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Abstract

Laser-Based Fibre-Optic Sensors for Measurement of Surface Properties
by

Brian Cahill

This project deals with the design and development of an optoelectronic sensor
system and 1ts possible use mn online applications There are two different
configurations of this sensor a sensor for surface roughness and another for defect
detection In each configuration the mechanical and optical design are almost 1dentical
- optical fibres convey hight to and from a surface Light source dnving circuits and
photodetection circuits were developed for each sensor Data acquisition and analysis

algonithms were developed for each sensor

The defect sensor detects through holes and blind holes in sample plates of the
following matenals brass, copper, stainless steel, and polycarbonate Edge detection
1s achieved through the development of a photoelectric sensor system that senses the
proximity of a surface within a certain displacement range using a multimode laser
diode light source emitting at 1300 nm This sensor uses a voltage cut-off system to
avoud the effects of light source intensity vanation, vibration, surface roughness and
other causes of varnable reflectivity in online measurement of engineering surfaces
The through holes had 2 mm diameter and the blind holes had 3 mm diameter and a
depth of 0 6 mm A spatial resolution of approximately 100 um was achieved — the

diameter of the collecting fibre’s core

Surface roughness is estimated between 0025 um and 08 um, average surface
roughness, through a light scattering technique Specular reflectivity was measured at
incident angles of 45° and 60° The causes of error, noise and drift are investigated for
this system and recommendations are made to account for these problems A carrier
frequency system using an electronically modulated LED light source was
implemented to improve the noise rejection of the system Digital signal processing

system was implemented to digitally filter the acquired signal
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CHAPTER ONE

i Introduction

Over the last twenty years optical technology has become commonplace and

successful applications have included the optical disk player, photocopier, laser

printer, bar-code reader, and fibre-optic telecommumcations The advantages of

optical applications may include high speed, hugh resolution, improved quality, low

cost and non-contact operation The research presented 1n this thesis details the design

and development of two sensors a defect sensor and a surface roughness sensor

These sensors are outlined 1n figure 1 1

Operating Principle

Light Source Type
Wavelength
Mechanical Design

Emitting Fibre
Collecting Fibre

Incident Angles Used
Dnving Circmt
Photodetectors
Preamplifiers

Measurement Range

Spatial Resolution

(for Specular Reflection)

Laser-Based Optical Inspection Systems
Fibre-Optic Sensors

¢ h

Surface Roughness Sensor Surface Defect Sensor
Measurement of Specular Scatter Voltage Cut-Off Method
for Edge Detection
LED Multimode Laser Diode
850 nm 1300 nm
Identical
100/140 pm 62 5/125 pm
100/140 pm 100/140 pm
45° & 60° 45°
Square Wave Constant Voltage
Silicon PIN Photodiodes InGaAs PIN Photodiodes
Transtmpedance Amplifiers Transimpedance Amplifiers
0025 um-08 umR, Holes of 2 mm Diameter +
Blind Holes of 0 6 mm Depth +
100 pm 100 pm

Figure 1 1 Laser-Based Optical Inspection Systems
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In manufacturing, optical scanning systems have been used for automatic inspection
in several industrial processes The limiting factor of such systems 1s the scanning
element, which 1s usually mechanical — a rotating mirror or polygon These systems
are expenstve and are limited 1n terms of scanning speed - speed 1s most important in
high volume manufacturing This project assesses the possibility of using fibre-optic
sensing technology to develop low cost solutions for defect sensing and surface
roughness measurement 1n manufacturing engineening applications It 1s envisaged
that an array of the umt sensors developed for this project will be constructed to

perform line scanning at high speed online

A design for a fibre-optic sensor achieving two-dimensional representation of a
surface 1s presented The simple operating principle 1s similar to that of a barcode
reader or photoelectric sensor Receiving and transmitting fibres are onented 1n the
same plane at equal incident angles to a surface Collected optical radiation 1s
conveyed to a PIN photodiode and preamplifier If the sensed voltage exceeds a
predetermined cut-off level, the sensor concludes the presence of a surface, thus,
enabling the detection of through holes 1n a plate or the edge of a plate The sensed
signal 1s dependent on the displacement of the fibres from a surface This dependence
allows the sensor to detect blind holes The small core size of fibres, 100 um, allows
2-mm diameter holes to be adequately sensed, 1t 1s likely that holes of under 1-mm

diameter could be sensed Blind holes of 0 6-mm depth were sensed successfully

The optical disk player has comprehensively replaced use of the mechanical stylus in
the music industry In the field of surface roughness measurement, numerous optical
methods have been used 1n the place of the mechanical stylus Surface roughness can
be measured through the effect of light scattering from rough surfaces In the
transition from a smooth surface, which transmuts light specularly, to a rough surface
a higher proportion of incident light 1s scattered diffusely This transition can be
related to the surface roughness of the surface in question Surface roughness can be
described as a point quantity using light scattening methods, averaging roughness over
the incident spot of the beam The fibre-optic surface roughness sensor presented here
investigates the phenomenon of light scattering from surfaces of different surface

roughness The factors affecting this transition are discussed



The sensor 1s designed to replace the use of stylus instruments in the control of
surface roughness The sensor can be applied to surface roughness of rolled sheet,
semiconductor wafers, hard disk substrates and precision-machined parts In the
manufacture of sheet metal, surface smoothness 1s an important quantity The
manufacturing process consists of reducing an input sheet or billet using rollers to
perform the deformation, often at high temperatures and pressure In performing this
work, the roller becomes worn and needs to be reground A fibre-optic surface
roughness sensor can perform higher speed, online, non-contact measurements of
surface roughness Production of sub standard produce can be reduced 1n comparison
to offline stylus inspection Ths fibre-optic sensor need only give an indication of the

surface roughness of the ground sheet, not necessanly a very accurate measurement

Chapter 2 reviews contains a literature review of the basics of optical fibres and
optical fibre sensors Chapter 3 reviews surface roughness, and surface roughness
measurement by the light scattering Applications of fibre-optic and optical sensors

using the light scattering method are detailed

Chapter 4 descnibes the method of operation of each of the surface defect sensor and
the surface roughness sensor Chapter 5 outlines the practical knowledge and
equipment necessary to construct this sensor The basics of optoelectronic devices,
such as lasers, LEDs, and PIN photodiodes, are presented along with associated
electronic circuitry The choices made with regard to fibre-optics and mechanical
design are outlined Chapter 6 consists of information regarding data acquisition and
data processing algorthms These algonthms were implemented using Labview

programming

Chapter 7 contains the presentation of the results of both sensor systems Chapter 8
discusses these results and the performance of the sensors Chapter 9 contains

conclusions and the recommendations for further work



CHAPTER TWO
2 Literature Survey — Fibre-Optic Technology

\

This chapter deals with the development of optical fibre technology It reviews

intensity-based fibre-optic sensors and their applications

21  Optical Fibres — Introductory Theory [1-8]

Optical fibres are layered cylinders of dielectric matenal, such as glass or plastic, that
convey electromagnetic radiation (principally light or near infrared radiation) from one
end to the other They have found widespread use in commumnications technology,
medical endoscopy and in fibre-optic sensing The charactenistics of optical fibres will

now be discussed

211 Numencal Aperture

Fibre optics work through the principle of total internal reflection as illustrated in
figure 2 1 (b) — when a light ray passes from a denser medium to a less dense medium
it refracts closer to the interface - thus for a range of angles the ray will be confined 1n
the denser medium The density of a medium 1s indicated by the refractive index, n, of
that medium The refractive index of a medium 1s determined by the ratio of the speed

of light 1n a vacuum, c, to the speed of light in that medium, v, according to equation
21

Light 1s refracted 1n accordance with Snell’s law
msinz=n,smr 22
n; and n; are the refractive indices of each medwum, 1 1s the angle of incidence and r 1s

the angle of refraction, these are illustrated in figure 2 1 (a) Refraction 1s caused by

the wave nature of light As the angle of incidence increases, a point 1s reached where



r =90° Angles greater than the cntical angle are completely reflected — total internal
reflection The angle of incidence at this pomnt 1s called the cmtical angle, 1. From
Snell’s Law

1= s (ny/ny) 23

n; :/f nz
. I
. >

m

Figure 2 1 (a) Refraction at an interface (b) Total Internal Reflection

Jacket =————P>

Cladding

Core

Figure 2 2 Illustration of core and cladding of an optical fibre

Figure 2 2 1llustrates the basic structure of optical fibres, at the interface between core
and cladding there 1s a change in refractive index Ths interface keeps hight rays
travelling through the core by the principle of total internal reflection Figure 2 3 (a)
shows how this angle of acceptance 1s defined by the critical angle described above If
this figure 1s rotated around the axis of the fibre, the acceptance angle becomes an
acceptance cone Figure 2 3 (b) shows how light rays at angles greater than 6 light wall
be refracted out of the core after travelling for a few centimetres of fibre and that rays

at angles less than 8 will be confined to the core for long distances




Numenical aperture (NA) 1s the quantity that 1s used to measure the acceptance angle

for an optical fibre Numencal aperture 1s defined by equation 2 4

NA=n,smn0 24

no1s the refractive index of the medium the ray 1s travelling from, nyts considered equal

to 1 for air - ny1s defined as 1 for a vacuum From Snell’s Law

n, sin © = n; sin (90°- 1) = n, cos 1, 25

It follows from the above equations that the numencal aperture 1s given by

NA=n,(1 - sin® 1) * 26

Substituting from equation 2 3

NA=(n2-n?)" 217

Equation 2 7 shows that the numerical aperture of an optical fibre depends on n; and n,

alone and 1s independent of any vanation 1n no

a<d<p

Figure 2 3 (a) Acceptance cone for optical fibre (b) Transmutted and attenuated rays




212 Duspersion

Dispersion 1s a quantity that affects the signal carrying properties of optical fibres, 1 €
the bandwidth of a fibre It 1s the degradation of the input signal as it travels through
the fibre This 1s illustrated in figure 2 4 — the pulse becomes longer 1n duration and
generally loses shape Dispersion can be divided into matenal dispersion and modal

dispersion

Input Signal Length of fibre Output Signal

I IPAERN

Figure 2 4 Disperston of a square wave in an optical fibre

Electromagnetic waves travel at different speeds in dielectic media depending on
optical wavelength, 1 e the refractive index of the matenals that optical fibres are made
of 1s not constant with wavelength This causes material dispersion when the hight
source emits over a broad spectrum, e g a Light Emutting Diode (LED), and less so

for a coherent laser source

e 7

\/ >

Figure 2 5 Modal Dispersion through a multimode step-index fibre

The differing velocities of modes in a multimode optical fibre cause modal dispersion
Prior to this we have assumed hight to travel as rays, because of the wave nature of

light this 1s not completely true For a fibre a certain number of modes are supported




The number of modes a fibre supports changes with vanation n the core diameter,
optical wavelength and the refractive indices of core and claddmg To simplify, as core
diameter increases many modes are supported 1n a fibre and the ray optics analysis
proves adequate, unless mode coupling in multimode fibre 1s of interest An analysis of
modes 1n optical fibres 1s considered beyond the scope of thus thesis and can be found
1n the literature [1,7] Figure 2 5 shows how a beam travelling along the centreline of a
step index multimode fibre reaches the end of the fibre more quickly — thus dispersing

the input signal

Singlemode fibre does not suffer from modal dispersion — having only one mode In
the section 2 1 5 1t will be shown how graded index multimode fibre reduces modal

dispersion
213 Attenuation

Attenuation 1s the property of optical fibres that measures power loss as a signal
travels through an optical fibre Optical power, 1, 1s measured in Watts Attenuation,
A, 15 described in equation 2 8 below, relates input optical power, I, to optical power
at a distance z, I, Attenuation 1s commonly expressed in umts of decibels per
kilometre (dB/km) for optical fibres Attenuation 1s important in intensity based fibre-

optic sensors as 1t 1s a cause of error particularly if the loss 1s variable

Az—!glogloiz— 28
z I

[
There are four separate causes of attenuation 1n optical fibres (1) matenal absorption,

(n) scattering losses, (11) manufacturing induced losses and (1v) bending losses

Matenal absorption is due to absorption of optical energy into the electronic energy
levels of transition metal impunties, such as tron, copper, chromium, and mickel, and
into the vibrational levels of hydroxyl 1ons (OH) 1n the core and innermost sections of
the cladding In these cases, energy 1s absorbed from the optical beam and 1s reradiated

nto the molecular lattice i the form of heat Strong electronic absorption occurs at



ultra-violet wavelengths while at infrared wavelengths vibrational absorption becomes

dominant.

Scattering losses are caused by three scattering mechanisms - Rayleigh, Brillouin and
Raman scattering. Ofthese Brillouin and Raman scattering can be neglected apart from
at high optical intensities. Rayleigh scattering is caused by microscopic density
fluctuations that are frozen into the random molecular structure of the fibre core when
it cools to its relatively high solidification temperature. These density fluctuations may
be resolved into spatial frequencies that have wavelengths much shorter than the
optical wavelength. Rayleigh scattering varies inversely with the optical wavelength, X,

~ I/x4

The sum of the intrinsic losses (material losses and scattering losses) gives the
“estimated total loss curve” when plotted against optical wavelength. Figure 2.6 below
shows this intrinsic loss curve for graded index silica fibre. Note that for the most part
Rayleigh scattering predominates apart from the OFT peak at 1.38 [im. Infrared
absorption predominates at higher wavelengths. Research in electronic light sources

for optical fibres telecommunications has focussed on the troughs of this curve. For

Figure 2.6 Attenuation characteristics of graded-index fibre [6]



The manufacturing process may cause losses. These include inclusions in the fibre,
irregularities in fibre size and micro-bends caused by coating and cabling. The
manufacturing process is usually under sufficient control to keep losses caused by fibre

drawing and coating negligible. Losses caused by micro-bends are discussed below.

There are two causes of bending losses: sharp bend, and micro-bends. Figure 2.7
below shows through ray optics how a constant radius bend will cause optical power
to leak out of a fibre. At each reflection at the outer arc of the bend, power will refract

into the cladding.

Figure 2.7 Loss of optical power from an optical fibre due to a constant radius bend

It is possible to compute the expected losses due to a constant radius bend [8]. Figure
2.8 shows how attenuation varies with bend radius for constant numerical aperture.
Thus for bend radii of the order of centimetres for fibre with numerical apertures of

over 0.20 attenuation is negligible.

A micro-bend is a microscopic, short period, random bend typically impressed on the
fibre during the process of jacketing and cabling. Micro-bends become a serious
problem when the radius of curvature becomes small but large in comparison with the
core size of the fibre. Figure 2.9 illustrates leakage of power from an optical fibre due

to micro-bending losses.

10
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I
12

8 7 8 9
BEND RADIUS (mm)

LY

Figure 2 8 The vanation of optical power attenuation rate as a function of bend radius

for constant radius bends 1n typical optical fibres for vanous values of numerical

aperture using a 0 83 um optical source

01> 1.> 05,643,084

F

Figure 2 9 Attenuation due to micro bending

In short lengths of fibre coupling between modes contnbutes to attenuation Different

modes 1n a fibre are attenuated at different rates Depending on the launch conditions

11



of the fibre, some modes may receive light preferentially over others Over long lengths
of fibre this preferential distribution of optical power gradually reaches an equilibrium
distbution or steady state, through mode coupling Mode coupling 1s the transfer of
optical power between modes - because of the effect of slight fibre imperfections and
bends When this steady state 1s reached, loss is independent of the launch conditions

Mode coupling 1s lughly sensitive to the external condition of the fibre, e g a jacketed
fibre will have different loss values than an umjacketed fibre In Chapter 3 the
fabnication of a mode coupler is descnibed — this allows sm%ll lengths of fibre to be

used 1n optical sensing

214 Classification of optical fibres

Optical fibre can be divided into two main types - singlemode and multimode -
multimode can be further divided into stepped index and graded index Figure 2 10
descnibes the refractive index profile and the path of radiation in each type of fibre
Table 2 1 descnibes the ranges of fibre properties for several different types of fibre
The most obvious difference between single and multimode fibre 1s the difference 1n

core size, singlemode fibre has a core size which approaches that of the wavelength of

light
Multimode Multimode Multimode Singlemode
Fibre — Fibre — Fibre - Fibre
Step Index Step Index Graded Index
Core/cladding Glass/Glass Glass/Plastic Glass/Glass Glass/Glass
Matenal
Dispersion at 10-100 10-180 1-10 50-100
850 nm ns km™ ns km ' ns km* psnm” km'
Attenuation at 2-60 3-2000 2-10 2-6
850 nm
(dB km)
Core Diameter 80-200 200-1000 50-100 2-8
(1m)
Cladding 100-250 230-1250 125-150 80-125
Diameter (jum)
Numerical 01-03 018-0 50 018-050 010-015
Aperture

Table 2 1 Summary charactenstics of common types of optical fibre [3]

12




As the core size of a fibre approaches the optical wavelength used the fibre supports
only a single mode Singlemode fire has highly significant properties — low attenuation
and low dispersion As the core size of singlemode optical fibre 1s quite small (2 — 12
um) a focussed laser source 1s usually used This coherent source further reduces
matenal dispersion Coherent interferometric sensors use singlemode fibres exclusively,

as they preserve the coherence of the light source

Step Index

Multimode
Fibre
n

P
Lt

Graded Index

Multimode
Fibre

A

n
y
3
Step Index
Singlemode g
Fibre n
/

Figure 2 10 Types of fibre — Core/Cladding Size, Refractive Index Profile, and Ray
Path

The refractive index profile of multimode fibre distinguishes between graded index
fibre and step index fibre All the analysis of fibre until thus point has assumed step
index multimode fibre with a single value of refractive index for the fibre core Graded
index fibre has a refractive index profile across the fibre, as defined by equation 29 n,
15 the refractive index at the axis and n; 1s the refractive index of the cladding The

profile parameter, o, 15 optimised for o=2, resulting in a parabolic index profile This

13




profile results in rays travelling faster at higher radii from the centre. Some of the rays
travelling in graded index fibre do not travel in straight lines. Depending on launch
conditions, rays travel as sine waves or helixes or in the primary mode - straight along
the axis of the fibre (figure 2.11). As rays travel faster at higher radii those rays
travelling further distances travel at a faster rate - this reduces dispersion in a graded

index fibre in comparison with a multimode step index fibre.

A
n{r)=n, 1-2A — 2.9
la
-n.
where A=
Radius,'L
r!
metres -
Core
radius,
a, metres

Refractive index,
n

Figure 2.11 Ray paths in a graded index fibre

Multimode fibres have disadvantages and advantages in comparison to single mode
fibres. Their larger core sizes facilitate the launching of light and splicing of similar
fibres. Laser sources are almost exclusively used with singlemode fibres, LEDs or
other white light sources can also be used with multimode sources. Light Emitting
Diodes are simpler to manufacture and cost less than laser sources; in addition they are

more stable and have longer lifetimes.

