before returning the value
of the millisecond timer.

This VI generates a finite pulse train using two counters.

Gate parameter which contains the gate source, gate signal, gate mode,
and reserved parameters.

Converts a 2D or ID array of single-precision numbers to a text string
and writes the string to a new byte stream file or appends the string to
an existing file.

File path.

Table 2.2 above shows the LabView symbols used in the Scanner Controller Main VI.

During initial 3D linear scan testing problems occurred frequently when the signal switched from
one motor to the next through the demultiplexor. As the signal was switched from one motor onto
the other, the first motor would stall (effectively become stationary with a slight oscillation). It was
discovered that adding a slight delay in the program during demultiplexor switching solved this
problem. The last configurable parameter in the VI is the output file path. The output file is in an N
X M matrix format where N is the number of increments in the Y-Axis and M is the number of
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Figure 2.10 shows the first page of the program (known as a block diagram) of the VI described
above. The main structure of the program is comprised of a WHILE and FOR loop. The FOR loop
controls the number of passes in the linear scan and will continue to trigger the program loop until
it has finished out the required number of passes. Inside the FOR loop is a SEQUENCE structure
made up of 7 distinct sequences. Each of these sequences represents a part of the control of one
individual scan.

Figure 2.10 - Page one of the data acquisition program (reverse direction condition - true)

Essentially, this V1 is a sequence structure and will continue to loop until all of the scan passes have
been completed. The VI will write a data point to file after each step, see figure 2.16, and this will
be repeated for each pass by the number of increments in each pass before the direction of the Y-
axis is changed, see the case structure in figures 2.14 and 2.16.

The WHILE loop will continue to loop the VI as long as the Loop option is selected on the front
panel. The first CASE structure at the bottom of this VI image will not be active unless the Reverse
X Direction option is selected. The digital signal output function in the CASE structure outputs a
high signal to the DAQ’s digital line 1 or DIOI, through Pin”. This is connected to the X-Axis
stepper motor controller, Pins. This signal will remain high unless the Reverse XDirection option is
selected. In the top left comer of the figure above is the function which selects which motor (axis)
is active. This function writes a single voltage value to the specified analogue output channel, in
this case, channel 0. Channel 0 is output to the demux, Piiv, through Pinz of the DAQ card. This
analogue signal output icon is located in the top left of the sequence structure, and will output either
a 0 or +5V signal depending on the active leadscrew - 0V being the Y-Axis and +5V being the X-
AXxis.
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Figure 2.11- Page one of the data acquisition program (reverse direction condition - false)
Figure 2.11 shows the FALSE of the CASE structures on the first sequence page of the program

structure. The second page of the SEQUENCE structure is shown in figure 2.12. This is simply a
small time delay to ensure no ‘crossover’ between the demultiplexor outputs. The delay time was

set to 500ms as default but is a user definable setting.

Figure 2.12 - Page two of the data acquisition program
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Figure 2.13 shows the third page of the program. This section of the program moves the laser
sensor over the target surface by the number of increments selected on the VI front panel.
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Figure 2.14 is similar to the first page of the SEQUENCE structure of the VI but in this case the Y-
axis is configured to move rather than the X-axis. On the top left of the sequence the analogue
output is visible, this time outputting +5V, again to Channel 0 which is Pinz of the DAQ card. Also,
the digital output function in the CASE structure sets the direction of the Y-Axis motor on digital
channel 2, through Pin”. This is connected to the Y-Axis stepper motor controller, Pins of the
motor control board.

The next sequence in the program, figure 2.15, is similar the second page of the structure - a 500ms
delay is executed before the subsequent sequence which moves the Y-Axis. Figures 2.16 and 2.17
show the sixth page of the sequence structure. In this sequence the incremental movement of the Y-
axis is controlled, as is the signal acquisition from the laser sensor after each movement. The
sequence structure for this, shown in these figures, is made up of 2 pages and is located in a FOR
loop which will repeat continuously for the amount of scan increments in the Y-Axis specified on
the front panel.

The CASE structure on the bottom of figure 2.16 changes the direction of the Y-Axis, and
continuously changes the direction of the Y-axis movement after each pass before saving the
scanned data to file. As can be seen from the VI, the system will only capture a data point after the
Y-axis has incremented, ensuring that both axes are stationary during data acquisition.
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The Write Point to File function collects each acquired data array to the file path set by the user.
This file is in matrix format as described earlier.

Figure 2.17 - Page six of the data acquisition program (sequence 1)
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Figure 2.18 - Page seven ofthe data acquisition program

The last page of the cycle shown in figure 2.18 initialises another time delay of 500ms delay before
returning to page 1 of the SEQUENCE structure.



Chapter 3 Experimental set-up and test procedures

This section deals with testing the laser profilometer. Sections 3.1 to 3.4 describe various tests
which measure the systems performance, resolution, and deviation over various distances. Sections
3.5 to 3.9 details tests which describe the capability of the profilometer while measuring various
surface types and surface roughness.

3.1 X and Y -axis dynamic stability

This test was executed in order to determine signal ‘noise’ in the output voltage of the displacement
sensor during normal operation. Based on the results of the scans (X-axis and Y-axis), the signal
acquisition section of the program was developed further so that no scanning would occur during
movements causing high levels of vibration.

Experimental setup

In order to compare the recorded data from both the X and Y-axis scan a surface with a well
defined varying features was required. For this purpose, an Irish 20 Cent coin was used and set up
on the system table as shown in figure 3.1 so that the beam was scanned across an arbitrary area of
the surface of the harp, on the tail side of the coin from point A to B. The coin was chosen because
its varied profile will clearly define any deviation between the scans across the two axes. Scan
length for this test was 6.25mm. A magnified view of the scan line is shown in figure 3.2. The coin
was clamped on the measurement table and scanned in the X-axis direction. The coin was then
rotated through 90 degrees and scanned in the Y-axis direction. The laser spot was positioned
approximately 0.75mm to the right of the harp on the coin for the X-axis scan. The exact start
position of the Y and X axis scans relative to one another was not critical as the purpose of this test
is to compare vibrational ‘noise’ ofthe two axes.

Figure 3.1 - Clamping arrangement of coin showing scan path across an Irish 20 Cent coin

69



~11mm

Figure 3.2 - Magnified view of laser scan path across an Irish 20 Cent coin*
+Image taken with a Reichert 344817 microscope

Experimentalprocedure - (1) Axis Stability Comparison

The laser spot was positioned in location A (see figure 3.2) using the VI Position Zero Point. Using
the Scanner Controller Main VI, the X-axis direction was set to negative and the system settings
shown at the end of section 3.1 were selected. During X-axis scans, the laser spot was moved over
the coin through the movement of the laser head assembly on the X-axis leadscrew. Once the X-
axis had reached point B (2500 clock pulses to motor) the program automatically terminated and a
data file datatxt was written to the hard drive of the computer. This data was then imported to
Microsoft Excel. The laser spot was once again repositioned at point A using the Position Zero
Point VI (negative movement of 2500 clock pulses) - this procedure was repeated three times and
an averaged profile result was calculated. For the Y-axis study, the coin was turned by 90° on the
measurement table and clamped in the same manner as for the X-axis scan. The experimental
procedure was the same as for X-axis scan with three separate scans taken and averaged. This test
was critical in order to develop the control program before testing the systems dynamic height
resolution.
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The Scanner Controller Main VI motor settings for the X and Y-axis dynamic stability tests are
shown below:

X-axis motor settings
* Initial delay (s): 0
* Frequency (Hz): 250
* Dutycycle: 0.5
Number of pulses/increment: N/A
X-axis motor, step size: 0.0025mm (800 steps/revolution)

Y-axis motor settings
* Initial delay (s): 0
* Frequency (Hz): 250
e Duty cycle: 0.5
Number of pulses/increment: N/A
* Y-axis motor, step size: 0.0025mm (800 steps/revolution)

3.2 z neigne dynamic resolution

Testing of the Z-axis resolution or the true vertical resolution of the laser scanning system was
achieved by scanning a 1.005mm thick slip gauge mounted on three strips of 0.0508mm thick steel
shim. The tolerance on the gauge was +2pm and the true width of the gauge was measured as
1.007mm with a Mitutoyo FS70 inspection microscope.