As detailed above singlemode fibres have superior dispersion and attenuation
characteristics. Singlemode fibres are necessary for use in coherent interferometry
using fibre-optics as they preserve the coherency of the input signal. In addition to the
fibres mentioned previously there are polarisation-controlled fibres - in a typical

singlemode fibre there is one tranverse mode with two orthogonal polarisations. These

1



polansations will travel at shghtly different speeds In some sensing applications these

fibres must be used [3]

Fibres are generally manufactured from glass or plastic or a combination of both
Different matenals transmut at different optical wavelengths, thus sihica fibres will
transmut hight best at the wavelengths indicated by the troughs of the curve of figure
2 6 Plastic transmts well over the visible spectrum alone Chalcogemde and silver
halide glasses are bemg used to manufacture fibre that transmits over longer infrared

wavelengths

22  Fibre-Optic Sensors

In this section, the application of fibre-optics sensors sensing extrinsically from the
fibre itself 1s discussed This section limits itself to mtensity-based fibre-optic and

photoelectnc sensors

Fibre-optic sensors have the advantage that they are relatively immune from
electromagnetic interference, have low power consumption, small size and weight,
high sensitivity in some measurements and compatibiity with electronic control and
modulation Measurement can be made in hostile environments and the fibre can

transmit the signal to a remote distance

Fibre-optic sensors are designated as either extrinsic or intrinsic sensors Intrinsic
sensors use the fibre itself as a sensing transducer The fibre itself 1s affected by the
measurand without optical power leaving the fibre, for example using the effect of
micro-bends [8] In extrinsic sensing, optical power 1s emutted from the fibre and 1s
recollected for measurement, the optical fibre 1s only used to convey optical power —
any effect the fibre has on the signal contributes to error This project 1s concerned
with extrinsic sensors where the reflection from a surface modifies the output of the

sensor Figure 2 12 distinguishes between intrinsic and extrinsic sensors

15



Light l l l Optical Light l Optical

Source Detector Source Detector
Effect of Effect of
Measurand Measurand
Intrinsic Sensor Extninsic Sensor

Figure 2 12 Intninsic sensor, signal 1s affected while inside the fibre, and extnnsic

sensor, signal 1s affected while 1t 1s outside the fibre

Fibre-optic sensors have the capacity to use the high-performance light sources,
detectors, and fibres developed for the telecommunications industry [9] and the
technology used 1n optical discs [10,11] There are applications 1n fibre-optic sensing
using most devices developed for these industnies The ingenuity of the optoelectronics
engineer In using the available tools determines the advance of optical sensing
Currently there 1s the emergence of LEDs that emit white hight [12] and laser diodes
that emut blue hight [13] to fuel further optical sensor technology

This project 1s concerned with the use of intensity-based fibre-optic sensors Fibre-
optic nterferometers have also been the focus of much research in the optical
engineening area Coherent interferometry 1s capable of achieving high sensitivity 1n the
measurement of displacement [14] Fibre-optic versions of all the classical
interferometer arrangements using bulk optics have been developed and these reduce
complexity and cost In addition, the emergence of fibre-optics has allowed practical
interferometers to be used in situations outside of the laboratory In recent years, there
has been much research into the use of the interference patterns of white hght to
measure displacement with fibre-optic sensors [3,15,16] This method has many
advantages 1n measuring displacement — large range, high resolution, high accuracy,
absolute measurement of displacement and no over-stringent requirements 1n relation
to light sources other than that they are incoherent [17] Most importantly low
coherence interferometry can be implemented at lower cost than coherent
interferometry Low coherence interferometry can use either multimode or singlemode

fibres [18] and has found many interesting applications [19-21]

16



221 Intensity Based Fibre-Optic Sensors

Intensny-bas;ed fibre-optic displacement sensors were among the first implementations
of fibre-optic sensing They have also been used to measure other parameters such as
pressure, strain and vibration In intensity-based sensors, the parameter of interest
affects the intensity of the signal collected by the photodetector The intensity-based
sensor 1s simpler and cheaper to implement than coherent interferometry or low
coherence interferometry, but 1t 1s limited to highly reflective surfaces Although the
other two methods work best with reflective surfaces, their principle of operation 1s
not reliant on the reflectivity of the surface in question, being based on the wave nature
of hight In addition, the intensity-based sensor 1s sensitive to other disturbances that

affect intensity, and a referencing scheme may be necessary to reduce error

Bifurcated :
Photo- Fibre
detector Bundle
Reflective
Surface |
Light
Source

Displacement

Figure 2 13 Operating principle of fibre-optic bundle type sensor [24]

There are two basic set-ups for displacement measurement using intensity-based fibre-
optic sensots one uses a bifurcated fibre-optic bundle and the other uses arrangements
of single fibres A bifurcated bundle fibre-optic sensor identical to photoelectric switch
sensors [22] can measure displacement from a reflective surface if it has an analogue
output Shimamoto et al [23,24] and Hoogenboom et al [25] modelled the operation
of these bundle type displacement sensors for different distribution of sensing and
emutting fibres in the sensing head of the bundle and compared with expenment Figure
2 14 shows three examples of fibre distributions of sensing heads and figure 2 15

shows the response curves for each of the distributions

17



O llluminating Fiber
® Receiving Fiber

Semicircular Concentric
Circles

Figure 2 14 Typical fibre distribution configurations of bundle type sensors [25]

Thus type of sensors uses incoherent fibre bundles, 1 € the bundle does not convey an
image — the onentation of fibres at one end of the bundle 1s different to that at the
other Image carrying bundles such as those used in medical endoscopy are quite

expenstve Incoherent bundles are used to convey optical power alone

Random Concentric
12 Semicircular Circles

10

o8

06

Relative Cutput

04

02

0 002 004 006 c08 010 012
Gap (in)

Figure 2 15 Typical response curves for fibre distributions n figure 2 22 [25]

Using single fibres to deliver and collect light 1n a fibre-optic sensor uses the internal
reflection properties of optical fibres These sensors have very high sensitivity to
displacement with the disadvantage of close stand-off distance to the surface and short
ranges Some different arrangements of single-fibre displacement sensors are shown n

figure 2 16 As can be seen it 1s possible to measure longitudinal, lateral or angular
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displacement In this figure the same fibre emuts and receives light Figure 2 17 shows
an arrangement with separate fibres for émutting and receiving light This removes the
need for a fibre coupler to separate the signal travelling from the light source and to

the photodetector

Single Fibre «——  SingleFibre Single Fibre m

Murror Pivot
Mirror

Mirror

Figure 2 16 (a) Longitudinal Displacement (b) Lateral Displacement (c) Angular
Displacement [26]

Emitting Fibre

Light Source \

| Photo-Detector |_/

Recerving Fibre

Figure 2 17 Schematic diagram of basic fibre-optic displacement sensor

Figure 2 18 shows the displacement charactenistics of a single fibre sensor As can be
seen from the shape of the curve, areas I and III, erther side of the peak, are useful 1n
measurning displacement The side nearer the surface has a steeper slope and thus has
more sensitivity to displacement measurement The other side 1s less sensitive to
displacement but has a greater stand-off distance from the surface The response curve

1s at 1ts most linear at maximum sensitivity Area II 1s the peak of the curve and

exhubits the least sensitivity to displacement
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Figure 2 18 Displacement charactenstic of a single fibre displacement sensor

Powell [27] implemented a sensor that used plastic fibres with a diameter of 1mm
oriented at various incident angles to the surface as shown i figure 2 19 He claimed
that this sensor increased the sensitivity to displacement in comparison to then

available commercial sensors that used incoherent bundles such as those modelled by

Hoogenboom [25]

Illumenating
Fibre

Work Surface

Figure 2 19 Cross-sectional diagram of angled sensor developed by Powell [27]
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Figure 2 20 Schematic of a basic seven-fibre bundle [28]

Cook and Hamm [28] described the performance limuts of an optical fibre displacement
sensor with regard to displacement sensitivity, frequency response, displacement
detection limt, linear range, dynamic range and working distance They investigated
the hmits introduced by hight sources, detectors, electronic noise and fibres This
displacement sensor consisted of a seven-fibre bundle, shown in figure 2 20, with one
fibre carrying the nput signal from the light source and the six surrounding fibres
summing the reflected light

222 Referencing Intensity Based Fibre-Optic Sensors

The main disadvantage of intensity modulated sensors 1n this application 1s that factors
other than displacement affect the measurement Fluctuations in the light source will
introduce error, although intensity levels of LEDs are more stable than those of laser
diodes or incandescent light sources they are still be affected to an extent by thermal
dnft The effect of temperature on the performance of LEDs, laser diodes and
photodiodes and other electronic components s discussed in a later chapter Vanations
m losses due to fibre bending and losses due to couplers and connectors can also affect
readings Varnations 1n the reflectivity of a reflective surface affect the readings as will
a change in the angle of the surface These disadvantages introduce a certain level of

error, the set-up and calibration procedure need to account for this error There are
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many techniques used for referencing intensity based sensors and Murtaza and Senior
[29] provide a detailed overview of many of these methods. They conclude that the
effectiveness of the referencing can usually be related to the cost and design
complexity of the system - there is usually an increase in the number of components of

the sensor and the total cost of these components.

Implementing a reference channel to take additional measurements can help to account
for these errors. Initial light source intensity may be measured as a reference against
light source fluctuations. Measuring the light source intensity alone ignores all the
other factors mentioned above. Also measuring light source intensity may reduce the
light intensity of the sensing signal. Another cheap and simple referencing scheme is to
add a spatial reference such as that outlined by Cockshott and Pacaud [30] and shown
in figure 2.21. This form of referencing takes account of fibre losses in the emitting
fibre, varying surface reflectivity and light source variations. Libo et al. [31] have
shown how this type of sensor can compensate for fibre bending and light source
fluctuations, using He-Ne laser and white light lamp light sources. Difference over sum
processing [32] of these signals can be used for the final output; this ratio is shown in
figure 2.21. Difference over sum processing can also result in an irregular displacement

curve that is less suitable for use.

Photc>Detector B ~ R Receiving Fibre

Light Source E—
-1

Photo-Detector A ___________ r Receiving Fibre

Difference _ PA- PB
Sum PA+ PB

Figure 2.21 Spatially referenced fibre-optic sensor using difference over sum

processing

Distinguishing between two different signals can reference against fibre losses. This

can be achieved through separating the signals through wavelength or temporal
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referencing schemes Temporal referencing 1s accomplished through using two hight
sources which can be distinguished through temporal differences, 1e amplitude
modulation at different frequencies as n figure 2 22b or if each light source 1s pulsed
sequentially as in figure 2 22a In these cases, the signals are sensed by the same

photodetector keeping the same number of system components
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Figure 222 Temporal referencing (a) Time Division Multiplexing (b) Frequency
Division Multiplexing [29]

Referencing can also make use of the wavelength of hight by using either two light
sources emutting at different wavelengths or one source whose signal 1s split into two
signals of different wavelength at some stage of the sensor [33,34,35] Wavelength
division multiplexing (WDM) 1s illustrated 1n figure 2 23 Much research has been
carried out 1n this area for use in telecommunications and some 1n the area of fibre
optic sensors This system requires light sources of diffeing wavelengths and also a
multiplexer and demultiplexer, these conditions increase the cost of the sensor system
substantially Senior and Cusworth [33] also discuss simpler dual wavelength sensor
system and spectrally modulated systems systems which cause a shift in the central
wavelength of the output signal Semor et al [34] and Wang et al [35] developed
similar systems which use a reflective coating at the output end of the sensor which
selectively transmuts and reflects different wavelengths Figure 2 24 illustrates Wang’s

sensor Through using the signal reflected by the filter to reference the sensor against
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varations 1n light source fluctuation and fibre losses a resolution of 0 13 pum over a

range of 250 um was attained
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Figure 2 23 Wavelength Division Multiplexing system [33]
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Figure 2 24 Schematic of a loss-compensated sensor for displacement measurement

using split spectrum technique [35]

Measuring light source intensity directly effectively morutors the major cause of error
1n optical fibre sensor systems This may require optical signal tapping using fibre-optic
couplers increasing cost and optical power loss Measuring fight source intensity
allows laser diodes to be used in the place of more stable LEDs Some laser diodes are

packaged with integral photodiodes to measure light source intensity
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223 Applcations of Intensity Based Fibre-Optic Sensors

Many properties, such as vibration, stress, pressure can be inferred from the precision

measurement of displacement and have been measured using fibre-optic sensors

——
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Figure 2 25 Construction of an optical accelerometer [37]

Remo [36] measured vibration using a fibre-optic sensor system similar to figure 2 17
The high sensitivity to displacement allows accurate measurement of small amplitudes,
also, the high speed of response allows a wide frequency range Remo constructed two
sensor systems with differing hight sources, one made use of a laser diode the other an
LED Remo concluded that although the laser diode allows greater sensitivity with a
longer range that the LED version cost less and was more rugged — the LED version 1s
more suited to in the field and in situ applications Gerges et al [37] described an
accelerometer based on measuring the displacement of a weighted diaphragm as shown
in figure 225 This sensor was based on coherent interferometry but could be
implemented as an intensity-based sensor Marty et al [38] developed a fibre-optic

accelerometer using the movement of micromachined stlicon cantilevers

Wang and Valdivia-Hernandez [39] developed a sensor for inspecting shaft runout,
off-round error and eccentricity, for use in mechanical power transmission This sensor
used a spatial referencing scheme as shown 1n figure 2 17 to reference against surface

reflectivity and hight source variations A laser diode source allowed the sensor to have
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an adequate stand-off distance from the surface and also to receive an adequate
mtensity of light back from the surface They concluded that the sensor gave
acceptable results, was cost-effective and could be used for dynamic and automatic

quality control

Fibre-optic sensors have been used with nanotechnological instruments [23-24,28]
such as optical force microscopes, frrction force microscopes, and nanoindentation
These applications require non-contact measurement of probe displacement at
nanometer order precision Shimamoto and Tanaka [24] present an analysts of dnft in
optical fibre bundle sensors and demonstrate a carrter amplifier system that
significantly reduces dnft, in particular thermal dnft They also present a geometrical

analysis of fibre bundle sensors [23]

T é_‘,_._-caplllaly Tube

Optical fibre — i

Figure 2 26 Construction of a pressure sensor head to measure differential pressure
[35]

It 1s well known that pressure can be converted into displacement using a Bourdon
gauge and diaphragm methods [40] Many fibre-optic sensors have been proposed to
measure pressure at hugh resolution using these principles [35,41-45] Figure 2 26
shows the schematic diagram of a differential pressure sensor utilising the displacement

of a diaphragm Wang et al [35] claimed a resolution of 450 Pa over a range from 0-
0 8 MPa
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Libo et al [42] describe a differential pressure sensor based on corrugated pipes and a
rotating reflector as shown in figure 227 A linear relationshup between differential
pressure and the logarithm of the ratio of the output intensities 1s claimed The sensor
also compensates for intensity vanations, fibre bending losses and thermal expansion in

the corrugated pipes
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Figure 2 27 Diagram of automatically compensated differential pressure sensor [42]

Fibre-optic sensors can be integrated with silicon micro-machining [26] to provide
mechansical assembhes for sensors based on these principles among others This
interesting area has lead to low cost sensors for many nstrumentation applications
especially in the area of biomedical sensors Thus 1s especially true where small size 1s
required i combination with high performance Silicon micromachining exploits the
optical and mechanical and even the semiconductor properties of stlicon Silicon
micromachining 1s based on the techmques for manufacturing integrated circuits The
major difference 1s that while in microelectronics the critical dimensions of a device
may be below 0 25 pm - for sensors the critical dimensions may range from 10~1000
um [46] Also there 1s no need for expensive clean rooms — consequently micro-
mechanical and mucro-optical sensors are relatively inexpensive Dorey and Bradley

[47] provide an overview of the development of these “mechatronic” systems
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Tohyama et al [44] and Strandman et al [45] have developed pressure sensors for
biomedical purposes that are based on micromachining These sensors measure the
pressure in the catheter balloon used to dilate the coronary artery for treatment of
heart disease As these sensors are based on silicon micromachining they are suitable
for mass production, in the case of Strandman et al 10,000 umits per year are
produced For this application, the small size of the sensor head 1s cnitical - Tohyama et
al developed a sensor head with dimensions of 350 um x 350 pm x 350 pum as against
dimensions of 55 um x 76 um x 1240 um for Strandman’s sensor The price of
micromechanical pressure sensors has decreased sufficiently to allow these devices to

be used disposably [48]

2 2 4 Fibre-Optic Photoelectric Sensing [22, 49-54]

Industnally photoelectric sensing is the most common application of fibre-optic sensing
[49] Photoelectric sensors are electrical devices that respond to a change n the hght
intensity falling on the photodetector They detect the presence of an object or of the
edge of an object Photoelectric sensing can be used with light source/detector, control
electronics and lens encapsulated in the one package [52] but the use of fibre-optics
can have advantages The use of fibre-optics allows a photoelectric sensor’s electromc
controls to be remotely positioned from a hostile sensing environment Where space 1s

limuted, a bulky sensing head may not fit into the space that fibre-optics can

There are three basic sensing modes for these sensors opposed, retroreflective and
diffuse [52] These are shown 1n figure 2 28 All of these modes can be implemented
without lenses but the addition of a lens extends the range of the sensor Typically, a
photoelectric sensor uses a fibre bundle rather than telecommunications type optical
fibre This 1s because a single optical fibre collects a relatively smatl percentage of the
light emutted from a single Light Emutting Diode (LED) In addition, if a single fibre
fails for any reason, e g the end-face 1sn’t polished properly or 1s covered in dirt the
sensor fails Telecommunications type fibres are less robust than the fibres used n
incoherent fibre bundles A bundle can tolerate the failure of a substantial number of
fibres before the sensor stops working It 1s easter to position a bundle to collect hght

than 1t 15 to position a single fibre Bundles come in two types coherent and
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incoherent Coherent bundles consist of fibres that are arranged carefully and transmit
an mmage This type of bundle 1s manly used in medical instruments such as the
endoscope Coherent bundles are quite expensive Most applications in industry use
incoherent bundles, as illustrated in figure 2 14 Fibres are arranged randomly in

incoherent bundles resulting 1n a much lower cost

Photo- Photo-
LED LED detector LED detector
Emutting Fibre
Bundle Bifurcated
Fibre
Lens & Bundle Bifurcated
Object =] ens Fibre Bundle
= 1
: ' Lens = Object
)
Lens ; <«— | Object :
Receiving ; | —
Fibre MYV
Bundle Retroreflector
Photodetector

Figure 2 28 (a) Opposed mode sensing (b) Retroreflective mode sensing (c) Diffuse

mode sensing

In opposed mode sensing the emutter and the receiver are positioned opposite each
other and the signal vanes as an object breaks the beam In retroreflective mode
sensing the sensing head contains a bifurcated fibre bundle, a bundle that contains both
emutting fibres and receiving fibres as shown 1n figure 2 28b Light reflects off a target,
such as a murror but in most cases a retroreflector, a target made up of many angled
cubes A retroreflector 1s less susceptible than a murror to positioning problems In
common with opposed mode sensing the sensor recognises whether an object breaks
the beam In diffuse sensing, the presence of an object 1s detected by reflection off the
object 1tself This type of sensing works best for reflective objects such as the pins of
an mtegrated circut Diffuse mode sensing 1s unreliable for detecting objects of

vanable reflectivity

In the figure above, 1t appears that the emutted light travels 1n a straight line, 1n fact, the

light diverges and these hines represent the effective beam width In diffuse sensing
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there can be an advantage in focusing the light to a spot. This will increase the
scanning length, objects outside the depth of field affect the sensor less and smaller
objects may be sensed. The depth of field is the distance either side of focus at which
an object can be detected. Thus the depth of field varies with the size of an object (in
the limit where an object is smaller than the spot size at the focus) and the object’s
reflectivity. Photoelectric sensing is concerned with the detection of an object or the
location of the edge of that object. Convergent sensors, as illustrated in figure 2.29,
can detect curved objects such as bottles better than other types. Convergent sensors
are often used for edge detection as they offer higher resolution in the detection of
edges. Focusing light to a spot increases problems with positioning and vibration. If
the object vibrates it may move in and out of the depth of field and the object will be
counted twice. Positioning is more highly critical in convergent sensors and thus more

expertise is required in installation.

Figure 2.29 Convergent Mode Sensing

In photoelectric sensing the transition between the sensor receiving light and not
receiving light causes the output to switch on or off. All photoelectric sensors work
best when there is a contrast between the light and dark condition. The light condition
is the position where the photodetector is receiving light i.e. for opposed and
retroreflective sensing the absence of an object, for diffuse sensing the presence of an
object. The dark condition is the position where the photo detector is receiving a lower
intensity of light than the light condition. The transition between dark and light
condition determines whether the output of the sensor is either on or off at a given
time. The speed of response is time taken for the sensor to switch from one condition
to another. To make sure that the sensor isn’t triggered falsely it is wise for delay logic

to be employed between the light and dark condition or vice versa [54].



CHAPTER THREE .

3 Surface Roughness Measurement

With the increased importance of quality control and micromachiming of precision parts
in the engmeenng industry, there 1s a need for on-line measurement of surface
roughness Measuring surface roughness between 001 and 1 um 1s of particular
importance for online mspection of optical surfaces, rolled alummmum film, precision-
machined parts and substrates for hard disks The traditional method for measunng
surface roughness in this range is the contact stylus method but optical methods can
have many advantages over this method including the hugh speed needed in quality
control Optical methods due to their non-contact nature can perform measurements of

surface roughness very quickly, often while the sample 1s in motion

The standard method of measuring surface roughness is through stylus techmques
Statistical techniques are apphed to a displacement profile to calculate the surface
roughness, surface slope or surface spatial frequency Surface roughness 1s treated as a
point quantity by using hight scattering techniques, while stylus techruques, both optical
and mechanical, take a profile and apply statistics to calculate surface roughness
Fibre-optics offer many advantages in the measurement of surface roughness The

most important of these is the prospect of huigh-speed on-line measurement

3 1 Surface Roughness Parameters

This section defines the vanous parameters that are of importance in the measurement
of surface texture and surface roughness Bennett and Mattson [55] give the following
description of surface roughness — “Roughness 1s a measure of the topographic rehef
of a surface Examples of surface relief include polishing marks on optical surfaces,
machining marks on machined surfaces, grains of magnetic material on memory disks,
undulations on silicon wafers, or marks left by rollers on sheet stock ” It 1s important
to note that surface metrology 1s as much concerned with the nature of a surface and
its use as 1t 1s with the practical aspects of measurement In application, R, tends to be

used by optical engineers and physicists, R, tends to be used by mechamcal engineers
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for use with turned or rolled surfaces, and R, tends to be used by mechanical engineers

for use with precision ground surfaces Whéfe elimination of scratches 1s important

Traditionally surface roughness has been calculated from a statistical analysis of a
surface profile such as that shown 1n figure 3 1 below The profile 1s measured along a
line of length, |, with n-discrete, equally spaced, points lying along the surface profile
Height vanations are shown 1n the z plane The mean surface level 1s a hine defined by
the following equation such that equal amounts of the surface lie above and below the

line

i|z,|:o 31
1

Average roughness, Ra, 1s defined as the anthmetical mean deviation of the profile or

as the following

Ra= % [LlzCope 32

or approximately,

1 n
= 33
Ra n;|z,|

Average roughness 1s generally used to describe the roughness of machined surfaces
while root-mean-square (RMS) roughness, Rq, 1s used to describe the roughness of
optical surfaces RMS roughness 1s defined as the square root of the mean values of
the squares of the distances z, of the points from the mean surface level Expressed in

equation form this 1s

Rq= lsz 34

Figure 3 1 shows the surface roughness of a diamond turned aluminium surface with
347 nm RMS surface roughness [55] As will be explained later because of the
machinng process this surface profile shows a definite pattern There are two obvious
penodicties 1n this pattern the first 1s caused by the grooves cut by the diamond tool

and the second caused by the periodic error of the machine
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Figure 3.1 A surface roughness profile [55].

RMS and average roughness work best for near sinusoidal surfaces but work poorly
for surfaces composed of long flat sections interrupted by sudden jumps. The
roughness profile of ground surfaces normally consists of many jagged peaks and deep
pits. Thus it is useful to use the ten-point height; Rz. Rz is defined as the average
height difference between the five highest peaks and the five lowest valleys within the
sampling length. Figure 3.2 describes these peaks and valleys and the following

equation describes Rz mathematically:

fc — P1+ Zp3 + ZpA 2p5)~ (Zvl + Zv2 + Zv3 + Zv4 Zv5) non
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R, and R, are dependent on height alone and as shown 1n figure 3 3 two quite different
surfaces may have the same statistical value for roughness Also R, is hughly dependent
on the length of the profile - a longer profile will have a larger value for R, Thus
measurement of a roughness level alone 1s not adequate to describe a surface RMS
slope, m, can be defined as the square root of the mean of the squares of the slopes
Each slope, m,, 1s the height difference between adjacent points divided by the data

sampling interval, T, Expressed in mathematical form thss 1s

m= "lim,z for RMS slope 36
=

m= —’I;Z::Im,] for average slope 37

also

where

m' = (zH-l _zr) 3 8

%o

Figure 3 3 Surfaces of the same average roughness that are quite different [57]

Although surface slope values should be dimensionless, they are sometimes quoted m
units of angstroms per micrometre or nanometres per micrometre Alternatively RMS
slope can also be expressed as an angle using tan(slope angle, ot)=>m There are a
number of difficulties with measurement of surface slope Firstly 1t 1s highly dependent
on instrumental noise because the height difference can be small Secondly it 1s highly
dependent on the separation of data ponts used Thirdly the amount of averaging of
surface area for each data point affects the measurement, 1 e the area of the stylus tip,

or spot size of an optical profiler Thus the measurement of surface slope 1s highly

-
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dependent on the particular instrument used and different instruments can give widely

diffening values for surface slope

Surface Profile Waviness Profile

Figure 3 4 Tllustration of waviness

Waviness 1s the general shape of the surface profile at a lower spatial resolution than
the ongunal profile measured— it shows the overall trend of the surface profile Figure

3 4 above shows how the waviness profile relates to the onginal surface profile

Machined surfaces are mherently different than random wear surfaces in that the
surface defects tend to be formed in a regular or periodic manner A simple example of
this 1s a metal disc produced by a lathe-turming process The predominant pattern

direction on a surface 1s known as the “Lay”
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Figure 3 5 The Power Spectral Density function reveals surface spatial frequency {54]
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Surface spatial frequency i1s a measure of the penodicity of a surface profile A
perfectly sinusoidal surface of a penod, T, has a umique spatial frequency, f, that 1s
equal to the inverse of T Surfaces are generally not pure sinusoids and because of this
the power spectral density function 1s used to extract spatial frequency information
from a surface profile The power spectral density function has been used for many
years 1n different engineering applications It can transform a surface profile from the
displacement domain to the spatial frequency domain [55] Thus 1s accomphished by
Fourer analysis and random signal theory [57] — details of which are beyond the scope
of this dissertation Figure 3 5 shows the Power Spectral Density Function (PSDF) of
the roughness profile shown 1n figure 3 1 The curve shows definite peaks at a few
spatial frequencies indicating the periodic nature of the surface m question that were

caused for the reasons noted previously
3 2 Contact and Non-Contact Profilometers

Traditionally the diamond stylus profilometer has been the most widely accepted
instrument for measurement of surface roughness 1n engineening The stylus touches
the surface and either the surface or the stylus 1s translated relative to each other The
vertical movement of the stylus 1s converted into an electrical signal that 1s then
amplified to give a DC output The profile 1s generally plotted by a chart recorder and
the vanous different surface parameters including roughness can be calculated The
vertical resolution of the stylus depends mainly on the level of ambient vibration and

electrical noise in the amplifier [58]

Interferometry has been used to generate a surface profile for measurement of surface
parameters [60-64] These generally use focussed laser illumination that allows a
lateral resolution of the order of magmtude of the wavelength of hight Coherent
interferometry can have a vertical resolution of the order of nanometres [60] but the
range may be hmited Optical profilometers have been developed as fibre-optic sensors
[63-65]

Optical disk technology has also been used to profile surfaces Brodmann [66]

developed an instrument that tracked the autofocus mechamsm of a CD player A spot
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diameter of 1-2 pm with a vertical precision of 1 nm over a range of £10 pm was
achieved The development of the blue laser would allow the spot diameter to be
reduced [13]

Whitehouse [58] states that optical techmques were developed to help the biologist or
metallurgist rather than engineers for whom the stylus was developed There are
advantages and disadvantages in considering either the stylus techmque or an optical
techmque [66-68] For example a stylus needs to touch the surface and in so doing
may damage the surface or be damaged itself by the surface Conversely, m making
contact with the surface the stylus may scrape away dirt that would invahdate the
readings of an optical stylus In addition, it 1s possible to measure nano-hardness and
friction by using a contact stylus [S8] For our considerations, the main disadvantage
of the stylus 1s that 1t 1s an offline measurement and that optical methods are capable of

quicker measurement online

Stout [69] states that stylus instruments are prone to error because they sample along a
plane and that a technique that yields area analysis 1s likely to be more significant The
three dimensional measurement of surface features has been identified as an area of
interest [70] as this method recognises the directionality of the surface This study [70]
was developed through using the contact stylus The use of optical techmques for
three-dimensional surface mapping has also been an area of activity [71] and 1s much

quicker than the stylus method

33 Laght Scattering Surface Roughness Measurement

Light scattering surface roughness measurement 1s concerned with the transition in
roughness between highly smooth surfaces that scatter no hight diffusely and less
smooth surfaces that scatter some light diffusely Figure 3 6 shows the difference
between a surface that reflects specularly such as a murror and diffusely such as a white

page Perfect diffuse reflection reflects hight equally 1n all directions

Light scattering techniques for surface roughness measurement measure scatter from

the area of incidence of the incident beam 1n this way, they differ from profilometers
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that sample along a hne Surface roughness

incident area

1s treated as a point quantity over the
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Figure 3 6 Specularly and diffusely reflecting surfaces

331 Light Scattering

The smoothness of a surface 1s determined

specularly, in thuis way a surface can be con

through whether the surface reflects

sidered smooth or rough for different

wavelengths of electromagnetic radiation as will be seen Reflection from a surface

depends on the wavelength and incident angle
of the surface
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The electrical properties of the surface can be considered material constants. It is
possible to infer some of these surface features from the light scattering characteristics

of the surface. Equation 3.9, Beckmann & Spizzichino [72], describes the scattering of

electromagnetic radiation from a random rough surface:

2
) f4nRgcos 6 7 I

1 * .J lo

where Is is the specular reflectance, 10 is the total reflectance, 0 is the incident angle,
Rq is the RMS surface roughness and X is the optical wavelength. This equation
assumes a Gaussian distribution of roughness. To estimate roughness from this
equation the scattering ratio Is/I0 must be above 0.6. This equation describes how in
the transition from a mirror like surface to a rougher surface the fraction of light

intensity that is transmitted specularly and how incident angle, surface roughness and

wavelength affect this reflectivity
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Figure 3.7 Scattering ratio against Rg/X for incident angle of 20° [74].

Equation 3.9 was investigated experimentally by Hensler [73] and Depew et al. [74]

for reflection of light off rough surfaces. Figure 3.7 illustrates equation 3.9 for an



incident angle of 20° and expenmental results obtained by Depew For Ig/I, less than
0 6 1t 1s clear that the scattering characteristics do not agree with equation 3 9 Thus 1s
because at these roughness levels specular reflection 1s affected by surface spatial
frequency and diffraction effects {70] In this region, the angular distmbution of
reflected light 1s most important
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Figure 3 8 (a) Schematic diagram of experimental apparatus Hensler [73] used to

measure angular dependence of specular reflectivity and (b) resulting graph
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Figure 39 (a) Schematic diagram of expenimental apparatus Hensler [73] used to

measure wavelength dependence of specular reflectivity and (b) resulting graph
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Hensler investigated the angular dependence of reflectivity using the apparatus shown
mn figure 3 8a The incident angle was vaned for a sample and the vanation of the
scattering ratio was observed to change as in figure 3 8b He also investigated the
wavelength dependence of scatter by varying the wavelength of light emitted from the
monochromator as shown 1n figure 3 9a Figure 3 9b shows the dependence of the

scattering ratio on wavelength

332 Total Integrated Scattering and Angle Resolved Scattering Methods

Total integrated scattening (TIS) 1s illustrated 1n figure 3 10 A beam 1s incident on a
surface and two components of the reflection are measured Firstly the specular
component, o, 1s measured and secondly the scattered portion, I,, 1s measured The
light scatters off the sample and 1s then directed towards a detector by the integrating
sphere TIS 1s defined by the ratio of the scattered hight collected to the specular

reflection
7IS = & 310
1,
thus from equation 3 9 [75]
TIS ~ (47R  cosB/ 2) 311
Sample

Integrating Sphere

Specularly

I, Reflected

Beam

Incident Detector
Beam

Figure 3 10 Schematic diagram of TIS Scatterometer
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TIS measures total scatter and specular reflection rather than just specular reflection in
isolation. In figure 3.10 an integrating sphere is used to direct the scattered light onto a
detector. The other detector measures the intensity of the specularly reflected beam.
TIS allows fast and repeatable measurements of light scattering; only two
measurements are made which with simple electronic circuitry can be used to give Rq.
TIS gives repeatable readings as fluctuation of the laser source affects both the
scattered and specular reflected components of the ratio. The use of a high power laser
source in conjunction with a highly sensitive detector such as a photomultiplier or an
avalanche photodiode allows extremely small amounts of scattered light to be

measured accurately.

Scatter from the smooth surface specimens tends to be close to the specular direction.
This means to collect scatter an accurate set-up is necessary to prevent the specular
beam from reaching the scattered light detector. This stipulation prevents TIS from
being used outside the laboratory. Also when used with a HeNe laser operating at a
wavelength of 633 nm the range of TIS only extends to around 100 nm. This limits

TIS to measurement of very smooth surfaces.

Figure 3.11 Schematic diagram of ARS scatterometer.

In angle resolved scattering (ARS) measurement many detectors are used to collect

scatter at multiple angles, because of this more spatial information is gained about the
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surface than 1n TIS As the roughness of a surface nises to the order of the wavelength
of Light the spatial frequencies of the surface can give nse to diffraction effects As
ARS measures 1n many directions, 1t can be used to measure surface spatial frequency
Alignment 1s no longer a problem as the direction of the specular beam can be
measured in turn giving information about the form of the specimen Marx and
Vorburger [76] describe an ARS system and conclude that surface’ roughness can be
esttimated where the surface 1s smooth enough to provide a discermible specular peak
They also concluded that ARS mught be a better indicator of surface slope than RMS

surface roughness

Figure 3 12 Geometry defining the parameters used in BRDF

ARS also has many more components and 1s more expensive than TIS It collects more
information that can be analysed to give more information about the specimen 1n
question This information can be extracted using the Bidirectional Reflectance
Distribution Function (BRDF) [57], which 1s dertved from vector scattering theory
BRDF 1s the scattered surface radiance divided by the surface irradiance Surface

irradiance 18 the light flux (Watts) incident on the surface, Po, per unit luminated
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surface area Scattered surface radiance 1s the light scattered, P, through solid angle €2,

per unit illuminated surface area per unit projected sohd angle Thus, BRDF becomes

_ differentialradiance . 1 dP, = 1 P, 312

" differentral irradiance P,cosf, dQ, B P,cos8, Q,

BRDF

BDREF 1s measured at many scattering angles, 0, for each detector and a graph plotted
that shows the angular distmbution of scatter Analysis of this graph can give an

indication of surface texture parameters [57]

ARS and TIS have been used to detect surface defects on silicon wafers in the
semiconductor industry [77-80] and for inspecting computer disks [81] In conjunction
with lgh-speed laser scanning, they provide a quick non-contact form of inspection
for contammation and other defects at an early stage of semiconductor manufacture,
thus improving fabrication yield TIS 1s generally used for bare silicon wafers and ARS
for patterned wafers Defects in these applications consist of contamination, scratches,
pits and polishing defects Hard disk substrates require a certain amount of roughness
as controlled texturing promotes adhesion of the magnetic layer that stores data In
these applications light scattered due to the surface roughness of the sample 1s
considered background noise Work 1n this area has focused on reducing the mmmum

size for defect detection

333 On-hne and Fibre-Optic Methods of Surface Roughness Measurement

Much work has been done in the field of measurning surface roughness through
measurement of light scattering Most of this applies to measuring the roughness of
highly smooth surfaces such as optical parts using ARS and TIS, and has been in the
field of bulk optics The bulk optic configurations of ARS and TIS are mainly

unsuitable for on-line use using fibre-optics

Any on-line commercial sensor needs to be simpler than these methods figure 3 13
shows the three methods that suit on-line use specular reflectance, specular and

diffuse reflectance and angular reflectance Specular reflectance was the first method
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to be implemented using fibre optics, a single fibre emits and another detects hght, but
1t has drawbacks - a single measurement 1s unsuited to measure a property as complex
as surface finish, also sensitivity to displacement can affect measurement Measuring
diffuse scatter as well as specular reflectance references the sensor against hght source
fluctuations as noted above for displacement sensors It 1s possible to estimate
displacement, 1in addition, the scattering ratio 1s measured more accurately The
ntensity profile can be measured using a photodiode array or an array of fibres This
method 1s an adaptation of ARS that has been implemented for online sensing Many of
the latter group of sensors attempt to extend the surface roughness range beyond that

dictated by equation 3 9

Intensity
Distribution

Incident Sensor Sensors Photodiode
1ght ‘\? & Array

Specular

reflection

Daffuse
scatter

Figure 3 13 (a) Specular reflectance (b) Specular and diffuse reflectance (c) Angular

reflectance

Cielo [82] includes light scattering measurement of surface roughness 1n his study of
optical inspection techmques Grffiths et al [83] review light scattering methods with
regard to engineering surfaces and the possibility of their use in on-line applications
Mitsui [84] includes a fibre-optic sensor using the light scattering technique 1n a review

of in-process sensors for surface roughness

The Institute of Physics at the Technical University of Warsaw under Domanski [85-
89] has developed many different types of fibre-optic surface roughness sensors
Domansk: et al [85] developed a fibre-optic sensor which is illustrated in figure 3 14

Two 50 pm core multimode fibres are positioned at a 45° angle to the surface The
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measuring head 1s placed on or above the sample at a vertical distance of 1 mm The
results of these expeniments were not directly related to surface roughness, but were
compared to RMS surface slope, m, and length correlation, A, Length correlation 1s
defined by the following equation

A=2mR/m 313

This expression relates RMS surface roughness to RMS slope The results of this
experiment showed a strong correlation between both surface slope and length
correlation This dependency on surface slope 1s caused by the restricted aperture
leading from the fact a smaller surface area reflects ight, as against lensed or bundled
fibre-optic sensors These sensors average reflection over a larger surface area
Reflection from a smaller surface area 1s more sensttive to vanation due to high spatial
frequencies, edge effects and shadows This sensor had the advantage of simple
construction and operation Near 1dentical orientation for any sample could be attained

by placing the housing on the sample

LED Detector

Housing \

N

id=lmm

Rough
Surface

Figure 3 14 Schematic diagram of Domanski et al ’s [85] fibre-optic surface roughness

sensor

Domanski et al [86] developed a lensed fibre-optic sensor as illustrated in figure 3 15

A fibre emuts a cone of hight that reflects from a surface and 1s focused by a lens into a
recewving fibre This paper [86] noted the construction of the sensor without presenting
any results Dowden et al [90] descnbe the construction of an optoelectronic sensor
for measuning the reflectivity of optical surfaces This sensor consists of an LED

whose output beam 1s collimated and collection optics that focus reflected light onto a
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large-area photodiode. This sensor did not measure surface roughness but is of interest

as an optoelectronic surface measurement instrument.

Figure 3.15 Schematic diagram ofDomanski et al.’s [86] fibre-optic surface roughness

sensor.