Experimental setup

The gauge was laid flat over three strips of 0.0508mm thick shim and clamped to the measurement
table using four M3 screws and two aluminium clamping jigs, see figure 3.3. The shims (denoted as
S in diagram) were used to ensure that a good surface contact was made across the width of the
gauge. This was vital, as the thickness of the gauge would be measured from the top surface of the
gauge to the top of the shim. The gauge was aligned with the X-axis of the measurement table, as
scanning movement for this experiment was in the Y-axis. Two sets of three scans were run over
the slip gauge from point A to point B, see figure 3.3. The lateral resolution (ResL, Y-axis step size)
was set to 2|xm for the first set of scans and to Ipm for the second set of scans.
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Figure 3.3 - Experimental setup for Z-axis resolution

Experimental procedure

The laser spot was positioned directly over the slip gauge and the vertical linear stage was adjusted
so that the laser sensor could scan the complete Z-axis range required. The laser head assembly was
then positioned in the X and Y-axis off to one side of the gauge at location A using the Position
Zero Point VI, see figure 3.3. Two sets of scans were recorded by moving the table in the Y-axis
under the laser spot (X-axis kept stationary for all scans). The first scan was made with a lateral
step/resolution of 2\im and the second with a step of 1(im. Each scan set was made up of three
separate scans run from point A to B, a distance of 15mm. After each scan, the laser spot was
repositioned at point A using the Position Zero Point VI. For the 2(im step scans a total of 7,500
data points were collected while 15,000 data points were collected for the 1pm step scans. Each
pass generated a data, txt data file, the contents of which were copied to Microsoft Excel after each
pass. Average scan results were calculated and plotted from these data points for the two lateral
resolutions.

The Scanner Controller Main VI motor settings for the X zneigne dynamic resolution test are
shown below:

X-axis motor settings
» Initial delay (s): 0
* Frequency (Hz): 16000
* Dutycycle: 0.5
*  Number of pulses/increment: 42 (2pm ResL) / 26 (1pm Resij
e X-axis motor, step size: 0.039pm
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Y-axis motor settings
* Initial delay (s): 0
* Frequency (Hz): 16000
* Dutycycle: 0.5
*  Number of pulses/increment: 0
» Y-axis motor, step size: N/A

3.3 X and Y-axis accuracy & repeatability

The lateral accuracy and repeatability of the system was largely influenced by the accuracy and
repeatability of the stepper motors and of the leadscrew itself. Too much play in the motors and
leadscrew will reduce the overall accuracy and repeatability; also, sticking friction in the stepper
motors will have an adverse effect and will result in an increasing error over greater distances. The
1.007mm slip gauge was employed again to measure the X and Y-axis accuracy and repeatability.
In order to do this the slip gauge was mounted on the measurement table at a known angle. The
laser displacement sensor was designed with a static resolution of 0.25|xm which is far more
accurate than the achievable X or Y-axis accuracy making it ideal for measuring deviation in the
axes movement. By using basic trigonometry, any positional error in either the X or Y-axis could
then be recorded by comparing the measured z neigne to the theoretical height for that location.
Lateral accuracy and repeatability of the system is an important factor that must be taken into
account when scanning any surface, but it is especially important when scanning over larger areas.

Experimental setup

In order to measure the system accuracy and repeatability of both the X and Y-axis, the 1.005mm
slip gauge was mounted on the measurement table at an angle of 26.6° which gave a slope of about
1:2. The angle of the gauge was measured using the displacement sensor as shown. The angular
tolerance of this setup is approximately 0.06°. The gauge was scanned prior to testing for each axis
and the slope plotted to ensure that it was exactly 1:2 (the slope of the gauge could be adjusted by
adjusting the height of the fixing screw on its upper end), see figure 3.4.
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Figure 3.4 - Experimental setup for X-axis repeatability
In order to measure the performance of the X-axis, the gauge was aligned along the X-axis sloping

upwards in the positive axis so that the gauge itself would not obstruct the view of the camera, see
figure 3.4. Similarly, the gauge was aligned with the Y-axis to measure Y-axis performance as

shown in figure 3.5.

Figure 3.5 - Experimental setup for Y -axis repeatability
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A schematic of the gauge set-up is further is shown in figure 3.6. The gauge is set up on the
measurement table as shown and the laser spot is moved to position 1, see figure 3.6, beam position
1 in the diagram. The linear stage holding the laser head assembly was adjusted until the output
voltage form the sensor head read zero. This voltage was recorded as Vi. The laser spot was then
moved along the X-axis to position A (movement Xi in the diagram) by means of the Position Zero
Point VI. From point A, the laser spot was moved by the same number of steps back to it’s original
position on the gauge, movement Xz in the diagram. Theoretically, the laser spot should now be in
the exact same location as before, however due to sticking friction and play in the motor and
leadscrew this is not the case. The laser spot ends instead at beam position 2.

2d

Figure 3.6 - Theoretical setup for repeatability testing

Taking a second reading from the camera sensor output voltage (V2) and comparing it to Vi allow
calculation of the height variation between the two beam positions of Zxe- Once Zxewas calculated
it was straightforward to calculate the lateral deviation Xe as:

Xe= 2.|ZXe
eq 3.1

This test was run five times for nine different distances; 2.0mm, 5.0mm, 10.0mm, 20.0mm,

30.0mm, 40.0mm, 50.0mm, 60.0mm and 70.0mm. The Z-axis datum was set to zero at the start of
each scan. Motor step size for these tests was set to 0.039|un per step.
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The Scanner Controller Main VI motor settings for the X and Y-axis accuracy & repeatability test
are shown below:

X-axis motor settings
* Initial delay (s): 0
* Frequency (Hz): 16000
* Dutycycle: 0.5
* Number of pulses/increment: 51
e X-axis motor, step size: 0.039|im

Y-axis motor settings
* Initial delay (s): 0
* Frequency (Hz): 16000
e Dutycycle: 05
* Number of pulses/increment: 51
* Y-axis motor, step size: 0.039(im

3.4 Measurement of cosine error

This test was used to measure the cosine error of the measurement table in the X and Y-axis, see
figure 3.7. This is an important factor to consider since measurement of any part or surface
mounted on the measurement table may be affected by the orientation of the table itself with
respect to the laser head. This deviation will then be reflected in the recorded scan of that part or
surface and will go unseen by the user, this will in effect, induce an error in the measured data
points, and the recorded data points may not reflect the actual part or surface. The purpose of this
test was to determine the orientation of the measurement table with respect to the laser head. Parts
to be scanned could then be positioned in areas of the table known to be the most ‘level’ thus
reducing the cosine error for the scanned parts or surfaces. In addition, the known orientation of the
measurement table could be factored into the recorded data during post processing to give a more
accurate representation of measured surfaces.

Cosine Error

Figure 3.7 - Measurement table flatness and cosine error
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Experimental setup

The laser spot was positioned in the 0,0 location of the table, i.e. the zero point of both the X, Y and
Z axes is designated by position B in figure 3.8. This point would define the datum 0,0,0 point for
the test.

Measurement Table
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Figure 3.8 - Measurement table scan pattern

In reality, this point was offset by approximately 1mm from both edges of the table to avoid the
slightly chamfered edge. This gave a total scan area of 198mm wide by 118mm long. Six data
points were recorded for ten separate passes giving a total of sixty data points for the table scan.
Motor step size for these tests was set to 0.039]xm movement per step.

The Scanner Controller Main VI motor settings for the table cosine error test are shown below:

X-axis motor settings

* Initial delay (s): 0

* Frequency (Hz): 16000

* Dutycycle: 0.5
Number of pulses/increment: 1013760
X-axis motor, step size: 0.039”"m

Y-axis motor settings
* Initial delay (s): 0
Frequency (Hz): 16000
Duty cycle: 0.5
Number of pulses/increment: 604160
» Y-axis motor, step size: 0.039|j,m
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3.5 Surface roughness comparison

A standard test sample with surfaces of known Ra values was used to compare with a series of
scans made by the profilometer over the same surfaces. The standard sample used was a Microsurf
315 made by Rubert & Co. of Cheshire, England. An image of the sample piece is shown in figure
3.9. The surfaces profiled were of 3.2J]am and .Gjun Ra A total of five scans was made over each
surface in different areas of the surface so as to give the best possible spread of data. The results for
each of the scans and the average across each surface are presented in section 4.5.

Figure 3.9 - Microsurf 315 surface roughness sample

Experimental procedure - Surface Roughness Comparison

The surface roughness test piece was set up on the measurement table as shown in figure 3.10.