Domanski et al. [87] used a fibre-optic bundle type sensor to measure surface
roughness. This sensor was similar in construction to those used in photoelectric [48-
53] and displacement sensing [23-25]. A trifurcated bundle delivers light from two
LEDs of differing wavelengths, 0.66 [im and 0.93 |im. Backscattered light is collected
by the bundle and its intensity measured by a large-area photodiode. This bundle is
oriented at normal incidence to the surface. This bundle type sensor is more robust
than single fibre version; thus it is more suited to online use. Also the comparison of
two different signals helps reference the sensor against errors - in this case
displacement, in the form of vibration, is one of those errors. This sensor claimed to
measure RMS surface roughness in a range from 0.5 jim to 30 jim at a displacement
from the sample of around 3 cm, thus it is highly suitable for online use. Perhaps
reflection from a larger surface area provides a more reliable measure of surface

roughness.
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Figure 3 16 Block Diagram of Domanski et al ’s [87] bundle-type surface roughness

sensor

Domanski et al [88-89] developed a further polansation-based fibre-optic sensor This
sensor used the depolanisation of reflected light from a rough surface as the basis of the
sensor A smooth surface will preserve the polansation of mcident light while a rough
surface changes the state of polanisation Collins [91] describes a commercial sensor
that operated on a similar principle This sensor used the change of polarisation of
reflected light to teach subtle differences in reflectivity using fuzzy logic Thus sensor
was designed to operate as a photoelectric sensor detecting the transition from two

different surfaces, e g for an envelope — the transition from paper to glue

Mosleht descnbes two interesting fibre-optic sensors [92-93] for online use n
semiconductor manufacture that involve measuring surface roughness The first [92]
measured surface roughness, 1n addition to film thickness and spectral emissivity As
illustrated 1n figure 3 17 optical power from a 1 3 um laser 1s collimated and 1s incident
on the surface of the semiconductor wafer at normal incidence The onginal laser

power, scattered reflected power, specularly reflected power, scattered transmtted
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power and specularly transmutted power are used to calculate the parameters of
mterest Silicon ts partially transparent to 1 3 pum wavelengths and it 1s a requirement
of the sensor that both sides of the silicon wafer are polished Moslehi used the ratio of
scattered reflected power to total reflected power, 1e TIS, to indicate surface

roughness

Scattered Reflected Optical Fibres
Beam Detector

1

Laser Power
Detector

Specularly
Reflected
- Beam Detector

SemiconductorWafer

- |

Specularly
Transmitted
Beam Detector

Scattered /
Transmitted

Beam Detector

Figure 3 17 Schematic diagram of Moslehr’s [92] surface roughness sensor

Thermal expansion causes a corresponding change in surface roughness - Mosleh
describes a sensor that uses this vamation to measure temperature online n
semiconductor manufacturing [93] Figure 3 18 shows the components of ths
temperature sensor, two lasers of differing wavelengths are coupled into the same

fibre This fibre leads to a termiation where the output light 1s collimated at normal

49




inctdence to the wafgr surface The colimator lens collects any light that reflects
specularly A wavelength demultiplexer separates the two wavelength components of
the reflected signal and their output powers are measured The surface roughness is
measured through ratio of specular reflectance of the sample, R,, to the specular
reflectance of a polished surface, R, Mosleht calculated RMS surface roughness by
substituting R, as I, and R, as L, into equation 3 9

Detector

Laser- 4, ‘ —d Detector

A+ Ao +A Wavekngth
—>, Multsploxer \1 th R +/ Demultiplezer | 42 5
Laser- 2, \ Detector
.\ Fbre-optc
Coupler

Detector
LERE $

Optical Fibre Leps

¥ 0 +lg®

Semiconductor
Wafer

Figure 3 18 Schematic diagram of Moslehi’s [93] temperature sensor

Mosleh used the following equation to represent the change 1n surface roughness due

to thermal expansion

R, =Ro[ 1+0(T-To)] 3 14

where o 1s the coefficient of thermal expansion, T s the wafer temperature, T, ts room
temperature and Rg, 1s RMS surface roughness at room temperature This equation 1s
fulfilled for each of the hight sources resulting in two simultaneous equations in R, and
T Moslehi chose lasers enutting at 820 nm and 850 nm, wavelengths at which silicon
wafer ts opaque

Fawcett and Keltie [94] mvestigated the use of Cook and Hamm’s [27] fibre-optic

displacement sensor as a surface fimsh sensor Figure 2 20 shows the construction of
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this sensor, an emitting fibre 1s surrounded by six receiving fibres and 1s onented at
normal incidence to the surface The displacement charactenstic curve was evaluated
for a number of mickel-plated samples of differing surface roughness and differing
surface fimsh, gninding, milling, lapping, etc Peak voltages and sensitivities (to
displacement) were evaluated This study made no attempt to measure surface
roughness, but was intended for use in monitoring tool wear and its effect on surface

reflectivity

Gardner and Streight [95] presented an optoelectromc surface roughness sensor that
used measurements of both specular and diffuse reflection for onhine use Figure 3 19
shows an LED that emits a beam of light such that light reflects specularly to one of
four photodiodes The other four photodiodes are arranged to collect diffuse
reflection, with one photodiode arranged to collect light outside the plane of reflection

The ratio of the sum of the intensities of the diffuse signals to the specular signal 1s
used as the basis of an estimation of the surface roughness It was noted that the gauge
1s sensitive to the onentation of the lay Dapeng et al [96] developed a fibre-optic

sensor that operated 1n a stmular manner

/

PIN
LED Photodiodes

7).

A

VAL L eIy

Rough Surface

Figure 3 19 Illustration of an embodiment of Gardner et al ’s [95] sensor head (a)

Section View (b) Bottom View

Measurement of the angular profile of reflection from a surface using a linear CCD
array or a photodiode array has been used as the basis of a number of sensors [97-

105] Measurement of angular profile has the advantage of variability of the orientation
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of the sample, 1t 1s even possible to use samples with curved surfaces Measurement of

the profile allows rougher surfaces that scatter more diffusely to be considered
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Figure 3 20 Schematic diagram of an embodiment of Dandliker et al ’s [97] surface

roughness sensor

Dandliker et al [97] patented a surface roughness sensor that used the intensity profile
of scattering from a rough surface as the measurement principle A collimated Light
source 1s incident on a surface and the reflected profile could be measured 1n a number
of ways For example, figure 3 20 illustrates the translation of a single photodiode
through the profile, the use of an array of photodiodes or a television camera was also
suggested Roughness was estimated using the half-width of the scattering profile, S,
as 1illustrated above The half width 1s the distance along the profile for which the
intensity 1s above a certain fraction, 1 e half, of the peak intensity, Iyax This sensor
was designed for use in the measurement of paper glossiness, as a measure of how

diffusely paper reflects

Thurn and Gast [98] patented an optoelectronic sensor that used the angular
distribution of scatter to evaluate surface roughness In figure 3 21 a colhmated
mnfrared LED 1s incident at normal incidence to a sample The collection optics convey
scattered light to a photodiode array, preserving the angular profile, resulting in an
intensity graph

The operation and performance of this sensor was analysed a number of times [99-

101] The intensity graph was interpreted differently than by Dandhker et al | a new
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parameter, Sy, was proposed as a measure of surface roughness Sy 1s defined by the

\

following equation
n _ 2
Sy =KD (1-1) p, 315
1=1
where, K 1s a constant, 1 1s the diode number, 1 is the mean diode number ascertained
using the intensity values and p, 1s the normalised intensity at the s diode Ths
parameter 1s affected by both the angular distribution of scatter and its intensity, it

gives higher values of Sy at hugher roughness
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Figure 3 21 Set-up of Thurn and Gast’s scattered light sensor

The sensor measured roughness in the range 0005 pum to 2 um R, with highest
sensittvity and hineanty in the range 0 02 pmto 0 S pm R, A configuration using a 20-

element photodiode array and 20-bit data acquisition achieved a measurement time of
around 40 ms Brodmann et al [99], through experiment with roughness comparison
standards from different companues, noted the sensitivity of this sensor to both surface

roughness and surface spatial frequency
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Figure 3.22 Schematic diagram of Valliant et al.’s [102] commercial surface roughness

sensor.

Valliant and Goebel [102] patented the sensor illustrated in figure 3.22 that used a 35-
element photodiode array, for measurement of scatter around the specular peak, and
two single element photodiodes, for measurement of diffuse scatter. A visible laser
diode (670 nm) emits a laser beam from the bottom of the gage illuminating the surface
beneath it. This laser was selected to achieve a less stringent laser safety rating. An
algorithm for evaluating R* is detailed that normalises all scatter values with regard to
the angle and intensity of the specular reflection, then summarising normalised scatter
values and taking the square root. Thereafter the application of a calibration equation
gives the Ra value. This sensor is available as a commercial sensor that performs 10

measurements per second, and claims a range of 0.0005 to 1 \im Ra roughness with

accuracy of £2%.

CCD cameras were used by Luk et al. [103] and by Yanagi et al. [104] to measure
surface scattering. Similarly to Valliant et al. Yanagi viewed the scattering profile of
the light scattering. Yanagi used a CCD camera with a polarisation filter to enhance
the contrast of the measurement to scattering. Luk used a collimated light source but
did not orient the camera to measure specular reflection - he oriented the light source
at a grazing angle to the sample and the CCD camera at a normal incidence to the

surface. In this way he measured diffuse scattering alone. He used a histogram of the
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intensity values of each puxel of the array to indicate roughness For smooth surfaces
he noted most pixels were at lower light intensities, for rougher surfaces higher

intensities were noted with a less pixels at these intensities as shown 1n figure 3 23

below
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Figure 3 23 Grey-level histograms of the image pattern of reflected light from tool

steel specimens, [103]

Luk then used the ratio of the standard deviation to the root mean square height of the
histogram as an indicator of surface roughness The effect of grazing angles and
illumination distance was evaluated and the system was optimised to achieve a range of
between 0 1 to 1 pm Different sample materials were examined and tool steel was

seen to behave quite differently to brass and copper samples
Geary et al [105] developed a fibre-optic scatterometer that was a direct application

of ARS This included information on arranging a linear array of fibres to a linear array

detector The BDRF was evaluated and roughness measured accordingly
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CHAPTER FOUR

4 Design of Sensor for the Measurement of Surface Roughness and Defects

This project is concerned with developing a fibre optic sensor for measurement of
surface properties. This chapter serves to illustrate the principle of operation of this
sensor and to optimise the sensor’s design with regard to measurement of surface

roughness and defects.

Both sensor systems use the same equipment but various components and the data
acquisition and analysis may differ as will be detailed in chapter four. The basic block
diagram of the system is shown below in figure 4.1. Fixturing attached to the
translation stage position bare optical fibres above a sample. The fibres are positioned
at equal but opposite angles above a sample surface. One set of fibres emits light
while the other receives light. The light sources and detectors used are discussed in
chapter five, while specific componenets are detailed in chapter seven. Light detection
is followed by a stage of preamplification before data acquisition by the analog to
digital converter. The personal computer performs data retrieval, analysis and

presentation using LabView software.

Figure 4.1 Block diagram of fibre optic sensor system.
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Figure 4 2 System for positioning input and recerving fibres

Figure 4 2 shows the side view of the XYZ translation stage and fixturing for fibres
shown 1n figure 4 1 Drawings of the various components of this rg can be found 1n
the appendix Fibres can be held at incident angles of 45° and 60° to normal incidence
Bare fibres can be seen protruding from the ends of the fibre holders — for this reason

the position of the fibres 1s uncertain

This project 1s concerned with a fibre-optic sensor for measurement of surface
properties and these are divided into surface defects and surface roughness For the
purposes of this project, a surface defect 1s defined as a hole in a sheet of metal

Surface roughness 1s to be measured through the measurement of specular scatter

4 1 Model of System — Surface Defects

The principle of operation of this surface defect sensor i1s similar to that of
photoelectric sensing, the sensor ascertains the presence or absence of a surface

within a certain range This sensor could be used to sense the edge of an object
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Consider the displacement characteristic shown 1n figure 2 18, this sensor is quite
close to the surface of the sample 05 — 1 mm A laser diode hight source gives the
advantage of greater stand-off distance than an LED This would also introduce
additional hight source noise and modal noise In addition, most engineering surfaces
reflect light diffusely and wregularly Any displacement curve will be less smooth
than figure 2 18 and multiple displacement curves may be quite different 1n relation to
peak intensity For these reasons, if a certain cut-off voltage 1s exceeded the sensor

considers a surface present and absent otherwise

Light Light
Source Photodiode Sotrce Photodiode
Receiving Recerving
Fibre Fibre
Emitting
Fibre
Murror-like Surface Sheet-Metal Surface

Figure 4 3 Reflection profile from a mirror-like surface and from a rough surface
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Figure 4 4 Affect of a blind and a through hole on reflection

Figure 4 3 shows a ray diagram of the reflection from a murror-like surface and from a
rough surface such as sheet metal Obviously light reflection from a rough surface 1s
not specular and can be quite wrregular - this restricts the use of a intensity-based

fibre-optic sensor for displacement sensing with sheet metal Figure 4 4 illustrates the
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principle of operation of this fibre-optic sensor using the example of a through hole
and a blind hole A blind hole 1s the equivalent of a displacement change n figure
218 A through hole will scatter no optical power towards the return fibre while a
blind hole may do so The choice of cut-off voltage determines the shallowest blind
hole that can be distinguished The sensor acts as a crude displacement sensor as a
blind hole will be sensed 1f the hole 1s deep enough The use of fibres at an incident
angle to the surface means that shallower blind holes can be sensed than if the fibres

were oriented at normal incidence to the surface
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Figure 4 5 Displacement charactenistics for a polycarbonate surface

Figure 45 shows the displacement curve for a polycarbonate surface This
configuration used a laser-diode light source in conjunction with multimode fibres
Note that the displacement curve 1s noister than that shown 1n figure 2 18, but 1t 1s at a
greater displacement from the surface and 1t 1s wider The affect of surface roughness
and light source variation can be seen 1n the irregularity of the curve The sensor uses
a cut-off voltage system, such as photoelectric sensors use [52], to detect holes in the
surface Choosing a cut-off voltage determines the vertical range, D, for which the

sensor considers a surface present Choosing the 1ntial displacement of the fibres
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from the surface determines the depth, d, of the shallowest blind hole that can be

sensed
AN\
Output Signal ¢ D >
1 -
0 -
| '
0 Displacement — Z axis (mm) 3

Figure 4 6 Output signal of sensor for displacement characteristics shown 1n figure 4 5

and a cut-off voltage of 2 Volts

Figure 4 6 shows the output signal of the sensor for this displacement curve 1f a cut-
off voltage of 2 Volts 1s chosen An output signal of 1 indicates the presence of the
surface within the vertical range, D, and O otherwise The choice of D and d 1s
determined by the properties of the surface, the tolerable variation 1n the output
voltage, due to noise, surface roughness, etc , may be such that a low cut-off voltage
1s necessary The effect of incident angle on displacement characteristics 1s shown by
figure 4 7, for igher incident angles, there 1s narrower peak closer to the surface As

this peak 1s narrower 1t has higher peak intensity
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Figure 4 7 Displacement characteristics at various incident angles
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42  Model of System — Surface Roughness

This system measures surface roughness through measuring the displacement
charactenistic curve for surface roughness samples at different incident angles, namely
45° and 60° Experiment will determine whether the shape of the displacement
characteristic 1s affected by the roughness of the surface involved The main reference
for this section 1s equation 3 9, which defines scattering from a relatively smooth
surface having a Gaussian distribution of roughness The scattering ratio, I/L,, will be
determined using the peak voltage alone or the sum of all voltages above a certain
fraction of peak intensity for I; and a reference value for I, All graphs presented in

this section are determined using some form of equation 3 9

Surface Roughness Charactenstics
at 45° Incident Angle

12 1= e

—0— 1550 nm

—a=_ 850 nm

Scattering Ratio

Surface Roughness, nm

Figure 4 8 Surface Roughness Charactenstics at 45° Incident Angle - the influence of

light source wavelength

Figures 4 8 and 4 9 show the surface roughness characteristics at incident angles of
45° and 60° respectively The two curves show the effect of using light sources at
infrared wavelengths of 850 nm and 1550 nm These wavelength light sources are,
along with 1300 nm and 1550 nm sources, the most common light sources used in
fibre-optic telecommunications It 1s clear from these graphs that longer wavelength

and higher incident angles extend the range of these sensors when relying on equation
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3.9 to measure surface roughness. This limits the range of measurement to beneath
0.2 nm Rq using a 1550 nm light source and an incident angle of 60°, but perhaps

greater using the angular profile of scattering.

Surface Roughness Characteristics
at 60° Incident Angle

—O—1550nm
——850nm

Surface Roughness, nm

Figure 4.9 Surface Roughness Characteristics at 60° Incident Angle - the influence of

light source wavelength

Evaluating the displacement characteristics of a particular set-up against surface
roughness standards is the basis of measurement with this sensor. The peak voltage of
the displacement characteristic or the sum of the voltage levels of each increment
above a certain percentage of the peak voltage level was correlated against the surface

roughness characteristics of a particular sample.

4.3 Components of each Sensor

Figure 1.1 describes the components of each sensor highlighting the differences
between each set-up. Physically each sensor requires the same configuration with
regard to mechanical design and optical fibres. As sensors, the defect sensor and
surface roughness sensor have different requirements. The surface roughness sensor is
sensitive to noise and the design of the sensor system with regard to light source* light

detection and data analysis should consider this. The defect sensor is designed to



withstand a large level of noise and the design, of these system components,
disregards noise in preference to speed of operation, stand-off distance, and
simplicity. The surface roughness sensor uses a modulated driving circuit to drive an
LED. The defect sensor uses a laser light source driven at a constant current. lIdentical
low noise preamplification was used for both sensors for practical reasons. All light
sources and photodetectors are coupled to optical fibres using telecommunications
type housings, ST and FC. With regard to data processing; the surface roughness
sensor uses digital filtering and windowing to reduce noise, while the defect sensor
uses a similar arrangement; a simpler method would suffice. In this way, the surface
roughness sensor can be categorised with regard to noise levels, while the defect

sensor either senses correctly or fails.

Figure 4.10 Multiple receiving fibres, not to scale

The sensor can be configured with multiple receiving fibres as illustrated in figure

4.10. This arrangement allows the spatial distribution of optical power to be
measured. The angle a denotes the angle of incidence of the emitting and collecting

fibres relative to normal to the surface. The angle 0 can be determined from the

numerical aperture of the fibre using equation 2.4.



CHAPTER FIVE
5 Design and Development of Optical Inspection System

This chapter details the practical design of the system outlined 1n figure 5 1 and 5 2
This includes optoelectronic design, 1e light sources and photodetectors, associated
electronic circuitry, the influence of noise and error on design, choice of fibres, and

mechanical design
51  Laght Sources

The light source 1s the primary choice 1n designing an optical sensor For thus project

the criteria for selecting light sources are the following

» coupling to optical fibres
e optical power

e optical safety

e wavelength

e stability of hight source

® cost

o lifetime of device

e power consumption

e modulation

e coherence

The two commonest hight sources used in fibre-optics technology are the light-
emitting diode (LED) and laser diode [1-4], these will be described in the next two
sections Other possible light sources are incandescent light bulbs (e g tungsten
filament bulb), discharge lamps and non-diode lasers [4] This section will deal with
the practical aspects of choosing and using electronic light sources for each of the two

optical sensing applications being considered
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5.1.1 Light-Emitting Diodes

The LED is a solid-state semiconductor device that emits optical radiation. Light-
emitting diodes (LED) emit optical radiation in proportion to the forward current
through the diode. The LED is a low voltage device that has long lifetime and low
cost. It responds quickly to changes in current (10 MHz), as part of an electronic
circuit. It produces a narrow spectrum of coherent red or infrared light that can be

well collimated.

The optical radiation emitted from an LED is generated by spontaneous emission. The
LED is in effect identical in construction to a basic semiconductor diode. As an
electron in the conduction band recombines with a hole in the valence band, the
electron makes a transition to lower energy state and releases energy in an amount
equal to the band-gap energy. In an LED, this energy is emitted as infrared radiation

or visible light, whereas in other semiconductor diodes the energy heats the material.

TI>T2>T3

Reverse Bias Region

VBr- B reakdown

Voltage
VF
VF rrr o
Forward Bias Region
not to scale

Figure 5.1 Schematic diagram, electronic symbol, and operating curve of a typical
LED [106].

Figure 5.1 shows a schematic diagram of a pn diode. Vf is the forward voltage, the
voltage drop between the p and n terminal of the diode. 1, the forward current, is the
current flowing from the p terminal, anode, to the n terminal, cathode, of the diode.
The operating curve shows the voltage and current that must be applied across to

switch the LED on. The same electronic symbol is used for LEDs and laser diodes.



Figure S 2 shows the gperatmg curves of a typical LED for a constant voltage and a
constant current dnving circuit Note the temperature dependence of these curves —
for a constant voltage dniving circuit, any increase in temperature draws a higher
current An increase in current causes the temperature of the LED to increase, this 1n
turn causes an increase in current This effect 1n electronic diodes 1s called thermal
runaway and 1s mherently unstable On the other hand, a constant current driving
circutt 1s mherently stable An increase in temperature causes less power to be
generated, because the voltage across the diode decreases A constant current driving

circutt 1s still dependent on temperature

L A I A
! T To>Th ’ T:>To> T,
I;
I \\\\ Tuxa
> a >
VWKG VF V3 Vl Vp
Constant Voltage Constant Current
LED Dniving LED Dniving
Circuit Circurt
N p p

Figure 52 Ir versus Vy curves for constant voltage and constant current dnving

circuits and the effect of temperature variation [2]

P, mW T

>
IF, mA

Figure 5 3 Optical power output, P, versus forward current, Iy, for a typical LED
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Ultimately, the LED_transforms electric current into optical radiation, figure 53
shows the vaniation of optical power output, P, with forward current, Ir Note that the
output intensity 1s proportional to forward current, this 1s another advantage of

choosing a constant current driving circuit
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Figure 5 4 Typical thermal and spectral behaviour of an LED source [33]

As noted before the output intensity fluctuates with temperature Figure 5 4 there 1s a
spectral shift with an increase from 1n temperature from T), mimmum temperature, to
Ts, maximum temperature At lower temperature, an LED may emit at a higher
intensity, lower wavelength, and with a wider spectral bandwidth The temperature
characteristics depend on the particular LED As will be seen later the response of

photodiodes 1s dependent on wavelength

There are two major designs of the semiconductor structure of LEDs surface-emitting
and edge-emitting [1] These are illustrated in figure 55 A transparent region,
window, 1s embedded in the device to enable radiation to escape Surface-emitting
LEDs are most common, they emit through a window that 1s in a plane parallel to the
surface of the device The emitted light 1s not directional, with a beam width at half
intensity of about 120° Spherical lenses are routinely used to efficiently couple the
beam from a surface-emitting LED into a fibre, as in Honeywell’s range of “Sweet

Spot” devices
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Figure 5.5 (a) Surface-emitting LED [107] (b) Edge-emitting LED [4].