Figure 3.10 - Surface roughness sample set up
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The Ra of a surface is total area between the surface profile and the profile’s mean line. It is
calculated by finding the integral of the absolute value of the surface profile divided by the
evaluation length, or the number of data points. Surface Rais also known as Arithmetic Average
(AA) or the Centre Line Average (CLA) and for analogue acquired data is given by the following:

Ra= Wn-S i |Zn- Zav| eq 3.2

where:
Zn = the distance from laser sensor to profile at the nthincrement
n = the total number of scan increments

Figure 3.3 shows schematically the Z height points typically used is these measurements.

Figure 3.11 - Height data points typically used is roughness parameter measurementsl’1

200 data points were recorded on each pass at a lateral resolution of 10jun giving a scan length of
2mm. Motor step size for this test was set to 0.039fnn table movement per motor step.

The Scanner Controller Main VI motor settings for the surface roughness test are shown below:

X-axis motor settings
e Initial delay (s5): 0
* Frequency (Hz): 16000
» Dutycycle: 0.5
* Number of pulses/increment: 258
e X-axis motor, step size: 0.039(j,m

Y-axis motor settings
* Initial delay (s): 0
* Frequency (Hz): 16000
» Dutycycle: 0.5
* Number of pulses/increment: 258
e Y-axis motor, step size: 0.039(im
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3.6 Measurement of table M3 hole scan

The M3 hole scan detailed below is a surface scan over one of the measurement tables M3 fixing
holes used for securing samples during inspection. The scan covers an area of 15.21mm (3.9mm X
3.9mm). The imaged surface is presented as for other scans, using colour contouring to show the
height gradients and variations.

Experimental setup

The laser spot was positioned at the back left hand side of the hole at location A, see figure 3.12.
Each pass was configured with 78 increments of 50jj,m and the total scan was made up of 78 passes
at a distance of 50jim along the X-axis from the previous pass thus giving a square scan of 3.9mm x
3.9mm and a total of 6084 data points. Motor step size for these tests was set to 0.039|im leadscrew
movement per step.

Figure 3.12 - Measurement table M3 hole and scan area
The Scanner Controller Main VI motor settings for the M3 hole scan are shown below:

X-axis motor settings
e Initial delay (s): 0
* Frequency (Hz): 16000
* Dutycycle: 0.5
* Number of pulses/increment: 1280
» X-axis motor, step size: 0.039(im
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Y-axis motor settings
* Initial delay (s): 0
* Frequency (Hz): 16000
* Dutycycle: 0.5
* Number of pulses/increment: 1280
» Y-axis motor, step size: 0.039(im

3.7 M3 button screw and washer

A hexagonal head M3 button screw and washer in one of the fixing holes was scanned. The scan
covers an area of 87.8mmz2 (9.37mm X 9.37mm). The purpose of this test was to try to image a
small curved surface and a surface with vertical features. The imaged scan was presented with
colour contouring to highlight the height gradients and variations.

Experimental setup

The laser spot was positioned at the back left hand side of theassembly at location.Each pass was
configured with 187 increments of 50|am and the totalscan wasmade up 0f187 passes displaced at
50jom from each other along the X-axis thus giving a square scan of 9.37mm x 9.37mm and a total
of 34,969 data points. Motor step size for these tests was set to 0.039|im leadscrew movement per

step.

Figure 3.13 - Button screw and washer
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The Scanner Controller Main VI motor settings for the M3 button screw and washer scan are
shown below:

X-axis motor settings
* Initial delay (s): 0
* Frequency (Hz): 16000
* Dutycycle: 0.5
* Number of pulses/increment: 1280
» X-axis motor, step size: 0.039p.m

Y-axis motor settings
* Initial delay (s): 0
* Frequency (Hz): 16000
* Dutycycle: 0.5
* Number of pulses/increment: 1280
* Y-axis motor, step size: 0.039nm
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3.8 Surface recognition scan

This test details a surface scan across a portion of a 1 Euro coin containing the islands of Ireland
and the United Kingdom. The 1 Euro coin was clamped to the measurement table in the same way
as the 20 Cent coin in section 3.1. The scan over the feature of the islands covers an area of
6.25mm2 (2.5mm x 2.5mm). The purpose of this scan was to compare lateral scan resolutions
(ResO and determine the lateral resolution offering the best trade off between accuracy, clarity, and
speed.

Experimental setup

The 1 Euro coin was clamped to the table using two M3 screws similar to the clamping method
used in earlier tests across the 20 Cent coin. The laser spot was positioned approximately 0.10mm
to the left of, and above, the island features on the coin, see figure 3.13.

O Approximate scan area

+ Laser point (scan start)

Figure 3.14-1 Euro coin scan area

Two scans were run over the area shown above, each at lateral resolutions of 100jun and
50(am giving a total of 625 and 2,500 data points respectively. The different lateral resolution
scans correspond to a different scan increment size. Motor step size for these tests was set to
0.039p,m leadscrew movement per step.
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The Scanner Controller Main VI motor settings for the 1 Euro coin scan are shown below:

X-axis motor settings
* Initial delay (s): 0
* Frequency (Hz): 16000
* Duty cycle: 0.5
* Number of pulses/increment: 512 (20|am Resj.) / 1280 (50(am ResiJ / 2560 (100(am ResL)
e X-axis motor, step size: 0.039jam

Y-axis motor settings
* Initial delay (s): 0
* Frequency (Hz): 16000
* Duty cycle: 0.5
* Number of pulses/increment: 512 (20jam ResL) / 1280 (50(am Rcsl) / 2560 (100jJam ResO
* Y-axis motor, step size: 0.039jam

3.9 Surface scan fibre optic mould tool

A fibre optic mould tool used for forming fibre optic lenses was scanned with the developed
profilometer. The mould was made up of a ‘dimple’ which had an outer diameter of approximately
400 (am a raised inner diameter of 250 jam and a height of 100 (am The dimple was formed in a
circular countersink. The scan step size was set 10 jam and the profile is made up of a total of 60 x
60 data points and scanning an area of 3600 (am .

Experimental setup

The mould tool was clamped to the measurement table and the laser spot positioned at the top left
hand side of the mould dimple. Figure 3.14 shows an SEM micrograph of the mould tool. Location
A shows the approximate position of the scan start.
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Figure 3.15 - SEM micrograph of the fibre optic mould

The Scanner Controller Main VI motor settings for the fibre optic mould tool scan are shown
below:

X-axis motor settings
* Initial delay (s): 0
* Frequency (Hz): 16000
* Duty cycle: 0.5
* Number of pulses/increment: 256
e X-axis motor, step size: 0.039jam

Y-axis motor settings
e Initial delay (s): 0
* Frequency (Hz): 16000
* Duty cycle: 0.5
* Number of pulses/increment: 256
* Y-axis motor, step size: 0.039fim

85



Chapter 4  Results & discussion

4.1 X and Y-axis dynamic stability
(1) Axis Stability Comparison

The average of the recorded height data for the scans was plotted against the X-axis lateral
displacements and against the Y-axis lateral displacements, shown in figure 4.2. The figure shows
2-D profiles of the 20 Cent coin across the harp. Comparing the two scans it is clear that the scan
along the X-axis contains an excessive amount of vibrational noise as compared with that of the Y-
axis scan. The maximum amplitude difference between the two scans differs by approximately
0.050mm.

Vibrational noise from either axis is as a result of an unwanted movement of the laser sensor
assembly or measurement table in the Z-axis during controlled movement of both the X and Y axis
leadscrews. This can happen for a number of reasons, however, the largest influence on this
movement is caused by deviations, inconsistencies, and tolerance/fits in the leadscrew and guide
rails. Vibrational errors are more prominent in the X-axis as it is only supported by two guide rails
as opposed to the four of the Y-axis. As the laser sensor assembly is moved along the X-axis
possible vibrations could occur in the Z-axis plane, around the X-axis (Rx), and also around the Y-
axis (Ry), see figure 4.1.

Figure 4.1 - Positional errors affecting the laser sensor assembly

Based on these results it was decided to develop the signal acquisition program so that no signal
scanning or point (voltage) acquisition would take place during movement in the X-axis, therefore
all data points were recorded after Y-axis movement, see figure 2.8. By adopting this approach it is
possible to reduce the amount of vibration from the X-axis, as it was be stationary during signal
acquisition thus improving the quality of the recorded data.
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Figure 4.2 - 6.25m m straight line scan over harp on 20 cent coin



4.2 Zhekjht dynamic resolution

Looking at figure 4.3 (2|nn lateral resolution) it can be seen that the laser sensor has measured the
width of the gauge as 1.0085mm (Z height) on the first pass, 1.007|un on the second pass, and
1.0085|xm on the third pass, giving an average of 1.008jam over the three scans and a deviation of
I(J,m in the Z-axis measurement.