In edge-emitting LEDs the window is embedded between two layers. Radiation is
emitted in an elliptical cone pattern and from a very small area, 3 |im x 10 |im. Light
output is lower than surface-emitting but output but can be coupled into optical fibres

more efficiently.

5.1.2 Lasers

The laser is a light source that produces a high intensity beam of coherent light.
LASER is an acronym standing for Light Amplification by Stimulated Emission of
Radiation [1]. Stimulated emission contrasts with spontaneous emission where each
photon of light is emitted independently. Stimulated emission occurs when through
feedback an individual photon stimulates the emission of another photon with
identical direction and wavelength. Feedback is achieved through forming a laser
cavity as shown in figure 5.6. Light is confined to the lasing cavity by two mirrors,
one of which partially transmits to form the output beam. The process of laser
amplification provides higher intensity, lower spectral bandwidth, and narrower
beamwidth. A laser diode emits an elliptical beam with typical beam divergence

angles of 35° and 10° for the x and y axes respectively [4].
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Figure 5 6 Light amplification 1n a laser cavity

In principle, the laser diode 1s an edge-emitting LED with an added optical cavity that
provides feedback and generates stimulated emussion Figure 57 shows the layer
structure of an AlGaAs laser The shaded layer indicates the laser cavity A murror 1s
formed at either end of the chip by polishing the sides, the difference in refractive
index due to the AlGaAs-air interface reflects radiation back into the cavity As this
occurs at both ends of the cavity, 1t 1s common to include a monitor photodiode at the

1nactive side

aGa (3, Al, As

p GaAs

Metallisatson

Figure 5 7 Structure of an AlGaAs laser diode [2]
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Figure 5 8 (a) Output power versus current and (b) forward current versus voltage [4]

The forward current versus forward voltage characteristic, figure 5 8(b), ts similar to

those for an LED or for any diode The output power versus forward current curve 1s

quite different, imitially the laser diode behaves identically to an LED but when the

forward current reaches the threshold current voltage, Ith, the device starts operating

as a laser Figure 5 9 shows the sensitivity of threshold current to temperature, for this

reason the output power of a laser 1s highly sensitive to temperature changes

o4

Output <4— 75°C
Power
(mW) 50°C
< 25°C
—»
Ip (mA) 150

Figure 5 9 Effect of temperature on threshold current and output power [4]

Laser diodes are available as single mode and multimode devices Figure 5 10 shows

the spectral pattern of a multimode laser there are multiple peaks at a range of

wavelengths These multiple peaks occur because the laser cavity will support

oscillation at a number of wavelengths At higher currents, the number of peaks

decreases A single mode laser operates with a single wavelength peak and 1t 1s

possible to make a single mode laser diode, but 1t 1s more expensive to do so
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Figure 5 10 Spectral pattern of an 800nm multimode laser diode with 2nm spectral
bandwidth [4]

Property LED Multimode Single-mode
Laser Diode Laser Diode

Spectral Bandwidth (nm) 20-100 1-5 <02

Rise time (ns) 2-250 01-1 01-1

Mod Bandwidth (GHz) <3 <2 2

Temperature Sensitivity Low High High

Lifetime (h) 100,000 10,000-100,000 | 10,000-100,000

Cost Low High Highest

Fibre-coupled Power (mW) | 0 07 1-3 (Low-Power | 1-3

50 pum core fibre Laser Diode)

Table 5 1 Comparison of LED and laser diode [4]

The table above compares the properties of laser diodes and LEDs Laser diodes have
faster nse times, narrower spectral bandwidth, and higher modulation bandwidth —
high performance laser diodes have been designed for optical communications where
these quantities are crnitical For multimode fibre-optic sensing applications, the
performance of LEDs with regard to these quantities 1s adequate The stability and
low temperature sensitivity of LEDs are highly important for sensing applications, as
15 their low cost For these reasons, an LED was chosen as the light source for the

surface roughness sensing application

71




The hgher fibre-coupled power of laser diodes 1s an advantage in sensing
applications For an online fibre-optic sensor adequate stand-off distance 1s required

A multimode laser diode was chosen for the fibre-optic defect sensing application

513 Diode laser safety

Despite therr small size and low input power, diode lasers may still represent a
significant hazard to vision This 1s especially true where the output 1s collimated
and/or invisible (near IR), and/or for higher powers than the typical 3 to 5 mW One
should never look into the beam of any laser - especially if it 1s collimated An
indirect means of determining proper operation such as projecting the beam onto a
white card, using an IR detector card or tester, or laser power meter should be used to
test laser operation Note that light at 635 nm appears more than 5 times as intense to
the eye as hight at 670 nm Therefore, the apparent brightness of a source i1s not a
rehable indication of its actual optical power output — this point 1s even more

important at 850 nm and longer wavelengths

Much higher power visible and IR diode lasers are available (though not common or
affordable) and represent even greater danger to vision and potentially even risk of
heat damage or fire from a focused beam The divergent beam from bare high power
laser diodes 1s a definite hazard These are extremely dangerous even if not that well
collimated Furthermore, they also use near-IR wavelengths so that there 1s essentially

no warning that a beam 1s present

Common visible laser diodes, diode laser modules, and laser pointers produce 1 to 5
mW at various wavelengths between 670 and 635 nm When collimated (as in the
case of a module with internal optics or a laser pointer) the entire beam can enter the
eye and burn holes tn the retina The beam from a bare laser diode or an optical fibre
1s highly divergent and therefore less of a hazard since the lens of the eye cannot

focus 1t to a small spot However, there 1s still no reason’to look into the beam

Laser safety signs should be displayed on the laser itself or in close vicinity to the

laser 1f this is impossible due to the small size of laser diodes
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52  Photodetectors

In an optical sensing system, 1t 1s ultimately necessary to transform optical power into
an electrical signal, by using a photodetector The basic photodetector generally
produces only a low-level electrical signal, which must be amplified before 1t can
undergo further processing The combination of photodetector and its immediate
amplification 1s called a receiver Many different photodetectors are commercially
available but PIN (p-1-n) photodiode are most commonly used with optical fibres [1-4,

108,109] The criteria for selecting a photodetector are the following

® responsivity
e wavelength
e Intensity
® cost
e signal to noise ratio

o speed of response

521 PIN Photodiodes

A photodiode operates in an opposite fashion to an LED, n this case incident light on
a diode causes the generation of electrical energy The diode consists of the
semiconductor structure shown 1n figure S 11 A PIN diode differs from a pn diode as
between the positively doped, p region and negatively doped n region there 1s an
intrinsic, undoped, 1 region [1] Photons incident through the anti-reflection coating
and the p layer are absorbed by the intrinsic layer causing a current, Ip, to flow

through the diode as shown

Typical photodiode characteristics are shown 1n figure 5 12 The two curves differ 1n
that one represents a photodiode that 15 exposed to optical radiation and the other a
photodiode that 1s unexposed to optical radiation Of the four quadrants shown,
quadrant III and IV are suitable for photodiode operation, quadrant III 1s generally
used for optical sensing and quadrant IV, 1s used for solar cells - electrical generation

Use tn quadrant III 1s accomplished using reverse bias (junction voltage, Vp, 1s
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negative). Photodiodes can be classified into two groups: the solar cell and low power
photodiodes. Low power photodiodes or signal photodiodes find application in signal
detection for communication, control, and metrology. They come in many
implementations: planar, PIN, avalanche and Schottky being the most common types.

The PIN photodiode is discussed here.

Figure 5.11 A PIN diode structure (reverse biased) and electronic symbol for a

photodiode [1].

10 indicates the dark current; the current generated in reverse biased mode without any
radiation being incident on the diode. The dark current depends on the semiconductor
material, doping, junction geometry and ambient temperature. The dark current
increases by a factor of ten for a 25°C increase in temperature. Dark current noise
affects the signal to noise ratio of the sensor system. The effect of dark current noise
can be minimised by choosing a photodiode with low dark current and maximising

the intensity of the optical signal.
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Figure 5 12 The current-voltage relationship of a photodiode [4]

The photocurrent, I, 1s a linear function of urradiance, this makes the photodiode a
valuable measurement device 1n the reverse biased mode At constant temperature, the
open circuit voltage of the photodiode 1s a logarithmic function of irradiance with a
range of several decades, this makes the photodiode a valuable measurement device

where logarithmic response 1s desired [4]

Relative ? Typical Wide
Response |/ & Response
Typical
Narrow
Response
: % —>
10° 10° 10°* 10°  Wavelength (nm)

Figure 5 13 Typical response of photodetectors [4]

Responsivity, R, quantifies the photoelectric gain of the detector It 1s the ratio of the
output quantity of the detector to the input quantity at a given wavelength, e g for a
current output 1t 1s the ratio of the photocurrent generated to the input optical power tn
units of Amps per Watt Responsivity 1s often quoted relative to peak detector
response 1n dimensionless units Responsivity 1s a quantity that 1s inherently
dependent on wavelength, the energy of an input photon 1s dependent on wavelength

— E=hv — where h 1s Planck’s constant, E 1s energy and v is photon frequency (photon
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frequency is inversely proportional to photon wavelength). The dependency on
wavelength is shown in figure 5.13, where two different response curves are shown.
Of these two curves, the narrow response curve is typical of photodiodes while the
wider response curve is typical of thermal detectors, which convert optical radiation

into heat. Photodiode responsivity is usually quoted at a single wavelength.

Different semiconductor device designs and semiconductor materials are responsive
at the various wavelengths used with fibre-optic light sources. Silicon is commonly
used to sense at visible to near infrared wavelengths and InGaAs devices to sense at

wavelengths from 900 and 1650 nm.

The speed of response of a photodiode is important when a modulated signal is to be
detected. This is important in telecommunications applications and in sensing
applications that use a carrier frequency to reduce noise or separate signals. The speed
of response determines the bandwidth of the detector; the range of frequencies that
can distinguished. In simple photodiode receivers, high bandwidth is not required and
the junction capacitance has the dominant effect on response time. This can be
reduced by increasing the reverse bias. Junction capacitance is proportional to the

diode area; thus, larger area photodiodes are slower [1].

5.3 Electronic Design

Electronic design encompasses the electronic circuitry that drive the light sources, and
detect optical signals prior to data acquisition and analysis. The noise sources relating

to these circuits are analysed in section 5.4.

5.3.1 Signal Generation Circuits

The simplest LED or laser diode driving circuit is shown in figure 5.14; an LED and
resistor are connected in series across the terminals of battery or voltage supply. Two
curves are shown; the first is the current voltage characteristic of the LED or laser
diode, the second shows the variation of current for different values of the voltage
across the LED. The intersection of these lines establishes the operating point of the

circuit and the current that flows through the device. The disadvantage of this circuit
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15 that, due to the tolerances in LED charactenistics, resistance value, and variation in
the supply voltage, the resulting intensity may exhibit considerable variation This

circunt 1s sufficient where light intensity variation 1s ummportant

Ip (mA)

Ip

VOC+— — Vo T B

VP VCC VD (V)

Figure 5 14 Resistor dnving circuit [4]

Vee
. —% ¢ID
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De Vi - Vas

R, i Ip = (Vs - Vee)/R,

Figure 5 15 Constant current dnving circuit [4]

A constant current driving circuit can be constructed using a shightly more
complicated circuit as shown 1n figure 5 15 This circuit uses a transistor and a zener
diode to provide a predictable and stable current that 1s immune to LED characteristic
and power supply variations The diode current, 1p 1s set using the following
equation
In = (VB-Vee)/R2 51

VB 1s set by the zener diode, Dy, Vg 1s the base-emitter drop voltage, a constant 0 7V
normally, thus the only variations are due to the thermal variation of the resistor R;
This circurt uses a bipolar junction transistor but a similar circuit could be constructed
using a field-effect transistor

It may be necessary to modulate the signal to the LED and this can be achieved using

the circuit 1n appendix B1 Dagital filtering can be implemented to reduce notse when
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the signal 1s modulated and flicker noise 1s reduced In addition, the LED can be

driven instantaneously at a current that 1s higher than the maximum permitted current,

while average current 1s still lower Figure 5 16 shows a block diagram of this circuit

Flp-Flop Halves
555 Timer Sets > | Frequency & Evens
Frequency Duty Cycle
Voltage Reference
1ov

N\

Set Voltage Level
usmg Potentiometer

%

Drive current

through LED

Figure 5 16 Block diagram of square-wave driving circuit

The 555 timer 1s an mexpensive integrated circuit that can operate as a free-running

oscillator producing a continuous square wave of variable frequency and duty cycle

Figure 5 17 (a) shows the necessary external connections and components and the

equations for determining the frequency and duty cycle of the signal The waveform

produced by the timer 1s shown 1n figure 5 17 (b) — the frequency and duty cycle are

determined from this waveform

Duty cycle of v, = (R;+ Ry)/ R,

f=144/[(R;+ 2R,)C]

Voltage, A

->
t

v

<_TeT1mcs

Duty cycle = ti/t;

>

Figure 5 17 (a) 555 timer as a pulse generator [106] (b) output waveform
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Figure 5 18 (a) Signal from 555 timer, (b) signal from flip-flop

The flip-flop, CD4013, 1n the configuration shown in Appendix B1 serves to convert
the signal from the 555 timer to a signal with an even duty cycle and a halved

frequency, as shown in figure 5 18

Op-amp U3A converts the signal from the flip-flop to a square wave between voltage
levels of £12V, while preserving frequency and duty cycle The REF10 integrated
circutt provides a precision 10 V reference The potentiometer, P2, 1s used to set the
voltage level of the signal using this precision 10V reference A FET controlled
constant current generator drives the LED 1n a fashion not dissimilar to the transistor-
controlled circuit 1n figure 5 15 Resistor R11 sets the maximum current that can be
driven through the LED If 2V 1s the maximum voltage across the resistor of 20 Q, the
diode current 1s 100 mA using Ohm’s Law The potentiometer can adjust this
downwards In practice, the power dissipated by a current of 100 mA 1 one 20 Q
resistor 18 2mW (P=I’R) Thus, a series of resistors 1n parallel or in series with a
resultant value of 20 Q should be used The resistor R10 is a safety feature preventing
damage to the LED 1n the case of a short circuit ,

Laser diodes should not be modulated by this circuit problems due to thermal
vanations 1n threshold current necessitate circuits where feedback photodiode controls
the dnive current Sell [110] details a circuit where feedback controls a prebias current
- prebias current follows laser threshold current Total laser drive current 1s set by this
prebias current and a modulation current In the surface defect sensor system, a simple
single resistor dniving circuit was used to drive a laser diode, figure 5 14 The system

accommodated any thermal variations 1n power output
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532 Signal Sensing Circuits

Signal sensing involves preamplification of the signal from the photodetector This
section details the design of the photodiode preamplifiers Photodiode response can be
estimated through measuring voltage across the photodiode, a photovoltaic detector,
or through measuring current through the photodiode, photoconductive detector As

stated above photoconductive measurement responds linearly as 1s required

Photoconductive detection needs a preamplifier that converts the photocurrent to a
voltage The simplest configuration, shown in figure 5 19 (a), 1s a circuit consisting of

a resistor and a photodiode Photocurrent 1s related to voltage output by the relation

Vour=IrrR 52
R R
AN — AN
—_— e
VOUT V.OUT
i + E
Ipn >— Ipy
—p V=V ——P V=Vor-E

Figure 5 19 Voltage across a resistive load — (a) unbiased and (b) reverse biased

circuit [2]

The resistive load line, shown in figure 5 20, i1s the line along which photodiode
characteristics vary for each circuit described An unbiased resistive load results 1n an
amplifier whose range 1s limited by the inherent diode effect that limits amplification
to around 0 6 V for a silicon photodiode The value of the load resistor 1s limited by
the internal shunt resistance of the photodiode [111] further limiting amplification
This circuit also has the disadvantage of limited speed and linearnity Applying a
reverse bias, figure 5 19 (b), improves the range of the circuit, and also linearity and

speed but at the expense of increasing noise due to the effect of dark current

An unbiased transtmpedance amplifier, figure 5 19 (a), uses a high-gain operational

amphfier to effectively short circuit the photodiode, the high gain and feedback of the
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amplifier force both positive and negative terminals to the same voltage Thus, the
voltage across the photodiode 1s clamped to 0 V, as shown 1n figure 5 20 All of the

photocurrent flows through the load resistor giving the following output voltage
Vour=-IenR 53
The value of the load resistor, R, 1s unlimited by the diode characteristics increasing

output voltage Clamping diode voltage to 0 V improves the range and linearity of the

amplifier This circuit has no dark current noise

:l L] V
g v . Y
& A K Resistive load Line
ég [ iﬁl croasing e J—‘/ /Unblased Load
&u I 5/ ‘«‘
g ’ E K= Resistive load Line
& : % Reverse biased Load
aq Resistive load Line ¢ " Resistsre load L
Reverse biased ' Y esistive load Line
Transimpedance + «=——Unbiased Transimpedance
Amphfier Amplifier

Figure 520 Photodiode charactenstics showing the resistive load line for various

preamplifier circuts {111]

A slight improvement 1n terms of speed, linearity and voltage output 1s gained through
using a reverse biased transimpedance amplifier Voltage output 1s also defined by

equation 5 2 For our application the advantages of this amplifier are outweighed by

the effect of dark current noise
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Figure S 21 Transimpedance amplifier — (a) unbiased and (b) reverse biased circuit

[111]

The noise characterstics of the electronics are outhined 1n the next section The defect
sensor system could use a phototransistor or photothyristor as the optical detector and
preamplifier like many other photoelectric sensor systems [51,108] For practical
reasons, a single detection circuit was constructed for both systems, with only the

photodiodes differing between the two systems, appendix B4

54 Noise and Error Sources

Noise 1n the system caused by the following factors

e Light source noise
e Detection circuit noise
e Data Quantisation of DAQ card

e Extraneous noise and error sources

The light source dniving circuit, appendix B1, was designed to modulate a light source
for subsequent demodulation of the sensed signal using digital signal processing The
circuit uses a 10 V precision reference with a temperature sensitivity of 65 ppm/°C
The thermal sensitivity of the resistor that determines the diode current, R10, and the

potentiometer, P2, have the greatest effect on the light intensity These had
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temperature sensitivity of —150 to 800 ppm/°C and £100 ppm/°C respectively This
results 1n a temperature sensitivity of around 1000 ppm/°C or 0 1%/°C

In addition, the LED light source 1s sensitive to thermal variations as seen 1n figure
54 A HFE4050 high-power fibre-optic LED, appendix Cl1, claims a temperature
sensitivity of 0 01dB/°C or 0 23%/°C Thus resulting 1n a total of 0 33%/°C

Detection noise sources result from photodiode noise and amplifier noise Photodiode
noise 18 due to shot noise, Johnson noise and flicker noise [109,110] The input bias
current of the op amp [112] and Johnson noise in the load resistor cause amphifier

noise, for an unbiased transimpedance amplifier

Shot noise 1s proportional to the photodiode current, including the dark current Shot
noise can be minimised by minimising the dark current, 1e using an unbiased

transimpedance amplifier

Johnson noise occurs in resistors and 1s proportional to the square root of absolute
temperature divided by the resistance Thus, Johnson noise increases with temperature

and decreases with increasing photodiode shunt resistance

Flicker noise 1s not particularly well understood It 1s the phenomenon where signals
sensed at low frequencies intrinsically have higher noise levels than similar signals
sensed at higher frequencies, 1t varies 1n inverse proportion to modulation frequency
This 1s significant for a DC signal but nsignificant at frequencies above 100 Hz