Figure 4.4 (1™ui lateral resolution) shows the measured width of the gauge as 1.0105jam (Z height)
on the first pass, 1.008jnn on the second pass, and 1.0095|nn on the third pass, giving an average of
1.0093(j,m over the three scans and a deviation of 2.3(xm in the Z-axis.

The slightly increased size of the deviation seen in the second scan above could simply be due to
the increased number of scan points taken in this higher resolution scan. Due to the higher number
of data points captured a greater deviation between the top and the bottom of the gauge would be
expected. Discussion relating to the accuracy and repeatability of the system in both the X and Y-
axis is presented in section 4.3.
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Figure 4.3 - Z Height Resolution Tests, 2um ResL, 1,007mm Slip Gauge
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4.3 X and Y-axis accuracy & repeatability

Figure 4.5 shows the plot of the slope of the gauge setup in both the X and Y-axes. A distance of
1mm was scanned and the vertical height across the scan was plotted. The slope sample was
adjusted as described until the inclination was recorded at 1:2. Once the sample was set to the
correct gradient the bottom fixing screw was tightened to lock it in place and the slope was
rescanned to ensure the inclination was correct.

The results from the accuracy and repeatability tests are plotted in figure 4.6, which shows an
average of the five scans for both the X and Y-axes. The X-axis accuracy gets worse at a reducing
rate as the scan distance increases. It is interesting to note that the X-axis accuracy is slightly better
than the Y-axis, reaching a maximum error across the range of just over 8|un, while Y-axis
accuracy reaches a maximum of approximately 11pm. The difference in the accuracy of the two
axes may be due to a number of reasons. Firstly, the Y-axis motor was an older motor and so may
have slightly degraded windings or stators causing the motor to occasionally stall or lose position.
Another possible influence on the accuracy of the Y-axis could be caused by the two additional
guide rails supporting the measurement table. Any imperfections or misalignment on either of the
guide rails may cause the bearings to bind or snag as they move along the rail thus causing a
variation in the actual position of the table. Lastly, the leadscrew assembly themselves will have an
affect on accuracy as there will be a certain amount of play between the leadscrew and the
leadscrew nut. Leadscrew error is given as 0.0013mm/mm. The X and Y axis repeatability is also
shown in figure 4.6. The repeatability was calculated by measuring the range of the accuracy
deviation for of the five scans.

91



Z Height (mm)

0.1

0.2

0.3 0.4 0.5 0.6 0.7

No. of Scan Increments (2um Step/Increment)

Figure 4.5 - X Y-Axis Repeatability Test Sample Slope [Step size

0.8

0.9

3.9E-5mm per Pulse]



(mm)

Deviation

0011

0010

0.009

0.008

0.007

0.006

0.005

0.004

0.003

0002

0001

0.000

Y-axis accuracy*

X-axis accuracy

Y-axis repeatability

'X-axis repeatability*

20 30 40 50

Axis movement (mm)

Figure 4.6 - X and Y Axis Accuracy Repeatability

80



4.4 Measurement of cosine error

The results from the measurement table surface scan are shown in figure 4.7. The colour map
represented the heights recorded at each location on the table.

Colour Map

<)B 12220 nm
<!m 10193

<*[0165
w OP"jCUS33

< H [0033
é; < faOs
4 [0

X-Axis (Step Increments)

Figure 4.7 - Colour map of measurement table scan

In figure 4.7, the blue areas represent the highest regions of the measurement table surface and the
red areas represent the lowest areas with respect to the position of the laser head. The data used to
generate the surface above was post-processed to zero the lowest (furthest from laser sensor) data
point. The colour map above provides a graphical key showing the height above the zeroed datum.
In order to better visualise this data, a contour map of the surface is shown in figure 4.8 and a 3-D
image of the scanned data is shown in figure 4.9. This data was then used for setting the mounting
locations for the further tests presented in this thesis enabling objects and surfaces to be mounted in

the geometrically flattest areas of the table.
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Figure 4.8 - Contour map of scanned measurement table

&

Figure 4.9 - 3-D image of measurement table scan
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A portion of the form error of the measurement table can be attributed to the machining process
used during its manufacture causing a form error on the surface of the table itself, however, one of
the largest factors that may be affecting form error could be misalignment of the measurement table
carriage with respect to the laser head carriage assemblies.

Figure 4.10 shows potential sources of misalignment of the three axes of the laser scanning system.
For a three axis system there are 18 degrees of freedom. This coupled with the orthogonalities of
each of the axes results in a total of 21 potential sources of alignment error in the system.

Figure 4.10 - Sources of alignment error in the laser scanning system

From figure 4.9 it is possible to calculate the minimum, maximum, and average cosine error for the
X axes. By plotting the edges A-B and D-C, the maximum and minimum cosine error for the X-
axis can be calculated, see figure 4.11. In figure 4.11, GXa-b represents the cosine angle in the X-
axis along edge A-B of the measurement table. Similarly, 0Xd-c represents the cosine angle in the
X-axis along edge D-C of the measurement table.
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npviaim Measurement Table Cosine Error X-axis, Bx

Figure 4.11 - Measurement table cosine error, X-axis

As shown, the maximum cosine error in the X-axis is along edge A-B. The length of the edge in the
horizontal is 118mm with a total vertical deviation of 0.148mm thus the cosine error along edge A-
B can be expressed as:

0XA-B = Sin'l °-148 ... = 0.072°
(1182+ 0.1482) 2

Similarly, the minimum cosine error in the X-axis, along edge D-C, was calculated as follows.

0XD-C = Sin'l , Q045 = 0.022°
(1182+ 0.045T Z

The average cosine error in the X-axis was then calculated as follows.

OXAV = (0-022 + 0.072) = 0<047°
2
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Figure 4.12 below shows the Y-axis cosine error along edges B-C and A-D denoted by 0Xb-c and

0Xa-d respectively.

Surface Height

L Measurement Table Cosine Error Y-axis, By
Deviation, mm
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Bl
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0,000 Ka-d

0 22.0 44.0 66.0 88.0 110.0 132.0 154.0

Figure 4.12 - Measurement table cosine error, Y-axis

As can be seen from figure 4.12, the maximum cosine error in the Y-axis is along edge B-C. The
length of the edge in the horizontal is 198mm with a total vertical deviation of 0.104mm thus the

cosine error along edge B-C can be expressed as:

0YB-C = Sinl Q104 = 0.030°
(1982 + 0.1042) 2

Similarly, the cosine error in the Y-axis along edge A-D can be expressed as:
OYA-D ~ Sin'lL 0-001 ~0°
(1982+ 0.001 )12

The average cosine error in the Y-axis was then given by:

OYAV ~ (0.030 + 0) ~ 0.015°
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Z Height (mm)

Z Height (mm)

4.5 Surface roughness comparison

The surface roughness of the 3.2pm and 1.6pm surface standards is described in this section. The
surface test piece was set up as shown in figure 3.9. During each test, five successive scans were
made across the surface in different locations so as to record average data from different areas on
the sample surface. Scan length was set to 2mm so as to reduce the impact of surface form error on
the recorded scans. Unlike instruments such as the Form Talysurf, the laser profilometer is not able
to distinguish between surface roughness and form error and so areas of surface inclination or
declination will affect the Ra value. A total of 200 data points were recorded during each pass
across the surface and the data was entered into equation 3.2 in order to measure the surface Ra

3.2jumsurface scans
The results from the 3.2pm Rasurface scans are detailed below.

Scan #1

Data Point

Figure 4.13 - 3.2pm surface, scan #1 recorded profile

Measured Ravalue for scan #1 = 3.64pm

Scan #2

Data Point

Figure 4.14 - 3.2pm surface, scan #2 recorded profile

Measured Ravalue for scan #2 = 2.57pm
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Z Height (mm)

Z Height (mm)

Scan #3

Data Point
Figure 4.15 - 3.2pm surface, scan #3 recorded profile

Measured Ravalue for scan #3 = 3.37pm

Scan #4

Deta Poirt
Figure 4.16 - 3.2pm surface, scan #4 recorded profile

Measured Ravalue for scan #4 = 2.89pm
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Z Height (mm)

Scan #5

Deta Point
Figure 4.17 - 3.2pm surface, scan #5 recorded profile

Measured Ravalue for scan #5 = 3.44pm

The surface Ravalues were calculated using eq 3.2:

lz, |+ 1221+ 1231+ 1z41+... 1z n|

Ra-~
n

Table 4.1 below details each of the recorded Ravalues and the average Raachieved.

Table 4.1 - 3.2pm Ra surface measure Ravalues

Scan  Measured Rapm)

1 3.64

2. 2.57

3. 3.37

4. 2.89

5. 3.44
Av. 3.185pm

Error value = |100 - (3.185 / 3.2 * 100)| - 0.47%
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From table 4.1 it can be seen that the average measured Ravalue compares very well to the actual
surface roughness of the test sample giving an error of just 0.47%. However it is important to look
at the absolute of the average deviation in order to find the true error.

Table 4.2 - 3.2pm Rasurface measured deviation

Scan Deviation, A(pm)

1 (+)0.44
2. (-)0.63
3 (+)0.17
4. (-)0.302
5. (+)0.24
Abs Av. 0.356pm

Error value = 100 - ((3.2 - 0.356) / 3.2 * 100) = 11.25%

Table 4.2 displays the actual deviation for each scan and by calculating the average of the absolute
value of each one gives the true error. It is shown that the actual error during scanning of the 3.2pm
Rasurface is approximately 11.25%. This can possibly be attributed to two things. Firstly, scanning
a surface with an average roughness of 3.2pm, the profilometer is close to it’s performance limit - it
can be seen from section 4.3 that the Z Height resolution is approximately 2pm @ 1pm ResL.
Another factor which would have a bigger affect on the recorded data is surface form error. By
keeping the scan length to 2mm it was possible to reduce any deviation from form error to a
minimum, however, given the relatively small surface features, as compared with the scan length, it
is probable that the most of the deviation in the scans can be attributed to surface form error.
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1.6fxm surface scans
The results from the 1.6pm R¥, surface scans are detailed below.

Scan #1
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Figure 4.18 - 1.6pm surface, scan #1 recorded profile

Measured Rgvalue for scan #1 = 1.76pm

Scan #2

Z Height (uni)

Deta Point

Figure 4.19 - 1.6pm surface, scan #2 recorded profile

Measured Ravalue for scan #2 = 2.74pm
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Scan #3

Deta Point
Figure 4.20 - 1.6pm surface, scan #3 recorded profile

Measured Ravalue for scan #3 = 2.12pm

Scan #4

Deta Point
Figure 4.21 - 1.6pm surface, scan #4 recorded profile

Measured Ravalue for scan #4 = 2.05pm
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Z Height (mm)

Scan #5

Deta Point
Figure 4.22 - 1.6pm surface, scan #5 recorded profile

Measured Ravalue for scan #5 = 2.04pm

The surface Ravalues were calculated again using eq 3.2.

Table 4.3 below details each of the recorded Ravalues for the 1.6pm Rasurface and the average Ra

achieved.

Table 4.3 - 1.6pm Rasurface measure Ravalues

Scan  Measured Ra(pm)

1 176

2. 2.74

3. 212

4. 2.05

5 2.04
Av. 2.142pm

The true error can be calculated directly since the deviation of each scan is positive.
Error value = |100 - (2.142 / 1.6 * 100)| = 33.8%

It can be seen from these results that the performance limit of the laser sensor has been exceeded
and it cannot accurately profile a surface which has an average roughness less than its vertical
resolution. Like the previous scans recorded from the 3.2pm Rasurface, form error would also have
had an influence on the recorded data, however in this case it is highly probable that the biggest
influence on the scan error is due to the fact that accurate scanning of any surface with a roughness
average less than approximately 2-3 pm is beyond the capability of the profilometer.

105



4.6 M3 hole scan

Figure 4.23 below shows an isometric view of the imaged hole. During post processing, the data
was shifted to a new datum with the lowest z neign« Set to zero. The centre of the hole was beyond
the lower limit ofthe laser sensor and for most of this region an out of range value was returned.

Figure 4.23 - Isometric view of imaged M3 hole
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Figure 4.24 - Plan view of imaged M3 hole

Looking at figure 4.24 above, the outline of the hole is clearly visible. The right hand side of this
plan view corresponds to the front left of the isometric image in figure 4.23. Figure 4.25 shows the
elevation view of this scan. The scanning head passed over the hole from left to right, see figure
4.24 and 4.25. The displacement sensor was orientated such that the optical sensor was in front of
the laser spot as the sensor passed over the surface. The bottom right hand side of this scan was out
of range as the laser spot went into an out of sight area of view for the optical sensor. This shadow
region was caused by the right hand edge of the hole. The top region of the right hand side of the
hole was also distorted due to these biased readings from the effect of the shadow zone. The lower
left hand side of the scan was at the sensor limit. Sensor readings in this region were due to diffuse
laser light reflected from the bottom of the hole.
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Figure 4.25 - Elevation of imaged M3 hole

Shadowing is also visible at the right hand section of the hole in figure 4.25. The laser spot
became obscured by the right hand lip of the hole and so the sensor returned a maximum
reading for the regions that it cannot see (a maximum reading will be returned from an ‘out of
range’ state). Variations in this maximum range are due to diffuse light being picked up by
the sensors CCD array. Since the diffuse light was detected over a relatively large area on the
CCD array, the sensor returned an average value for the depth. The ‘shadow’ effect is
discussed further in section 5.1. The hole also appears to be tapered since the tapered edges
above are the chamfered rim of the hole itself appear. Figure 4.26 represents a section
through a CAD file of the top portion of one of the holes.

Imeged Area

Figure 4.26 - Section through M3 hole

108



4.6 M3 button screw and washer

Figure 4.27 below shows an isometric view of the button screw and washer assembly.

26

0_*

Figure 4.27 - Isometric view of button screw and washer assembly
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Figure 4.28 - Plan view of screw and washer assembly

Looking at figure 4.28 the areas at the centre of the screw affected by ‘shadowing’ are clearly
visible. To get a better picture of the shadowed region a section through figure 4.28 is shown with
the shadowed region marked in red, the incident and reflected beam are marked in broken lines.
The shadowed area is created as the reflected light is obstructed by the central edge of the screw.

Incide?t Beam 4 Reflected light obstructed by edge

Figure 4.29 - Section A-A through centre ofassembly
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4.7 Surface scan recognition scan

These results show the ability of the laser profilometer to recognise and visualise surfaces. The first
scan across the coin was made using a lateral resolution of 100fim giving a total of 100 scan points
per mmz2. Figure 4.20 shows an image of the scanned area.
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Figure 4.30-1 Euro coin scan with 100(xm lateral resolution
Looking at figure 4.30 the islands from the scan area are clearly visible, rising approximately
0.1mm from the surface of the coin. The plot is quite ‘blocky’ as a result of the relatively low

lateral resolution, the distance between each scanned point being 0.1mm. Referring to section 4.3,
the best achievable lateral accuracy over this scan range (2.5 X2.5mm) is approximately 4[im.



The second scan across the coin was made using a lateral resolution of 50[im giving a total of 400
scan points per mm2. Thus, compared with the previous 100pm, the effective resolution has
increased by a factor of four. Figure 4.31 shows the resultant image from this scan.
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Figure 4.31-1 Euro coin scan with 50(im lateral resolution
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4.8 Surface scan fibre optic mould tool

Figure 4.32 shows an SEM micrograph of the scanned mould tool.

Figure 4.32 - SEM micrograph of fibre optic mould tool

From figure 4.32 it can be seen that the measured diameter of the dimple is approximately 225pm,
from edge to edge. Figure 4.33 on the next page shows a 3D scan of the same mould tool from the
laser profilometer. A side view is also shown in figure 4.34. The profilometer scan clearly shows
the profile of the fibre optic mould. From figure 4.33 the diameter of the mould dimple has been
recorded as approximately 227pm.
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Figure 4.33 - Profilometer scan of fibre optic mould tool, 3D view
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Figure 4.34 - Profilometer scan of fibre optic mould tool, side view
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Chapter 5 Conclusions

5.1 Achievements

This thesis presents the development, construction, and testing of a laser based optical profilometer
capable of measuring three dimensional surface topographies at a resolution of 2jxm. The lateral
accuracy of the system was found to be between 5 and 7(amat 10mm movement and between 8 and
1llim at 60mm table movement. The data acquisition for the system has been successfully
developed around a raster type scan which only moves one axis at any one time and does not
collect data while the laser displacement sensor is in motion, thus limiting unwanted vibrational
errors.