Using digital signal processing to low pass filter a modulated signal removes the

effect of low frequency flicker noise N

The op-amp used 1n the transimpedance amplifier, OP37GP, was chosen for its low
input bias current and consequent low tnput bias current noise and 1ts high speed, high
slew rate, high gain and low dnft The load resistor was made as high as possible, 10
MQ to minimise Johnson noise and to give a large stand-off distance, due to high gain
(equation 5 3) The data acquisition card records voltage levels to 12-bit precision,
this quantises data with a precision of 2 44 mV over a range of 10 V Gain 1s available

to reduce this precision further but at the expense of lower range
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Extraneous noise and error are contributed by the following

e Electromagnetic Interference (50 Hz Noise)
e Translation Stage Error

e Ambient Vibration

e Thermal Expansion

e Ambient Light

Electromagnetic interference 1s caused because the photodiode and preamplifier are
not encased 1n a shielded box prior to data acquisition The effects of this interference
predominate at 50 Hz, mains frequency Thus, digital signal processing can filter out

most of the effect of electromagnetic interference

Translation stage error, ambient vibration, and thermal expansion cause error when
the sensor 1s oniented such that 1t 1s sensitive to displacement This will occur while

measuring the displacement characteristic curve

Translation stage error can be divided into manual micrometer error, backlash, and
run-out error [113] Micrometer resolution 1s 10 pm, the error in attaining this
displacement 1s dependent on the micrometer operator Backlash 1s defined as non-
responsiveness on reversal of input, when the direction of rotation of the micrometer
screw 1s changed, the stage does not start moving immediately Run-out 1s off-axis
motion of the stage, it 1s dependent on the loading of the stage Operator micrometer
error 15 presumed to be the dominant error Ambient vibration and thermal expansion
cause error when there 1s high sensitivity to displacement, at these points it 1s also

assumed that operator micrometer error is the dominant displacement error

Ambient light 1s a possible contributor to error, but 1s not coupled into a single fibre
very efficiently Furthermore, digital signal processing further reduces any posstble

error
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55 Optical Fibres, Fibre Connectors, and Fibre Tools

Fibre properties were outlined 1n chapter 2 The practical aspects of choosing fibres
are outlined here Multimode graded-index fibre-optic pigtails, designed for
telecommunications technology, are available commercially at following core to
cladding ratios 50/125 pm, 65/125 um, and, 100/140 pm They are designed to
interface with fibre-optic devices using standard fibre-optic connectors, ST and FC
connectors are shown in appendix A9 and A10 ST connectors use a quick release
bayonet coupling, which requires a quarter turn to engage or disengage Built-in
keying provides repeatable performance since the connector will always mate with a
coupling bushing i1n the same way FC connectors connect to the module and are

tightened in place by a thread Appendices A10 and A1l show ST and FC connectors

In choosing the size of fibre the important criteria are the following
e coupling intensity from light source
o collecting reflected intensity

e stand-off distance from the surface

Core/Cladding | Fibre type Numerical Coupled Power
Ratio (pm/pm) Aperture (uW)

8/125 Step Index - 08

50/125 Graded Index | 020 33

62 5/125 Graded Index | 028 72

100/140 Graded Index | 029 191

Table 52 Typical coupled power (uw) from a Honeywell HFE4050-014 LED,

Appendix C1, 1nto a variety of optical fibres, for a dnive current of 100 mA

Coupling light intensity to a fibre from a laser diode 1s relatively simple as the laser
emits a narrow beam from a small are; Coupling from an LED 1s more troublesome
as an LED emits a wider beam from a larger area Connectors provide mechanical
security and optical alignment for the fibres Honeywell fibre-optic LED modules

have a ball lens, which focuses light from an LED more efficiently into a fibre pigtail
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Nevertheless a fibre with a larger core collects optical power more efficiently, table
5 2 shows typical coupled power from a Honeywell HFE4050-014 LED into a variety
of optical fibres, for a drnive current of 100 mA The advantage with regard to coupled
power of a larger core fibre 1s obvious When coupling reflected radiation from a
surface 1t 1s also clear that a larger core fibre will couple more power Appendices C1

and C2 include the design of ST and FC modules respectively

Telecommunications fibre 1s normally surrounded by a buffer of 0 9 mm diameter,
with a thin layer of gel between the fibre and buffer A fibre optic pigtail consists of a
buffered fibre with an end connector A patchcord 1s a pigtail that has a further PVC
cable jacket, 2 9 mm diameter, for protection Typically, Kevlar® fibres are inserted
between the patchcord jacket and buffer for added strength and protection The

structure of a fibre-optic patchcord 1s shown 1n figure S 24

Kevlar

Jacket
Fibre Core

Layer of Gel

Fibre Claddmg

Buffer

Figure 5 22 The structure of a typical fibre-optic patchcord

Fibre-optic strippers are used to strip the outer jacket and the buffer An optical fibre
will not couple or emit light efficiently without fibre endface preparation This 1s
achieved through using a fibre-optic cleaver The manual fibre-optic cleaver used
throughout this project i1s shown in figure 523 The buffer 1s stripped to an
appropnate length The fibre 1s positioned in its guide and the buffer is butted against
a stopper The uncleaved end of the fibre 1s clamped, and then the fibre 1s scratched
by the cleaving edge As little force as possible 1s used in scratching the fibre and
releasing the cleaving edge Meantime, the fibre 1s still clamped The leaf spring 1s

bent down, causing the scratch on the fibre surface to propagate resulting n cleaved

fibre endface
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Figure 523 (a) Part names of a Fujikura Multimode Fibre-Optic Cleaver, (b)

operating method of cleaver [114]
56  Mechanical Design

The mechanical design consists of a translation stage, base plate, means for holding
optical fibres, boxes for electronic circuitry, and a mode scrambler The designs for

these are shown in the appendix A1-9
561 Translation Stage

The translation stage consists of three micrometer driven stages The stages are
Newport precision steel stages — UMRS 25 [113] They have 25 mm/1” travel length
and use Newport micrometers - BM11 25 [113] These micrometers have sensitivity
of 1 um and the vernier divisions are of the order of 10 um The X and Y stages are
mounted one on top of the other, oriented perpendicularly, and the Z stage 1s mounted

vertically by means of a 90° The bottom stage 1s mounted on an aluminium base

plate
562 Fixturing

Fixturing 1s required to position the fibres, appendix A2 and A3 The fibres are held
using Newport fibre holder, FPH-S, designed to hold bare fibres of outside diameter
between 80-200 pm The fixturing 1s designed to hold the fibre holders at incident
angles of 60° or 45° to normal Each fibre holder fits tightly to the fixturing plates and
1s held 1n place by a plastic screw The fibre holder 1s designed to hold a single fibre,

87

L



but was used in practice to accommodate up to three fibres. To achieve this a fibre
clamp was designed to hold the plastic buffer of three fibres and relieve strain in the
same manner as the Newport FPH-SR strain relief [113]. Disadvantage of this system
was that the fibres were manually adjusted to be at the same displacement and the
fibres were not in a straight line, they approximated the configuration shown in figure
5.24. Figure 5.25 shows a photograph of the optical fibres protruding from the end of
the fibre holder. The fixturing plates were manufactured from aluminium sheet. One

plate is attached to the Z-stage and the other is attached to this first plate.

140 jim Diameter

Figure 5.24 Orientation of multiple fibres in fibre holder.

Figure 5.25 Photograph of fibres protruding from end of fibre holder
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563 Mode Scrambler

A mode scrambler 1s used to achieve an equilibrium mode distribution 1n an optical
fibre When light 1s launched 1nto a fibre, certain modes are filled more fully than
others, e g when a laser fills a fibre the higher order modes are overfilled Uneven
mode distribution results in modal attenuation and an uneven distribution 1n the hght

intensity profile of emitted light

Mode scramblers have a number of configurations, the optimum configuration 1s a
significant length (kilometres) of fibre [S] Mode scramblers can be constructed by
causing the fibre to undergo bending in order to distribute power more evenly among
the modes [115-118] Tokuda et al [118] describe a mode scrambler that formed the
basis of the mode scrambler shown in appendix A9 Appendix A9 shows the holes
that were drilled into which 9 mm dowels were glued Fibres were wound around

these dowels 1n serpentine bends causing mode scrambling

The designed mode scrambler consists of 5 pins of 6 mm diameter assembled at a
pitch of 12 mm on top of the hid of the signal generation box In this way, the mode
scrambler operates just after the optical radiation 1s coupled into the fibre This mode
scrambler was used with surface roughness sensor alone to distribute power among

the modes more evenly
564 Circuit boxes

Appendices A4 and AS show boxes for holding the signal generation circurt and
holding the signal detection circuit The signal generation circuit box includes means

for positioning a PCB circmit The box’s Iid includes a mode scrambler, appendix A9

A breadboard circuit was attached to the bottom of the signal detection circuit box by
means of adhesive pads The lid of this box, appendix A6, includes mounting holes,
which allow attachment to the translation stage Attaching to the stage means that
fibres are unaffected while the stage moves, problems with this remain for the fibre
conveying the input signal Both boxes include means for holding the relevant fibre-

optic modules and connectors for power supply inputs
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CHAPTER SIX
6 Data Acquisition and Data Analysis Algorithms

This chapter details the procedure and algonthms that were implemented for data

acquisttion and data analysis It also the use of LabView software for these purposes

A National Instruments AT-MIO-16E-10 data acquisition card [119] was used for
analog to digital conversion It has 12-bit resolution and a maximum sampling speed
of 100,000 samples/second Data analysis was performed using Labview software
[120] This software interfaces with the data acquisition card and provides a graphical
user interface to control data acquisition and to perform data analysis All data
analysis and presentation was performed using Labview Labview provides a
graphical programming language called, G, to create programs 1n block diagram form

Labview has extensive libranies of functions for data acquisition and analysis A
Labview program 1s called a ‘virtual instrument’ and 1t controls data acquisition and
can present results A virtual instrument consists of user interface that displays the
outputs of the data analysis and provides control objects, such as switches and
vanables, which interface with the underlying program In this way the user can

interact with the virtual instrument while data 1s being acquired
6 1 Surface Roughness Sensor

Data analysis for the surface roughness sensor 1s based on a carrier frequency system,
the hight source 1s modulated at a particular frequency Analog lock-in amplifiers use
a square wave as a lock-1n signal [121] to achieve noise rejection, some of the optical
systems reviewed use lock-in amplifiers [24,73,93] Analog lock-in amplifiers can be
quite expensive, though there are inexpensive designs [122,123] Use of a carrier
frequency system to reject ambient light improves the performance of a photoelectric

sensor [52] This system uses digital signal processing to achieve noise rejection

The power spectral density function [58] computes the temporal frequencies of an
input signal in the same fashion as spatial frequencies are computed from a surface

profile Windowing 1s used n digital signal processing applications to reduce the



effect of sampling conditions on the signal, the finite sampling record results in a
truncated waveform that has different spectral charactenstics from the ornginal
continuous time signal Windowing minimises the transition edges of the waveform,
were leakage of information regarding the spectral characteristics takes place
Windowing 1s used when spectral analysis and finite impulse response filters are to be
used and the beginning and end of the recorded waveform may cause digtal
processing error In effect, windowing allows shorter sampling lengths to be used in
DSP

Inputs
10V/-10V Peak to Peak Square-Wave Bundle Signals Display Original
Generator Waveforms
50 Hz Frequency

L1

Windowing and Perform Display Processed
Windowing and
Filtering Inputs Waveforms
Filtering

L1

Perform Spectral Display Power
Analysis Spectrum

Figure 61 Block diagram of program generating graphs illustrating the power

spectrum of a square wave and the effect of windowing and filtering

Figure 6 1 shows the block diagram of a program that illustrates a carrier frequency
system by spectrally analysing a noise-free square wave signal Figure 6 2 shows the
Labview virtual instrument front panel of this program The data analysts libraries
that are part of Labview include digital filtering, the power spectral density function
and windowing among others [124] The acquired wave, shown 1n figure 6 2, 1s the
generated noise-free square wave The processed waveform shows said square wave
signal after processing using a Hanning window and a Chebshev low pass filter at the
filter cut-off indicated 1n the Power Spectrum Diagram The Power Spectrum of this
processed waveform 1s shown, to consist of a peak frequency at the frequency of the
generated square wave and a sequence of harmonics The peak frequency represents a
sine wave at 50 Hz and the harmonics are the components that contribute to make up
a square wave All spectral analyses are displayed 1n units of decibels so that noise 1s

shown more clearly Windowing causes the processed waveform to approach zero at
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the beginning of the waveform and again at its end Low pass filtering causes high
frequency harmonics to be removed from the onginal signal Thus, the processed

wave shows the effect of a damped oscillation
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Input Signal 50
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Figure 6 2 Front panel of Labview virtual instrument, shows power spectrum of 1deal

square wave (after windowing and filtering) at 50 Hz

Channels Selected
Sampling Rate Data Display Original
No of Samples/Sampling Time Aqu::rl;mn Bundle Signals Waveforms

Windowing and Perforn Display Processed

Windowing and

Filtering Inputs Waveforms
Filtering

L1

Perform Spectral Display Power
Analysis Spectrum

Figure 6 3 Block diagram of program for displaying power spectrum of input signal
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Figure 63 below shows the algonthm which was used to show the spectral
composttton of the input signal The frequency of this mput signal, a square wave, 1s
set by the 555 timer The sensed voltage 1s primarily affected by low frequency noise,
for this reason, we have chosen a modulation frequency of 930 Hz, well above mams

no1se and other low frequency noise

___Acquired’
5 00- cquired Waveform|

250
000~
250

500 : : . :
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|Processed Wavelorm|
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50 ‘mmwwmmmeMmm
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50~

100 T ¥ T I sec
000 002 004 006 008 g10

Power Spectrum) | <_|-> hiter cutoff

bttt bl

0 1000 2000 3000 4000 5000

Figure 6 4 Power spectrum of sensed signal with Hanning window, unfiltered

The 1nput signal itself, the processed signal, and a spectral analysis of this incoming
signal are shown n figure 6 4 The peak at approximately 930 Hz represents the first
harmonic of the square wave frequency The two other large peaks represent
harmonics of the signal Figure 6 5 shows the effect of applying a bandpass filter,
Chebyshev, between 700 and 1200 Hz This reduces the bandwidth over which
measurement 1s affected by noise The power spectrum shows 1solation of the first

harmonic of input square wave
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Figure 6 5 Power spectrum of bandpass filtered signal, Chebyshev filter between 700
Hz and 1200 Hz

In order to take readings 1t was decided to dispense with the use of the power spectral
density function and to use a bandpass filter alone to reject noise This was less
computationally expensive, 1e data analysis could be performed much more quickly
and simply An algorithm was developed that applied a bandpass filter and window to
the input signal and then averages the resulting waveform It was seen that waveforms
with longer sampling times rejected more noise A switch was placed on the virtual
instrument that tniggered the display of a point on a graph This graph displayed the
displacement charactenstic of the sensor from a surface A block diagram of this
algorithm 1s shown in figure 6 6 For every movement of the Z-stage by one
increment the switch was switched once In addition to adding a point to the
displacement characteristic, a file recording the contents of the graph was recorded
This file could then be analysed further with regard to optimising measurement of

roughness
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Figure 6 6 Block diagram of program to record displacement characteristic

The virtual instrument, that implemented the program shown in figure 6 6, 1s shown 1n
figure 6 7 The displacement curve shows a characteristic for each of the three fibres
that sensed the reflected signal The switch titled “One Reading” triggered the
addltion of an increment to the graph The “STOP” button caused the program to stop
running, once the data flow reaches the switch The signal processing inputs could be
controlled from the virtual instrument panel, but were configured as shown for all
readings “Total Sampling Time” 1s an indicator which shows the sampling time that
has been defined 1n the controlling program “Sampling Rate” 1s a control that sets the
sampling rate of the device The low cut-off frequency can be controlled from the
front panel For a bandpass filter, the high cut-off frequency will be 500 Hz greater

than the low cut-off frequency
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Figure 6 7 Front panel of virtual instrument described by block diagram in figure 6 6

Three displacement charactenstic curves can be seen in figure 6 7 These curves
correspond to three input signals from three PIN photodiodes, connected to three
input fibres held in the fibre holder The onentation of these fibres 1s discussed 1n
section 5 6 2 These curves show the displacement of the fibres relative to the starting
position of the translation stage, rather than to the absolute displacement from the
surface from the surface Each curve has a different peak value and a different

posttion, caused by the sensitivity of the sensor to displacement
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It was possible to configure the virtual instrument using different filters, Chebyshev
or Butterworth, different windows, Hanning or Hamming, and different filter types,
band pass, low pass, high pass, etc. The virtual instrument was configured as

displayed in figure 6.7 for all measurements with the surface roughness sensor.

6.2 Surface Defect Sensor

The block diagram for data acquisition and analysis system of the surface defect
sensor is shown in figure 6.8. This system could be more directly implemented if the
cut-off voltage stage was applied as part of the measurement of the lateral
displacement characteristics. This voltage cut-off stage was performed separately so
that cut-off levels could be varied to ascertain the effect on the output graphs. The
block diagram in figure 6.6 was used to measure displacement characteristics, with a
low pass filter used this time to in the place of the bandpass filter. The windowing and
filtering were superfluous to the operation of the system. A much shorter total
sampling time was chosen, 0.01 seconds. This sampling time could be very short if
speed was an important criterion in an application. Reference to Z-stage
incrementation can be replaced with that of the X-stage for measurement of the lateral

displacement characteristics.

Measure Vertical Set Measure X-Stage ] Record/Display
Displacement Vertical Displacement Displacement
Characteristics 0 Displacement \W Characteristics Characteristics

0

Increment Y-Stage STOP

Displacement I
P - alse True/False
Characteristics

JILL

STOP

Figure 6,8 Surface defect sensor data acquisition system.
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Figure 6 8 shows the flow diagram for taking surface defect readings Initially the
vertical (Z-stage) displacement charactenistics were measured This records the
displacement charactenstics and allows the vertical displacement of the sensor to be
set The vertical displacement was set at close to the peak of this curve The sensor
measured a region of a surface including a hole n this surface Fuirstly, the X-stage
was displaced through a certain number of increments, with measurements being
taken at each increment Secondly, the Y-stage 1s moved through an increment and
the X-stage 1s traversed through the same number of increments in the opposite
direction When measurement of all of the area including the hole and in its vicinity

was complete, measurement was complete

2-D Array of voltage levels
representing ponts on 2-D
Surface

Ll

Compare each pont to P <V Display Pomnt xy on
cut-off vollage A e 2-D Surface Map

o
%

v
=

Ignore Pomt xy on
2-D Surface Map

Figure 6 9 Block diagram of program to generate 2-D map of the surface

Figure 6 9 shows the program that generates a surface map, the voltage level at each
pont (x,y), Py, 1s compared to the cut-off voltage, V. If it 1s less the point (x,y) 18
added to the surface map, if 1t exceeds V. 1t 1s ignored In this way the surface map
displays the areas of the surface that are below the cut-off level, points that deviate
from the displacement cut-off defined by the cut-off voltage or that reflect hight

irregularly for some other reason
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Figure 6 10 shows a surface map of a brass plate with a hole This map consists of a
line on an XY graph connecting the co-ordnates that correspond to voltage
measurements above the cut-off voltage The line describes the course along which
the measurements were onginally recorded This graph could possibly be displayed

showing the points alone without showing the line

.- mn».] iSurface Co-ordmatesl

csrern mve aveessetasss seed mhebbtn wn mesees TeAIMMSSRLeESN shes se 44 Bt S S semteereseemtissss hecbemrevy
1

‘ 00

00 02 04 05 08 10 12 14 16 18 20 22

: 5.