The systems dynamic stability during scanning was studied and the dynamic vertical resolution of
the system was measured. Leadscrew accuracy and repeatability was also studied and the maximum
flatness error across the inspection table of the profilometer was measured. A number of different
surfaces were also profiled to characterise and test the capabilities of the profilometer. A surface
grinding sample was used to measure the accuracy of the system, and it’s limitations during
scanning for surface roughness. Scans of a fibre optic mould tool were also compared with SEM
images of the same tool. A number of additional scans were run over surfaces to test the
recognition capabilities of the profilometer and also to help describe the limitations of the
profilometer when scanning larger three dimensional objects.

5.2 System limitations & recommendations for future development

The main limitation of the laser scanning system is its lack of ability to look sideways at the object
that it is scanning - it can only see what lies directly beneath it, assuming of course that it lies
within the range of the laser sensor. There are two other major limitations to this system. The first
is the effect of ‘shadow’ during scanning of a surface that has a deep feature or hole, which can
block the laser spot from the cameras view. Figure 5.1 illustrates the effect of ‘shadow’ and also
one means by which it may be avoided for the scanning of a deep feature. *‘Shadowing’ will cause
an Out ofRange reading on the laser sensor. The effects of ‘shadowing’ is clearly visible from test
sections 4.5 and 4.6. Figure 5.1 shows two different orientations of the displacement sensor for
scanning a deep feature or surface. It should be noted that the feature is assumed to be longer than it
is wide. In the first graphic on the left, the movement of the displacement sensor is along the same
axis as the recessed surface, i.e. towards or away from the reader. The graphic on the right depicts
the displacement sensor scanning across the feature, perpendicular to it’s axis. Nevertheless, the
same problem of shadowing will occur at the end of each scan as the scan shown in the left hand
side will eventually come to a sharp surface at the end of the recessed surface. Scanning a deep hole
will present the same problem. One solution to the problem of shadowing would be to scan the
target surface from each direction in both axes, however this would require a much more complex
axis mechanism to allow the displacement sensor or measurement table to be rotated through 90°
and 180°.
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Figure 5.1 - *Shadow’ effect and the correct method to scan a deep feature

The second major constraint on the system it is the adverse effect of the beam spot size on the laser
sensors ability to accurately measure sharp or well defined edges - the beam size of the ILD2000
laser displacement sensor used in this profilometer varies between 50 and 130(im depending on the
target range. In order to increase the precision with which the system records these types of features
the beam spot size should be reduced. However, without additional focusing optics, in general, the
smaller the spot size, the lower the measuring range of the laser. In addition, the laser spot will
suffer from interference when measuring features that are of the same size or less than the
wavelength of the laser light, 0.67(J.m in this case.

A further limitation of the system is its inability to measure matt surfaces or surfaces with a low
reflectivity without first being recalibrated to do so. Differences in the colour of the target will also
affect the measurement capability of the laser sensor if it has been optimised for scanning other
coloured materials. In order to optimise the system for scanning light or dark materials (for
scanning black material gives best linearity) the sensor needs to be used in conjunction with a
Micro-Epsilon 1F2000 interface card. Since this was not available during this work the laser sensor
was not set up to give high linearity while scanning dark surfaces or surfaces with poor reflectivity.

Currently, the system is configured and programmed to scan incrementally, however this is not
ideal. It may give a steady platform from which to scan and take data points from, but the speed of
scan is reduced. Ideally the system should be able to take data points ‘on the move’ and continously
scan over the target surface while recording the surface features. In order to develop a system that
is capable of this a number of important factors must be taken into consideration. Firstly, the
systems leadscrews, or other means by which it moves are the platform from which the laser sensor
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or optical equipment may gather data about the target surface. Any backlash or undesirable freedom
of movement in the leadscrews and associated parts will impact on the accuracy of the collected
data. It is possible to purchase leadscrews and linear stages that boast incredible precision and
accuracy - linear systems with resolutions of less than .005jam and sub-micron repeatability are not
uncommon but are very expensive. Similarly, stepper motors ideally should be avoided (due to
their relatively high vibration) and should be replaced with high quality brushless DC motors and
encoders. This option is costly, but the use of encoders gives the user the advantage of using closed
loop control. Assuming that the response time of the signal from the laser sensors and encoders is
low, then it is feasible that the system could scan at quite a high rate while still being able to collect
accurate data from the surface. By simply sampling the signals from the encoders and laser sensor
at a rate defined by the user, it would be possible to quickly generate a series of coordinates, each
coordinate made up of three values (X, Y & Z) derived from the sensor and encoder signals and
each describing a single point on the target surface. A complete scan of the surface would be in
‘point cloud’ form and could easily be post-processed, as shown in this work, into a solid model.

The ideal laser scanning system should have relatively few moving parts to cut down unwanted
vibrational induced noise and speed up the scanning process. This could be achieved by a system
utilising acousto or electro-optics to scan or sweep the laser beam across the target surface. The
surface in turn could be passed under the scanning beam on a high performance linear stage while
data points would be acquired with a high resolution CMOS camera. The drawback of such a
system is that complicated and expensive optics may be required to account for the angle of scan
and an advanced data acquisition program would have to be employed to successfully control the
system and interpret the recorded data.

Another possible improvement to the systems performance would be to create an automatic post
processing function whereby the cosine and form error of the measurement table could be taken
into consideration while scanning surfaces clamped to the measurement table surface. Effectively,
this would mean adjusting the recorded data for the slope and form error of the surface table, and
outputting more accurate data for the scanned surface. Also, a very precise knowledge of the
location and contact of the part on the measurement table would also be required.

As can be seen from section 4.5, the system cannot distinguish between surface roughness and from
error over larger scan distances. This is an important point since surface form will have an
undesirable influence on surface roughness measurements if it is not properly taken into account. It
has been shown that the system is reasonably good for surface roughness scans for Ra values
greater than 3.0jim; however it should be noted that the surface roughness scans included in this
work are over relatively small distances to keep the influence of form error to a minimum. In order
to accurately measure surface roughness over larger distances a post processor should be
developed, specifically for surface roughness measurement, and which can calculate and remove
the effects of form error from the acquired data.
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Appendix A

Overall System Dimensions (HXWxL):
Measurement Table Dimensions:
Maximum Scannable Area:

Linear Encoding:

Axis Motors:

Laser Source:

Laser Sensor Protection Rating:
Operating Temperature Range:
Warm-up Period:

Measuring Range:

Laser Sensor StandoffDistance:

Linear Stage Range:

Laser Sensor Resolution (0.005% FSO):
System Z height Resolution:

X-Axis Repeatability:

Y -Axis Repeatability:

Temperature Stability:
Smallest Spot Size:
Start of Measurement Range
End of Measurement Range
Laser Sensor Sampling Rate:
Permissible Incident Light:

Angle Error for Surfaces Inclined @ 15°:
Angle Error for Surfaces Inclined @ 30°:

Lateral Resolution, Theoretical:
Lateral Repeatability:

Lateral Accuracy:

Input Voltage(s):

Output Voltage:
*ResL= Lateral (X/Y Axis) Resolution

System capability and technical data

361lmm X 387mm x 400mm

200mm X 120mm
~300mm X 210mm
None

Vexta, 1.4V (3.8A), 1.8° Step
Semiconductor Laser, 670nm/ImW

Class 2 Laser

1P64

0°C to 40°C

20 minutes
+2.5mm

58mm

+7.5mm

0.25um

2jxm @ l|j,m ResL*
4.5 jxm over 5mm
8.2jim over 40mm
>6(wn over 5mm
11 urn over 40mm
+0.1(j,m/K

50|am

130jxm
10kHz
30,000 Ix
+0.13%
+0.3%
5)xm - 3.906 x 10'2]xm
Refer to section 2.2.3
Refer to section 2.2.3
+12VDO250mA
-12VDc/120mA
+5VDO500mA
+5VDC(R1=1KI1I)
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Appendix B Configurable system settings

Configurable Parameter

Duty cycle:

Initial delay:

Stepper motor frequency:

Number of pulses [per increment] (Resl)
[Number of] Scan increments:

Reverse X Direction:
Number of passes:

Loop Program:

Delay at [demux] switchover:
Output file path:

+Should be equal to the number of scan increments for a square scan
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Recommended Setting

0.5
Os
16kHz (max 30kHz)
User defined
User defined

On/Off
User defined*
On/Off
500ms
User defined

SIXV A ® X



Appendix C

System piece part drawings

Piece Part Drawing Index:

a.