Figure 6 10 Two-dimensional surface map of a hole 1n a brass plate
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CHAPTER SEVEN

7 Experimental Results

This chapter presents the results achieved from the two sensor systems outlined in the
preceding chapters and also a preliminary fibre-optic sensor system The expertmental

ng 1s shown 1n figure 7 2

71  Preliminary System

A preliminary system was designed as a displacement sensor The mechanical design
of this system was 1dentical to the final systems A HFE4050 high power LED with an
ST connector, appendix C1, served as a light source, driven by a constant current
driving circuit as shown 1n Appendix B2 A single fibre collected reflected optical
radiation and conveyed this to a Honeywell HFE3038/002BBA - a PIN photodiode
with an ST connector and integral preamplifier, giving an analog output, appendix C3
Thus analog output was converted to digrtal form by a Picolog data logger This sensor

used fibres with a core/cladding ratio of 65/125 pm

A displacement curve from this system 1s shown 1n figure 71 Note the low peak
voltage, because preamplification was integral to the photodetector and the data
logger possessed no amplification this was the highest output achievable This voltage
output was achieved at a very low stand-off distance from the surface Also the signal
to noise level of the photodetector/preamplifier was quite high - any external
amplification would amplify the signal and noise without discrimination For the
above reasons, 1t was decided to use a carrier frequency system, while aiso designing
preamplification circuits suitable to the sensor system In addition, 1t was decided to

use fibres with larger cores, to allow a greater stand-off distance
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Figure 7 1 Displacement charactenistics of preliminary system, for 45° angle of

mcidence

72  Surface Defect Detection System

This sensor system measures the existence of a hole in a plate, 1€ the size and
position of a hole This estimation of the size of a hole may be to discriminate
between, for example, a hole drilled with a 2mm or a 3mm drill This system is not
designed for lugh accuracy measurement of displacement, it 1s designed to operate as

a high-speed photoelectric defect sensor

The surface defect sensor operated using a 1300 nm multimode laser diode,
Mitsubish1 FU-17SLD-F1, appendix C2, dnven by the circuit shown 1n appendix B3

The 1300 nm wavelength for this light source was chosen 1n order to reduce surface
scattering and to maximise the proportion of optical radiation that reflects specularly,
as described by equation 39 The signal detection circuit consisted of unbiased
transimpedance amplifiers using EG&G PIN photodiodes, C30617-BST, this circuit 1s
shown 1n appendix B4 These InGaAs PIN photodiodes are sensitive to infrared
radiation between 900 and 1700 nm Data acquisition and analysis was performed
using the algorithm :llustrated by figure 6 6 Optical fibres with core to cladding ratios

of 100/140 um were used The optical fibres were onented at an incident angle of 45°
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7 2 1 Surface Samples

This set of expeniments examines through and blind holes 1n plates of the following
materials brass, stainless steel, copper, and polycarbonate The design of these plates
1s shown tn appendices A7 and A8 Figure 7 7 shows a picture of these plates Of the
holes 1n these plates, the area surrounding and including smallest blind and the
smallest through hole was examined by the sensor Table 7 1 shows the surface
roughness charactenistics and surface finish of each surface sample These samples,
common engineering materials, show the effect of differing surfaces, surface finish

and surface roughness on the operation of the sensor

Surface Sample Ra(um) Rq(um) Rz (pm) Surface Finish
Stainless Steel 032 048 20

Parallel to lay Rolled and
Stainless Steel 100 129 50 Polished Surface
Perpendicular to lay

Polycarbonate 033 057 14 Moulded Surface
Copper 12 17 30 Rolled Surface
Brass 014 018 12 Rolled Surface

Table 7 1 Surface roughness characteristics of the surface samples - obtained using

Mitutoyo Surftest 402 contact stylus

The stainless steel plate had a pronounced directionality or lay, for this reason, the
above table shows the effect of measuring roughness characteristics parallel and
perpendicular to the lay The edges of the holes are burred The stainless steel blind
hole differed from the other blind holes as a portion of the hole of around 1 mm
diameter remained unmachined The polycarbonate sample was made of mouided
plastic It was white 1n colour with some dirt discolouring the surface The copper
plate had a mottled grainy surface as a result of rolling The surface colour varied It
was the 'roughest of the samples The rolled brass plate had a tarnished surface, with
fingerprints visible on the surface The surface roughness reading of the surface

suggests that 1f 1t was clean that it would be quite reflective
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Figure 7 2 shows the dimensions of the smallest through hole on each plate, figure 7 3
shows the dimensions of the smallest blind hole on every plate except the stainless
steel plate, while figure 7 4 shows the dimensions of the end-milled blind hole on the
stainless steel plate Note the 1sland of 1 mm diameter that 1s left by the end-milling
operation A photograph of the four samples are shown in figure 77 Average
roughness, RMS roughness, and ten-point height were measured for each sample,

using a Mitutoyo Surfiest 402 contact stylus, these results are shown 1n table 7 1

y/ Section AB
2 mm Diameter
A
— >

'a B

Figure 7 2 Through hole 2 mm diameter

Section CD

3 mm Diameter 0 6 mm Depth

Figure 7 3 Blind Hole 3 mm diameter and 0 6 mm depth

Section EF

3 mm Diameter

[}
]
|
1 mm Diameter 1 0 6 mm Depth
> E

) t

Figure 7 4 End-milled blind hole, 3 mm diameter, 1n stainless steel plate of 0 6 mm

depth with island of 1 mm diameter
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Figure 7.5 Photograph of experimental rig

Figure 7.6 Photograph of side view of translation stage

™



Figure 7.7 Photograph of stainless steel, brass, copper, and polycarbonate plates.

7.2.2 Measurement Procedure

Initially, the relevant sample plate was positioned using adhesive pads. For each
surface the procedure noted in figure 6.8 was followed. A surface displacement
characteristic was taken of the surface. The vertical displacement of the Z-stage, for
the remainder of the measurement, was set close to the peak of the displacement
characteristic. The translation stage was arranged so that a surface map containing all
of the area of the hole and the contiguous surface area could be recorded. A first
lateral displacement characteristic or scan was taken by displacing the X-stage
through a certain number of 100 increments. After the completion of a scan, the
Y -stage is translated through an increment of 200 jam and the X-stage is translated
through the same number of increments in the reverse direction. This cycle continues
until the area around the hole is mapped. Each reading is compared with a cut-off
voltage level, as in figure 6.9, and any point with a voltage level below the cut-off

voltage is displayed on the surface map.



7 2 3 Surface Measurement Details

These measurements were taken with one fibre transmitting light from the laser diode
and with two fibres collecting reflected light The displacement charactenstic, shown
in figure 7 8, for the steel sample shows the effect of the different position of the
fibres Note also that the voltage does not exceed 10 Volts, the cut-off level of the
data acquisition card The preamplification level of the transimpedance amplifier
doesn’t nise above 12 Volts — the voltage level of the supply rail, so there 1s no danger
of blowing the data acquisition card Taking two readings allowed one fibre to be
positioned at the optimum vertical displacement The other fibre 1s used to gauge the
effect of less than 1deal positioning, if it also performs adequately, insensitivity to

positioning 1s inferred for the particular set-up
8 sets of readings were taken, one reading for the smallest blind hole and one for the

smallest through hole of each plate The block diagram in figure 6 8 shows the

procedure that was used 1n taking a set of readings
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7 2 4 Vertical Displacement Charactenstics of each Sample Plate

A displacement characteristic for each hole 1s shown 1n figures 7 7-7 14 These graphs
illustrate the strength of the reflected signal at each vertical displacement from the
particular sample plate As can be seen these curves are quite rough, this curve 1s
meant only as a rough estimate and 1s used to choose a vertical displacement for
completing a set of surface scans In operation, if not in construction, this sensor
differs considerably from the fibre-optic displacement sensors detailed in the literature
survey The sensor 1s designed to withstand signal voltage variations, rather than to
measure these vanations accurately It 1s designed to measure extreme changes 1n

light reflection, 1n a manner similar to photoelectric sensors

The chosen vertical displacement 1s 1llustrated on each of these figures In each case
the vertical displacement was chosen so that PIN 2 switches off at a longer
displacement from the surface than PIN 1 Thus PIN 1 i1s more hkely to sense the
presence of a surface incorrectly and PIN 2 1s less likely to sense a blind hole PIN 1
and PIN 2 are labels used to distinguish between the two collecting fibres that are

sttuated side to side

The vertical displacement characteristics can differ between the same plate for
different sets of measurements, e g the voltage difference of the peaks of the two
polycarbonate displacement characteristics differ by two volts This 1s because the
sensor’s principle of operation 1s based on reflectivity and ordinary engineering
surfaces generally reflect iregularly The total level of reflectivity for each surface
plate 1s dependent on the factors listed at the beginning of section 251, 1e a
combination of the electncal properties of the surface and the surface roughness

characteristics, some of which are listed 1n table 7 1

A vanation 1n the angle of the surface shifis the peak of the sensor, and seriously
affects the operation of the sensor The second PIN photodiode could be used to guard
aganst variations 1n the angle of the surface The differences 1n the position of the
displacement characteristics for each PIN photodiode reflect the different inclination
of each plate relative to the fibre end-faces If the surface were onented at an angle
relative to the stage this would change the stand-off distance of the fibres from the

surface over a longer distance than taken in these readings
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Figure 7 8 Displacement characternistic for stainless steel through hole
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Figure 7 9 Displacement charactenistic for stainless steel end-milled blind hole
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Figure 7 11 Displacement charactenstic for polycarbonate blind hole
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7 2 5 Lateral Displacement Characteristics of each Sample Plate

A sample lateral displacement charactenstic, scan, of each set of readings 1s shown 1n
figures 7 16-7 23 Many other scans were required to generate the surface maps
shown 1n the next section, for reasons of space 1t 1s impossible to show these From
scrutiny of these characteristics 1t can be seen which range of cut-off voltages
generate surface maps adequately for each set of results For each a scan there 1s a line

superimposed on the graph to indicate the performance of cut-off voltage of 2 Volts

Figure 7 16 shows a scan through the smallest through hole on the stainless steel
plate At the edge of the hole, the system takes two measurements to switch between a
reading of 10 V and below 1 V Excellent contrast 1s shown between the presence and
the absence of a surface, thus, any cut-off voltage level chosen between 1 V and 9 V

will confidently ensure correct operation

Figure 7 17 shows a scan through the smallest blind hole on the stainless steel plate
The unmachined section of the hole 1s clearly sensed, but the hole itself 1sn’t The
unwanted spikes between the sections at 10 V hinder the sensor’s operation This scan
was chosen to highlight the presence of these spikes In the next section the surface
map of this hole at a cut-off voltage of 2V operates successfully for PIN 1 for every
scan other than this scan Thus hole was end-muilled and an 1sland remains in the centre
of the hole, on further examination of the hole surface exhibits a slight curvature, this

could possibly account for the spikes shown in this scan

Figure 718, a scan of the smallest polycarbonate through hole, shows the
disadvantage of using a sensor of this kind with a surface that reflects light diffusely
A cut-off voltage between 4 V and 1 5 V will operate adequately, but the contrast 1s
much less than the other surfaces used The varability of the reflection from a surface

18 clear from this figure and more so from the next
Figure 7 19, a scan of the smallest polycarbonate blind hole, shows relatively high

reflection from the blind hole surface, 1n comparison with the specular reflection This

level 1s due to the diffusely reflecting nature of the polycarbonate surface The range
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from which to choose a cut-off voltage 1s even narrower than for a through hole 1n a

polycarbonate surface

Figure 7 20, a scan of a copper through hole, shows adequate contrast between the
presence and the absence of a surface The next lateral displacement characterstic,
figure 7 21, a blind hole 1n the same plate, shows the inconsistencies of working with

a rough grainy rolled copper surface

Figure 7 21, a scan of the smallest blind hole on the copper plate, has two interesting
features Firstly, the effect of the rolled copper surface ts shown on the left side of the
graph This surface 1s grainy with a pitted surface and vanability in colouration,
resulting 1n 1rregular surface reflection Secondly, the machined surface of the blind
hole 1s quite different to that of the rolled surface, 1t 1s more reflective Thus 1t 1s
difficult to sense blind holes machined nto rolled copper of the roughness detailed 1n
table 71 It was impossible to measure the roughness of the machined surface of the

blind hole but 1t appeared to be more reflective

Figure 7 22, a scan of the smallest through hole tn the brass plate, shows the high
contrast achieved through this method for a smooth surface Any cut-off voltage

between 10 V and 0 5 V will operate successfully

In Figure 7 23, a scan of the smallest blind hole in the brass plate, PIN photodiode 2
operates almost as well as the sensor operates for the through hole 1n the brass plate
PIN photodiode 2 shows some noise due to closer proximity of its fibre endface to the
surface, but it also operates adequately It 1s possible to select any cut-off voltage

between 1 5 V and 9 V for this set-up for either photodiode

It can be seen that the brass and the steel blind holes have lower dark signals, 1 e the
signal received 1n the absence of a reflective surface The polycarbonate and copper
plates have significantly higher dark signals, even for through holes This may be
because these polycarbonate and copper surfaces reflect light more diffusely than the
copper and stainless steel surfaces, and thus couple optical radiation from diffuse
reflections The lower specular reflectivity 1s confirmed from the weaker signals

detected in the vertical displacement characteristics
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Figure 7 17 Sample scan of stainless steel end-milled blind hole with an 1sland
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Figure 7.18 Sample scan of polycarbonate through hole.

Figure 7.19 Sample scan of polycarbonate blind hole.
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7.2.6  Two-Dimensional Surface Map of each Sample Plate

Each of the surface maps shown in figures 7.24 to 7.31 was plotted by applying a cut-
off voltage of 2 Volts, as indicated in the figures, to a set of surface lateral
displacement characteristics. This cut-off voltage was suitable for all the sets of
through holes, for either of the detecting PIN photodiodes. This was to be expected as
detection of through holes relies solely on detecting the presence of a surface, as an

absent surface reflects no optical radiation.

Detection of blind holes was more problematical as this relies on detecting a surface
within certain displacement limits. This in turn relies on the vertical displacement
characteristics, displayed in section 7.2.4, and the choice of vertical stand-off
distance. As the blind holes had a depth of 0.6 mm, there was room for error. The
depth of the shallowest blind hole that can be detected is defined by d as shown in
figure 3.5. For example, in figure 7.9, the value ofd for PIN 1 is around 0.6 mm and
around 0.3 mm for PIN 2. Thus, in figure 7.25, apart from one scan the signal detected
by PIN 1 describes the hole adequately, while the signal detected by PIN 2 fails to

detect the hole, apart from at edges.

[Surface Co-ordinates! Surface Co ordinates!

Figure 7.24 Surface map of through hole in stainless steel plate - 2V cut-off voltage,

for (a) PIN 1and (b) PIN 2.
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Figure 7 26 Surface map of through hole in polycarbonate plate — 2V cut-off voltage,

for (a) PIN 1 and (b) PIN 2
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Figure 7 28 Surface map of through hole 1n copper plate — 2V cut-off voltage, for (a)
PIN 1 and (b) PIN 2
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Figure 7 30 Surface map of through hole of 0 6-mm depth 1n brass plate — 2V cut-off
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7 3 Surface Roughness Sensor System

This sensor system 1s designed to estimate surface roughness through the analysis of

the vertical displacement characteristics of an intensity based fibre-optic sensor

The hght source consisted of a HFE4050-014/BBA high power LED, appendix C1,
driven by the square wave circuit, shown 1n appendix B1, at a frequency of 930 Hz
This circuit was assembled on a prototype circuit board, PCB, and could be fixed
mmside a box The signal detection circuit, shown n appendix B4, consisted of
unbiased transimpedance amplifiers using Honeywell PIN photodiodes, HFE3002-
002/BBA, appendix C3 These silicon PIN photodiodes are sensitive to optical
radiation from 400 to 1000 nm, with optimum responsivity close to 850 nm The data
acquisition and analysis algorithm detailled in figure 6 6 was implemented using
Labview This algorithm generates surface displacement charactenstics from which

surface measurements can be calculated

Three fibres collected light reflected from the surface If the position, 1e
displacement, and the size of the peak of the displacement curve 1s consistent
throughout a set of readings, 1t suggests that the orientation of the surfaces 1n question
1s similar Any differences 1n these criteria may account for inconsistent results

Surface onentation has affected other optical scattering systems previously

Nominal R, value Measured Roughness Characteristics

(um) R, (um) Rq(um) R, (um)

0 025 004 00s 02
005 005 006 04
01 010 013 09
02 021 027 15
04 047 061 26
08 085 11 46

Table 7 2 Surface roughness characteristics based on measurements taken of Rubert

comparator scales
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The experimental samples were surface roughness comparator scales, manufactured
by Rubert & Co , with the following nomtnal R, values 0025,005,01, 02,04, and
0 8 The accuracy of these specimens 1s quoted as +12% / -17% of the nomnal value
[125] Equation 3 9 quotes RMS roughness values, R,, thus, the surface roughness
characteristics shown 1n table 7 2 were measured using the Mitutoyo Surftest 402
contact stylus, after all experiments had been concluded R, measurements were made

over a profile length of 10 um

Equation 3 9 uses the scattering ratio to evaluate RMS surface roughness — the
scattering ratio 15 defined in table 7 3 at incident angles of 45° and 60° for an 850 nm
light source These scattering ratios will be used to plot theoretical curves in the
following chapters Theoretical voltage values will be plotted 1n this graph using the

given RMS surface roughness value of the smoothest surface roughness sample as a

datum

RMS Surface Roughness Scattering Ratio at Scattering Ratio at
45° Incident Angle 60° Incident Angle

50 pm 0921 0 960

60 pm 0 888 0 943

130 um 0574 0774

270um 0091 0302

610 um 0000 0002

1100 pm 0 000 0 000

Table 7 3 Theoretical scattering ratios, based on equation 3 9, at incident angles of

45° and 60° for an 850 nm light source

This table shows how the proportions of the three peaks vary There 1s no link
between the two calculated ratios The vanation 1s probably caused by variation 1n the
inclination of each surface roughness sample, this causes the spatial position of the

peak intensity to shift relative to the collecting fibres
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7 3 1 Vertical Displacement Charactenistics of each Surface Roughness Specimen at

incident angle of 45°

The vertical displacement charactenstics of each surface were measured using fibres
onented at incident angles of 45°, for each of the samples shown 1n table 72 The
following 6 graphs show the displacement charactenistics for each sample at an
incident angle of 45° This set of measurements suggests that the three fibres are
oriented with the fibre supplying PIN photodiode 2 1n the centre and those supplying
PIN photodiodes 1 and 3 at either side These figures are used as the basis of further
data analysis 1n section 7 3 2, which correlates properties of these curves with the

surface roughness of the particular samples

Surface 45° Incident Angle
Roughness Peak Voltage of Ratio Peak Voitage | Ratio Peak Voltage
Sample PIN2, V PIN1 PIN2 PIN3 PIN2
0025 umR, 4 62 059 031
005 umR, 476 051 033
01pumR, 377 053 029
02umR, 192 076 033
04 umR, 187 067 061
08 umR, 128 071 035

Table 7 4 Peak voltage of the central PIN photodiode and the ratio with the peak

voltage of the other two photodiodes for each surface roughness sample at an incident

angle of 45°

Table 7 4 shows the peak value of each trace for PIN 2 for each of the displacement
characteristics shown in figures 7 32 to 7 37 It also shows the ratio of the peak values
of each trace for PINs 1 and 2 to that of PIN 2 The variation 1n the value of the ratios
suggest that the receiving and emitting fibres were not always identically aligned with
each different surface roughness sample This will be discussed further at a later

stage
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Figure 7 32 Vertical displacement charactenistics of 0 025 um R, surface roughness

sample at incident angle of 45°
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Figure 733 Vertical displacement characteristics of 0 05 um R, surface roughness

sample at incident angle of 45°
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Figure 7 34 Vertical displacement characteristics of 0 1 um R, surface roughness

sample at incident angle of 45°
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Figure 735 Vertical displacement characteristics of 02 um R, surface roughness

sample at incident angle of 45°
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Figure 7 36 Vertical displacement characteristics of 0 4 um R, surface roughness

sample at incident angle of 45°
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7 3 2 Correlation of Displacement Characteristics at Incident Angle of 45° with
Surface Roughness Properties

The effect of surface roughness 1s seen 1n the reduction of the peak of the curves, the
summation of the voltage readings at over 50% and 90% of peak voltage, figures
7 38-7 40 show the vanation of these quantities with R,, as indicated by the Rubert
blocks Figures 7 41-7 43 replace R, with R, and figures 7 44-7 47 with R; R, values
are as indicated on the Rubert blocks, while Rq and Rz values refer to the values
stated in table 7 2

The scattering ratios at the theoretical RMS roughness values have been calculated
using equation 3 9 and presented in table 73 From these a theoretical curve 1s
included for figures 7 41-7 43 presenting the curve of a true TIS measurement for
these surfaces The theoretical voltage level for each roughness value, Vp, using the
voltage level of the of the smoothest surface roughness sample, Vp, as a datum, using
the equation 7 1 Ip 1s the theoretical scattering ratios at the particular roughness value
and Ip 1s the theoretical scattering ratio of the surface roughness sample
I