ITM-P5-20x20 45d

ITM-P5-EXT86.12

ITM-P5-EXT100

ITM-P5-EXT169.4

ITM-P5-EXT210

ITM-P5-EXT235

ITM-P5-EXT395

LS-MBR

LU-MBR

LU-MT-BAS

LU-MT-LG-MBR

LU-MT-TOP

. LVDT-BR-BOT

LVDT-BR-RIS

LVDT-BR-TOP

MT-LG-MBLK

SM-MBR-BAS

SM-MBR-RIS

SM-MSURF-FR

ST-BP

ST-GR
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(Aluminium Extrusion, 20x20 45d)
(Aluminium Extrusion, 20x20x86.12mm)
(Aluminium Extrusion, 20x20x100mm)
(Aluminium Extrusion, 20x20x169.4mm)
(Aluminium Extrusion, 20x20x210mm)
(Aluminium Extrusion, 20x20x235)
(Aluminium Extrusion, 20x20x395mm)
[Linear Stage Mounting Bracket]

[Laser Unit Mounting Bracket]

[Laser Unit Measurement Table Base]
[Laser Unit MT Mounting Bracket]
[Measurement Table Top]

[LVDT Bracket Bottom]

[LVDT Bracket Riser]

[LVDT Bracket Top]

[Measurement Table Linear Guide M.Block]
[Stepper Motor M .Bracket Base]

[Stepper Motor M.Bracket Riser]
[Stepper Motor M.Surface (Frame)]
[Surface Table Bolster Plate]

[Surface Table Granite]



ISOMETRIC VIEW

TITLE:
D C/U/ ITEM P5 ANGLE EXTRUSION 20mm Wide

DESCRIPTION: ALUMINIUM EXTRUSION, 20x20 45d

DRAWN BY: D.COLLINS DATE: 05/12/02

CHECKED BY: N/A DATE: N/A

ADDITIONAL NOTES:

1. AH dimensions are In mm unless otherwise specified.
2. Do not scale drawing.

3. Breakall edges
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MATERIAL: ALUMINIUM

FILE NAME:

ITM-P5-20x20 45d
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SECTION A-A

012.0 HOLE, 8.5mm DEEP (2) PLCS

TITLE:

D C U ITEM PS EXTRUSION 86.12mm Long C 3 0

DESCRIPTION: ALUMINIUM EXTRUSION, 20x20x36.12mm MATERIAL: ALUMINIUM

DRAWN BY: D.COLUNS DATE: 14/09/02 FILE NAME

CHECKED BY: N/A DATE: N/A ITM-P5-EXT86.12.dwg

ADDmMONAL NOTES:

1. All dimensions are In mm unless otherwise specified
2. Do notscale drawing.

3. Break all edges.















TITLE:
D lejs ITEM P5 EXTRUSION 395mm Long

DESCRIPTION: ALUMINIUM EXTRUSION, 20x20x395mm

DRAWN BY: D.COLLINS DATE: 14/09/02

CHECKED BY: N/A DATE: N/A

ADDITIONAL NOTES:

1 All dimensions are in mm unless otherwise specified.
2. Do notscale drawing

3 Break all edges.

MATERIAL: ALUMINIUM

FILE NAME:

ITM-P5-EXT395 dwg
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\Y

sM4 THRU HOLE
(4) PLCS

04.5 THRU' HOLE
(8) PLCS

TITLE:
LINEAR STAGE MOUNTING BRACKET

DCU
DESCRIPTION: MOUNTING BRACKET

DRAWN BY: D.COLLINS DATE: 14/09/02

CHECKED BY: N/A DATE: N/A

ADDITIONAL NOTES:

1 All dimansions are in mm unless o&ieiwlse specffiBd.
2. Do not scale drawtng.

3. Break all edges.

ATIAM , of.

MATERIAL: ALUMINIUM

FILE NAME:

LS-MBR.dwg
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Tm.E:
D C U LASER UNIT MOUNTING BRACKET

DESCRIPTION: MOUNTING BRACKET

DRAWN BY: D.COLLINS DATE: 14/09/02

CHECKED BY: N/A DATE: N/A

ADDITIONAL NOTES:

1. All dimensions are in mm unless otherwise specified.
2. Do notscale drawing

3. Break all edges.

ro 1A

MATERIAL: ALUMINIUM

FILE NAME:

LU-MBR.dwg



(4) PLCS
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04.2 THRU HOLE
(8) PLCS

TIiTLE
D C/U/ LASER UNIT MEASUREMENT TABLE BASE

DESCRIPTION: MEASUREMENT TABLE BASE

DRAWN BY: D.COLLINS DATE: 14/09/02

CHECKED BY: N/A DATE: N/A

ADDITIONAL NOTES;

1. All dimensions are in mm unless otherwise specified.
2. Do not scale drawing.

3. Break all edges.

1¢1

.0 o -

MATERIAL: ALUMINIUM

FILE NAME:

LU-MT-BAS dwg
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TTILE
LASER UNIT MT MOUNTING BRACKET

DCU’

DESCRIPTION: MOUNTING BRACKET

DRAWN BY: D.COLUNS DATE: 14/09/02

CHECKED BY: N/A DATE: N/A

ADDITIONAL NOTES:
1. AH dimensions am in mm unless otherwise specified.

2. Do not scale drawing.
3. Break all edges.

MATERIAL: ALUMINIUM

FILE NAME:
LU-MT-LG-MBR.dwg









04.2 THRU HOLE
(2) PLCS

15mm Deep (1) PLC



1&1

ISOMETRIC VIEW

D C/U/ LVDT BRACKET BOTTOM H E 3 ®
DESCRIPTION: LVDT BRACKET MATERIAL: ALUMINIUM
DRAWN BY: D.COLUNS DATE: 14/09/02 FILE NAME:
CHECKED BY: N/A DATE: N/A LVDT-BR-BOT.dwg

ADDITIONAL NOTES:

1. All dimensions are In mm unless otherwise specified.
2. Do not scale drawing.
3. Break all edges.



(2) PLCS

(2) PLCS
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TTTLE:

D Cllj LVDT BRACKET TOP

DESCRIPTION: LVDT BRACKET

DRAWN BY: D.COLUNS DATE: 14/09/02

CHECKED BY: N/A DATE: N/A

ADDITIONAL NOTES:

1. All dimensions are In mm unless otherwise specified.
Z Do notscale drawing.
3. Break all edges.

1---1 "

MATERIAL: ALUMINIUM

FILE NAME:

LVDT-BR-TOP.dwg



NOTE: DO NOT SHOT PEEN SURFS E£]& EE

MINIMUM FULL THREAD DEPTH, 10mm
2) PLCS

D C/U/ MEASUREMENT TABLE LINEAR GUIDE M-BLOCK

DESCRIPTION: MOUNTING BLOCK

DRAWN BY: D.COLLINS DATE; 14/09/02

CHECKED BY: N/A DATE: N/A

ADDITIONAL NOTES:

1. All dimensions are In mm unless otherwise specified.
2. Do notscale drawing.
3. Breakall edges

ATTOM i

-EZ"M-0

MATERIAL: ALUMINIUM

RLE NAME:

MT-LG-MBLK.dwg
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TTTLE:
D C/U/ STEPPER MOTOR M.SURFACE (FRAME) E 3 0
DESCRIPTION: MOUNTING SURFACE (FRAME) MATERIAL: ALUMINIUM

DRAWN BY: D.COLUNS DATE: 14/09/02 FILE NAME:

CHECKED BY: N/A DATE: N/A SM-MSURF-FR.dwg

ADDITIONAL NOTES:

1. AD dimensions ana in mm unless otherwise specified.
2. Do notscale drawing.
3. Break all edges.









TTTLE:
SURFACE TABLE BOLSTER PLATE

DCU
DESCRIPTION: BOLSTER PLATE
DRAWN BY: D.COLLINS DATE: 14/09/D2
CHECKED BY: N/A DATE: N/A
ADDITIONAL NOTES:
1. All dimensions are in mm unless otherwise specified.

2. Do not scale drawing.
3. Break all edges.
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FILENAME:
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Appendix D Wiring diagrams

Wiring Schematic Index:

a.

Wiring Diagram #1 - Demux Wiring Schematic

Wiring Diagram #2 - X-Axis Controller Wiring Schematic
Wiring Diagram #3 - Y-Axis Controller Wiring Schematic
Wiring Diagram #4 - DAQ Card Breakout Box Wiring Schematic

Wiring Diagram #5 - Power Supply & Laser Sensor Wiring Schematic
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*Connected to Pin 3(P2) Y-Axis Stepper Motor Controller

** Connected to Pin 4(P1) Y-Axis Stepper Motor Controller Es
E2- .
g,. 10 -
Ao >
A1
Az s -

Logic Circuit

TITLE:
WIRING DIAGRAM #1 - DEMUX WIRING SCHEMATIC

DRAANBY: DCALLINS DATE 18/10/03



TITLE:
WIRING DIAGRAM #2 - X-AXIS CONT. WIRING SCHEMATIC

DRAANBY: DCCLLINS DATE 2010103



0o N oo o A w N

Y
[t

X-Axis Motor Control Board

Phase A, X-Axis Motor
Phase A\, X-Axis Motor
Phase B, X-Axis Motor

Phase B\, X-Axis Motor

1.2kU



TITLE
WIRING DIAGRAM #3 - Y-AXIS CONT. WIRING SCHEMATIC

CRAANBY: DCOLLNS DATE 201003















Appendix E  System assembly drawings
Assembly Drawing Index:
a. Assembly Drg #1 - Bolster Plate Assy
b. Assembly Drg #2 - Measurement Table Assy
c. Assembly Drg #3 - Stepper Motor Frame Assy
d. Assembly Drg #4 - Table Guides & Y-Axis Drive Motor Assy
e. Assembly Drg #5 - Base Assy
f. Assembly Drg #6 - Base, Bolster Plate & Y -Axis Assy
g. Assembly Drg #7 - Laser Head & X-Axis Assy
h. Assembly Drg #8 - Side Frame Assy
i. Assembly Drg #9 - Side Frame & Bottom Level Assy
j. Assembly Drg #10 - Cross Struts & Side Frame Assy
k. Assembly Drg #11 - X-Axis & Frame Assy
1 Assembly Drg #12 - LVDT Assy
m. Assembly Drg #13 - Laser Displacement Sensor & X-Axis Assy
n. Assembly Drg #14 - X-Axis Drive Motor Assy

0. Assembly Drg#15- Complete Assy
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Nut, Nylock, M4
(QTY 4)

Motor. Vexta P/N: PH265-05
(QTY1)

Mounting Bracket Bottom, Motor
P/N:SM-MBR-BOT

QyJ)

Elasto Mount
Rino P/N:B-ZY-3-8-8
(QTY 4)



Mounting Bracket, Guide Rail

P/N: LU-MT-LG-MBR
(Qty 4)

Guide Rail, Measurement Table
P/N: MT-GR

(Qty 2)

TITLE:

ASSEMBLY DRG #4 - TABLE GUIDES & Y-AXIS DRIVE

MOTOR ASSY
DRAANBY: DCCLLINS

DATE 140603

Dowel Pin, Stainless, 01/8" x 7/8"
(Qty 4)

Screw, Set, M3 x 8mm .

(Qty 4)

Motor & Bracket Assy
P/N: Assy, MOT-BR

(Qty 1)

Flexible Coupling
Rino P/N: MSX-24C

QD)

Screw, Btn Head, M3 x 12mm
(Qty 4)









TITLE:

Actuator, Leadscrew
Rino P/N: LAL7-02-STB

(Qty 1)

Edmund Optics P/N: X55-018
(Qty 1)

Screw, Btn Head, M3 x 6mm
(Qty 6)

ASSEMBLY DRG #7 - LASER HEAD & X-AXIS ASSY

DCU DRAANBY DOOLUNS

DATE 20/06/03

Mounting Bracket, Laser Unit
P/N: LU-MBR

(Qty 1)



Profile Cap 5
ITEM PIN: 0.0.370.09
(QTY 5)

(5

TITLE:
n Ty ASSEMBLY DRG#B-SIDE FRAME ASSY

DCU DRAWN BY: D.COLLINS DATE: 22/06/03



TILE
ASSHVBLY DRG#9 - SIDE FRAVE &BOTTOMLEVHL ASSY

DRAWN BY: D.COLLINS DATE: 23/06/03



TITLE
ASSEVBLY DRG#10 - CROSS STRUTS &SIDE FRAVEASSY

DCI DRAWN BY: D.COLLINS DATE: 23/06/03



Screw, Btn Head, M5 x 12mm
(Qty 8)

LASER HEAD & X-AXIS ASSY

(Qty 1)

TITLE:
ASSEMBLY DRG #11 - X-AXIS & FRAME ASSY

DRAWN BY: D.COLLINS DATE: 24/06/03



(QtyD

TITLE:
ASSEMBLY DRG #12 - LVDTASSY

CRAVNNBY: DCOLLNS DATE 24/06/03
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/

___ - Screw, Cap Head, M4 x 12mm
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Screw, Btn Head, M3 x 8mm
(City 4)






Appendix F Bill of materials

Part/Description:

Actuator, Leadscrew, Rino p/n: LAL7-02-STB

Autom atic Fastening Set, ITEM p/n: 0.0.370.60

Bearing Housing Assy, p/n: MT-LG-MBLK

Bolster Plate, p/n: ST-BP

Dowel Pin, Stainless, Dial/8" x 1/2"

Dowel Pin, Stainless, Dial/8" x 7/8"

Elasto Mount, Rino p/n: B-ZY-3-8-8

Elasto Mount, Rino p/n: A-ZY-6-20-20

Elasto Mount, Rino p/n: D-ZY -6-20-13.5

Extrusion, Size 5, 169.4mm Long, ITEM p/n: 0.0.370.15 (Modified)
Extrusion, Size 5, 395mm Long,ITEM p/n: 0.0.370.15 (Modified)
Extrusion, Size 5, 100mm Long, ITEM p/n: 0.0.370.15 (Modified)
Extrusion, Size 5,210mm Long,ITEM p/n: 0.0.370.15 (Modified)
Extrusion, Size 5, 86.12mm Long, ITEM p/n: 0.0.370.15 (Modified)
Extrusion, Size 5,20mm Long, ITEM p/n: 0.0.425.40 (Modified)
Flexible Coupling, Rino p/n: MSX-24C

Granite Surface Table, Kennedy p/n: O XD-306-4020K

Guide Rail, Measurement Table, p/n: MT-GR

LabVIEW DAQ Card, p/n: PCI-6024E

LabVIEW DAQ Card, BreakoutBox, p/n: SCB-68

Linear Stage, Manual, Edmund Optics p/n: X55-018

LVDT,RS p/n: 646-489

Measurement Table, Top, p/n: LU-MT-TO P

Measurement Table, Bottom, p/n: LU-MT-BOT

Mounting Bracket, Motor, p/n: SM-MBR

Mounting Bracket Bottom, Motor, p/n: SM-MBR-BOT

Mounting Bracket, Guide Rail, p/n: LU-MT-LG-MBR

Mounting Bracket, Laser Unit, p/n: LU-M BR

Motor, Vexta p/n: PH265-05

Nut, Nylock, M 4

Nut, Nylock, M 6

Nut, T-Slot, M4, ITEM p/n: 0.0.370.06

Nut, T-Slot, M5, ITEM p/n: 0.0.370.01

Philips 3-to-8 Line Decoder/Demultiplexer; Inverting

Profile Cap 5, ITEM p/n: 0.0.370.09

Screw, Btn Head, M3 x 6mm

Screw, Btn Head, M3 x 8mm

Screw, Btn Head, M3 x 12mm
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Screw, Btn Head, M 3 x
Screw, Btn Head, M 4 x
Screw, Btn Head, M 4 x
Screw, Btn Head, M 4 x
Screw, Btn Head, M 4 x
Screw, Btn Head, M 4 x
Screw, Btn Head, M 4 x
Screw, Btn Head, M5 x
Screw, Btn Head, M5 x
Screw, Btn Head, M5 x
Screw, Cap Head, M 4 x
Screw, Cap Head, M 4 x
Screw, Cap Head, M 4 x
Screw, Cap Head, M5 x

Screw, Set, M3 x 8mm

14mm
8mm
10mm
12mm
14mm
20mm
35mm
8mm
12mm
22mm
12mm
20mm
25mm

60mm

Spacer, Nylon, M3 x 10mm

Standard Fastening Set 5, ITEM p/n: 0.0.370.08
Universal Fastening Set5, ITEM p/n: 0.0.0370.07

Stepper Motor Control Board, IM 483

Top End Bracket, LVDT, p/n: LVDT-BR-TOP
Top End Bracket Riser, LVDT, p/n: LVDT-BR-RIS
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