Ve =V, x+ 71
Iy

As can be seen in figures 7 41-7 43 the theoretical value 1s much lower than all
experimental measurements Thus, equation 3 9 could not be used to calculate

roughness directly using this sensor

For PIN 1 and PIN 2, figures 7 38-7 47 all show a strong linearity between surface
roughness (Ra, Ry, and R;) and reflectivity for the first four surface roughness
samples, 1 ¢ under 0 2 pm R, At over 0 2 pm R, the curve 1s too slight to be useful in

measuring surface roughness

In figures 7 41, 7 43, and 7 46 the peak of the curve for PIN 2, the highest curve 1n all
figures, for the second point of the curve s higher than that of the first point, a
smoother surface The use of extra information from the angular profile of the vertical
displacement characteristics, the sum of voltage values above 50% and 90% of peak

voltage, eliminates this problem 1n all of the other figures 1n this section
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Figure 7 38 Summation of voltage values greater than 90% of peak voltage versus

average roughness, R,, for incident angle of 45°
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Figure 739 Summation of voltage values greater than 50% of peak voltage versus

average roughness, R,, for incident angle of 45°
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Figure 7 40 Peak voltage values versus average roughness, R,, for incident angle of
45°
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Figure 7 41 Summation of voltage values greater than 90% of peak voltage versus

RMS roughness, R, for incident angle of 45°
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Figure 7 42 Summation of voltage values greater than 50% of peak voltage versus
RMS roughness, R, for incident angle of 45°
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Figure 7 43 Peak voltage values versus RMS roughness, R, for incident angle of 45°
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Figure 7 44 Summation of voltage values greater than 90% of peak voltage versus

ten-point height, R,, for incident angle of 45°
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Figure 7 45 Summation of voltage values greater than 50% of peak voltage versus

ten-point height, R,, for incident angle of 45°
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Figure 7 46 Peak voltage values versus ten-point height, R,, for incident angle of 45°

7 3 3 Vertical Displacement Charactenistics of each Surface Roughness Specimen at

incident angle of 60°

This section presents the vertical displacement characteristics for each of the surface
roughness samples when the experimental rig was set-up with fibres oriented at an
incident angle of 60° to normal From examination of these sets of readings, 1t is
evident that PIN 3 was connected to the central fibre with PINs 1 and 2 at either side

Table 7 5 shows the peak voltage recorded from PIN 3 for each sample, and the ratios
of the peak voltages recorded from PIN 1 and PIN 2 to this voltage The fluctuation of
the readings for PIN 1 and PIN 2 can be seen 1n the figures in this section In common
with table 7 4 the variation of these two ratios implies that the samples were onented

at different angles for each reading ‘
Figures 747 - 752 are used as the basis of further data analysis 1n section 7 3 2,

which correlates properties of these curves with the surface roughness of the

particular samples
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Surface . 60° Incident Angle
Roughness Pe;ak Voltage of Ratio Peak Voltage | Ratio Peak Voltage
Sample PIN3,V PIN1 PIN3 PIN2 PIN3
0 025 um R, 484 044 040
005 pmR, 465 043 034
0lumR, 347 063 057
02umR, 310 052 046
04umR, 234 055 049
08 umR, 141 065 036

Table 7 5 Peak voltage of the central PIN photodiode and the ratio with the peak
voltage of the other two photodiodes for each surface roughness sample at an incident

angle of 60°
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Figure 7 47 Vertical displacement charactenistics of 0 025 um R, surface roughness

sample at incident angle of 60°
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Figure 7 48 Vertical displacement characteristics of 0 05 pm R, surface roughness

sample at incident angle of 60°
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Figure 749 Vertical displacement characteristics of 0 1 um R, surface roughness

sample at incident angle of 60°
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Figure 7 50 Vertical displacement characteristics of 02 um R, surface roughness

sample at incident angle of 60°

Mertical Displacement Charactenistics]

0 25 50 75 100 125
Displacement (10 pm) |
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sample at incident angle of 60°

137



Mertical Displacement Charactenstics]

! PIN 1
14 PIN 2

{

-t
(=]
!

50 75 100 125
{Displacement (10 pm} |

o
N
[43)

Figure 7 52 Vertical displacement characteristics of 0 8 um R, surface roughness

sample at incident angle of 60°

7 3 4 Correlation of Displacement Charactenistics at Incident Angle of 60° with
Surface Roughness Properties

This section presents figures 7 53-7 61 which correlate each peak voltage, and
summation of voltages above 50% and 90% of peak voltage, for the vertical
displacement characteristics presented 1n the last section, against RMS surface
roughness, average surface roughness, and ten-pomnt height The summation of
voltages above 50% of peak voltage appears to correlate most linearly with all three
surface roughness parameters For this set-up there appears to be two distinct lines on
these graphs, firstly at roughness up to 0 1 mm Ra and secondly above that value In
all the figures PIN 3, the photodiode connected to the fibre receiving the highest

intensity gives the most consistently successful readings

Equation 7 1 was used to generate the theoretical curve displayed in figures 7 56-7 58
using the data in table 7 3 and equation 3 9 using the voltage value of PIN 3 for the
smoothest surface as a datum This theoretical curve 1s a less accurate than 1t was for
fibres oriented at 45° to the surface, confirming the view that equation cannot be used

this sensor to calculate surface roughness directly
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Figures 7 53-7 61 all show that the sensor 1s unsuitable for measurement of surface
roughness with PIN 1 and PIN 2 While for PIN 3, the photodiode connected to the
fibre that collects the lighest intensity, shows a strong lineanty between surface
roughness (Rq, Ry, and R;) and reflectivity For PIN 3, the curves can be divided into
two different regions above and below 0 1 pm R,, or its equivalent for Rq or R; (see
table 72) The first area consists of the first three points of the curve and 1s steep,
particularly between the second and third points The second area 1s at those points
representing surface roughness values from 01 pm R, to 08 pm R, This area 1s
particularly linear for curves based on the peak voltage of the curve and the sum of
voltage values greater than 50% of peak voltage Those based on the sum of voltage
values greater than 90% of peak voltage are only shightly less linear for this region

The reasons for the difference between PIN 3 and PINs 1 and 2 are discussed later

In figures 7 41, 7 43, and 7 46 the peak of the curve for PIN 2, the highest curve 1n all
figures, for the second point of the curve 1s higher than that of the first point, a
smoother surface The use of extra information from the angular profile of the vertical
displacement characteristics, the sum of voltage values above 50% and 90% of peak

voltage, eliminates this problem in all of the other figures in this section
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Figure 7 53 Summation of voltage values greater than 90% of peak voltage versus

average roughness, R,, for incident angle of 60°
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Figure 7 54 Summation of voltage values greater than 50% of peak voltage versus

average roughness, R,, for incident angle of 60°
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60°
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Figure 7 56 Summation of voltage values greater than 90% of peak voltage versus
RMS roughness, Ry, for incident angle of 60°
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Figure 7 57 Summation of voltage values greater than 50% of peak voltage versus

RMS roughness, Ry, for incident angle of 60°
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Figure 7 58 Peak voltage values versus RMS roughness, Rq, for incident angle of 60°
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Figure 7 59 Summation of voltage values greater than 90% of peak voltage versus

ten-point height, R;, for incident angle of 60°
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7 3 5 Dnft of Sensor System over Time
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Figure 7 62 Dnft of Signal System over time — Light Condition

Figure 7 62 shows the dnft of the sensor system over might, from 9 PM to 11 AM
This 15 caused by the drop in ambient temperature and 1ts effect on the electronic
components of the signal generation and signal detection circuitry, as discussed
before Figure 7 62 and 7 63 were compiled by the using the algorithm presented in
figure 6 6, with the addition of a timed switching mechanism, the program controlled
the virtual instrument to perform a reading once a minute Both of these figures were
determined using 1dentical signal processing techniques to the other measurements of
the surface roughness sensor Table 7 6 shows the maximum and minimum voltage
peaks of the voltage dnft data shown 1n figure 7 62 and the difference between these
values Ultimately, the accuracy of measurement s affected by dnft, primarily
thermal dnft The sensor’s performance vanies with the seasons and the time of day, a

referencing scheme 1s required
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Photodiode Maximum Voltage | Mimmum Voltage | Difference
PIN 1 0778 V 0711V 68 mV
PIN 2 1322V 1257V 65 mV
PIN 3 0356V 0356 V 27 mV

Table 7 6 Maximum voltage, minimum voltage, and the difference between for data

presented 1n figure 7 62
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Figure 7 63 Noise charactenstics of system over time ~ Dark Condition

Figure 7 63 shows the variation in background noise over ime The PIN photodiodes

were 1solated from any optical radiation while these measurements were taken The

total size of this dark condition signal ts of the order of a couple of mV and 1s caused

by the following photodiode dark current and the voltage offset of the op-amp This

illustrates how the dark condition noise levels are well below 1 mV, for all the PIN

photodiodes
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CHAPTER EIGHT
8 Discussion of Experimental Results s

This chapter discusses the experimental results presented for both sensors systems mn

the previous chapter

81 Surface Defect Sensor

811 Sensing of Holes

Through Holes

The surface maps presented in section 72 6 show that the sensor scanned all the
through holes (3-mm diameter) successfully for either of the collecting fibres A high
level of contrast was achieved even for rough surfaces, such as the copper plate, or
diffusely reflecting surfaces such as the polycarbonate surface These results were
achieved from choosing a cut-off voltage level of 2 Volts arbitrarily for all surface

plates

Blind Holes

The performance of the sensor in measuring blind holes (2-mm diameter and 0 6-mm
depth) was more cnitically affected by the surface properties of the plate In this case
the surface properties of the machined surface of the hole 1s the critical factor The
vertical displacement characteristics are measured for the surface of the plate, from
these the vertical stand-off distance of the sensor 1s chosen When the surface of the
blind hole 1s machined the surface does not necessarily behave 1n an 1dentical manner
to surface of the plate The surface of the blind hole may be slightly curved and this
can result in nadequate sensing of the hole, this can be seen 1n the spike shown 1n
figure 7 17, and the centre of the surface map in figure 7 25(a) Sensing of blind holes
1s critically affected by the choice of the vertical stand-off distance as can be seen 1n
figure 7 25(b), where the sensing fibre 1s positioned In addition, edge effects such as

burring may cause the edge of a hole to be sensed irregularly Even when the centre of
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a blind hole 1s not sensed well, such as 1n figure 7 25(b) or figure 7 29, the edges of a
surface tend to be sensed more successfully A hole 1s sensed even when 1t 1s sensed

imperfectly

Geometry of Holes

This purpose of this section 1s to discuss the efficacy of this sensor in measuring the

geometry of a hole The diameter, shape and position of the hole are what 1s meant by

the geometry of a hole
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Figure 8 1 Through hole 1n brass plate — 2 mm-diameter

It 1s clear that the surface maps presented 1n section 7 2 6 detect the presence of a hole
but they do not represent the shape of a hole perfectly Figure 8 1 shows an example
of a surface map with the boundaries of the hole outhned From this figure 1t can be
seen that the circular hole 1s transformed to a many sided shape by the measurement
of this sensor system Figure 8 1 also shows a 2-mm-diameter circle superimposed on
the surface map This shows how the sensor always represents the hole at a smaller
diameter than the real value Perhaps this i1s caused by the low resolution of

measurement — one reading for every 0 1 mm The choice of the cut-off voltage also
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affects the size of the sensed hole —~ 1t takes about two readings for the sensor to

switch, in this case about 200 um
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Figure 8 2 Blind hole 1n brass plate — 3mm-diameter

The blind holes are of 3-mm diameter, figure 8 2, and the through holes are of 2-mm
diameter, 1t can be seen that the larger diameter holes appear to be more circular than
the smaller diameter holes This suggests reproduction of the geometry of the hole
will deteriorate further for holes smaller than 2 mm the, though they will probably

still be sensed

A simple algorithm could consist of finding the lowest and highest x co-ordinates and
subtracting one from the other, this could then be averaged against the same result
performed with the y co-ordinates It 1s likely that the measured diameter of the hole
will be about 300 pum less than the same measurement performed with Vernier
calipers Finding the centre of the hole 1n x co-ordinates could be performed using the
mid-point of a line joining the highest and lowest x co-ordinates, and similarly for the
y co-ordinate of the centre This procedure was used to determine the centrelines 1n
figure 81 and 82, their intersection determines the centre of the superimposed

circles
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8.1.2 Stand-off Distance

In general the stand-off distance of the end face of the optical fibres from the surface
of the sample plates was between 2 and 3 mm. For online operation using present
construction of the experimental rig this is unsatisfactory, as the fibres are
unprotected. If protection of the fibre was satisfactorily incorporated as part of the

mechanical design of the sensor this stand-off distance may be adequate.

Figure 8.3 Dimensions of radiated area on surface

Increasing the stand-off distance, at least for the present design, has disadvantages.
Both sensors use bare fibres to emit and collect optical radiation; the sensors are
described by figure 8.3. The spatial limits of emission of optical radiation as defined
by the numerical aperture are shown. 0 is related to the numerical aperture as defined
in equation 2.4. a is the incident angle of the fibres. Four dimensions of interest are
detailed in figure 8.3: wx, wy, ax, and ay. The elliptical spot with major axes wxand wy
defines the extents of the radiated spot on the surface. The elliptical spot with major
axes ax and ay defines the extents of the surface area that contributes to specular
reflection. Appendix D derives values for wx and wy increases in d, 0, and a result in

increases in both wx and wy. The dimensions of ax and ay will be considered

149



approximately equal to the diameter of the fibre core, a Ths 1s true for ax but untrue

for ay which 1s also dependent on the angle of incidence

It 1s important to note that the dimensions of the radiated area are highly dependent on
the stand-off distance, d, and on the numernical aperture The size of the specularly

reflecting area 1s almost wholly dependent on the collecting fibre’s core size

In addition, when the specular spot approaches the centre of the radiated area the
intensity sensed by the photodetector approaches its peak value When the specular
spot approaches the perniphery of the radiated area the intensity drops below 1ts peak
value The cause of each receiving fibre having widely different peak voltages 1s
because each fibre takes a different path through the radiated spot Lower peaks are
caused from this path being at greater displacement from the centre line of the

radiated area

For a rough surface, which doesn’t reflect specularly, a proportion of the collected
radiation 1s attributable to diffuse reflection from outside the specular spot As the
specular spot becomes smaller 1n proportion to the radiated area, at greater stand-off
distances, a lower proportion of emitted radiation 1s incident on this area For rough
surfaces diffuse reflection becomes the predominant factor, while for smooth surfaces
the intensity of reflection decreases very sigmficantly If the proportion of light that
reflects specularly 1s predominant the spatial resolution of measurement can be
considered comparable to the core size of the receiving fibre This enables the sensor
to detect edges effectively When diffuse reflection 1s considerable the sensor 1s less
sensitive to the edge of a hole This 1s significant in determining the size of the

smallest hole that can be sensed

To increase the stand-off distance the optical design of the system needs to change, an
emtting fibre with lower numerical aperture could be chosen The defect sensor used
62 5/125-um fibre with numerical aperture of 0 275, 6 = 16°, while standard 50/125-
pm fibre has numerical aperture of 02, 8 = 11 5°, that would allow a shightly higher
stand-off distance The incident angle also affects stand-off distance, higher incident

angles having lower stand-off distances, for the same lateral separation of the fibres
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The choice of mcxdent] angle also affects the ability of the sensor to sense blind holes
A higher ntensity light source could be chosen This would introduce further

consideration of laser safety, in particular for online use
813 Effect of Misalignment

This sensor assumes that the surface 1s aligned so that the emitting and receiving
fibres are at equal angles to the normal, in practice this 1s not always true
Misalignment 1s one of the factors including vibration, light source fluctuation etc
that this sensor 1s designed to tolerate Misalignment 1s particularly cnitical to this
sensor’s operation when the vertical range, D, as defined 1n figure 4 S, 1s small In this
case the vertical displacement characteristics will shift From analysis of the results 1t
can be seen that 1n no case did the sensor sense a hole when the plate surface was
present The effect of misalignment was most often seen when the surface of a blind
hole was incorrectly sensed such as 1n figure 7 29, 1 ¢ due to machining of the blind

hole surface
8 14 Effect of Surface Characteristics

Table 7 1 shows the surface roughness characteristics of each of the surfaces This
does not fully describe each plate as regards reflection — the material properties of
each surface contribute to an absolute level of reflectivity Where polycarbonate 1s not
exceptionally rough 1t has by far the lowest reflectivity In another case the reflectivity
of the copper plate can be quite high though 1t 1s very inconsistent due to the rough,
grainy nature of the plate’s surface In this way the sensor operates more comfortably

in sensing holes 1n polycarbonate plate than 1t does for copper plate

It 1s important to note that this 1s not an all-purpose sensor, it 1s very dependent on the
surface or surfaces to be sensed Generally the sensor will work best with smooth
reflective surfaces and with through or deep blind holes As the sensor reaches its
limits 1t will become more unreliable This thests discusses the design and
development of a sensor to measure holes in a surface based on the premise that these

holes are defects In fact this sensor will work best for detecting the presence of holes
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or edges which have been machined or punched in material An array of such sensors

could inspect the position and size of holes 1n industrial use at lugh speed

8 2 Performance of Surface Roughness Sensor

This sensor 1s ultimately intended for use as an online sensor though in this
incarnation the sensor operates by assessing the displacement charactenstics of the
surface and then analysing this data — this 1s not wholly suitable for online use and
requires some changes to develop into an online sensor This section discusses the

results of section 7 3 with regard to improving this sensor

With single fibres collecting reflected radiation the sensor was too sensitive to
variation 1n position to function successfully as an online sensor It 1s planned to
construct a sensor that collects a larger proportion of reflected light through use of a
lens or of a fibre bundle For this reason section 6 3 presents graphs that sum the
voltage levels of the displacement characteristic that were above a certain percentage
of peak voltage Collecting a larger proportion of reflected light would enable a larger

stand-off distance

821 Stand-off Distance

The performance of this sensor 1s affected by the factors mentioned above in section
812 The reflected signal compnses of the specular reflection and the diffuse
reflection that 1s collected by the receiving fibre For this reason the sensor 1s not a
true measure of Total Integrated Scattennng The proportion of the signal that s
contributed by specular reflection decreases as the stand-off distance increases The
area of specular reflection does not affect the performance of this sensor, so a lensed
or bundled sensor could only improve the performance of the sensor, particularly by
extending the stand-off distance and by gathering the reflected optical radiation more

efficiently
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822 Effect of Misalignment

Tables 74 and 7 5 show through the vanation of the peaks of the two less intense
traces how misalignment affects the operation of this sensor While these curves are
affected by the surface roughness properties of the particular specimen 1t 1s clear that
measurement 1s also sensitive to other factors, these two curves are a less confident
indicator of the surface roughness charactenstics Figure 8 4 describes the pitch and
roll angles for a surface sample Pitch 1s rotation around a lateral axis of the surface
sample and roll 1s rotation through a lateral axis of the surface sample perpendicular
to the pitch axis In this way misalignment 1s defined by these angles For the

purposes of this project no attempt was made to control pitch and roll

Enutting Fibre Collecting Fibre

Surface g
Roughness / / {, TN
Sample Specularly Specularly . Specularly
Reflecting Reflecting Reflecting Area 3
Area ] Area 2 Roll Pitch=0° & Roll = f§

Pitch=Roll=0° Pich=0 & Roll=0°

Figure 8 4 Surface Misalignment — Pitch and Roll angles

Figure 8 4 shows the sensitivity of this sensor to pitch and roll angle Specularly
reflecting area 1 describes the optimum set-up of this sensor, the position where the
receiving fibre, emitting fibre and surface roughness sample are all perfectly aligned,

this 1§ the position that the sensor records peak intensity Emphasis 1s placed here on
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the onentation of the surface roughness sample as the fibre positioning 1s assumed to
be imperfect but fixed, while that of the surface roughness sample changes for sample
considered Specularly reflecting area 2 describes the effect of varying the pitch angle
through an angle b while roll angle 1s still 0° The collected intensity drops relative to
specularly reflecting area 1, this 1s the peak intensity for a vertical displacement
characteristic taken at these pitch and roll angles Simularly for specularly reflecting
area 3 1f roll angle 1s varied while pitch 1s preserved at 0° its position shifts away from
peak mtensity Changing these angles also changes the shape of the specularly

reflecting area and displacement further affecting the reflected signal

It may be argued that a fibre that 1s more centrally positioned, 1 e positioned so that it
collects a higher intensity of optical radiation, 1s less affected by misalignment of the
surface than a more peripherally positioned fibre This 1s explained by the fact that at
peak intensity there 1s less sensitivity to displacement, while less peripherally
positioned fibres experience the high sensitivity to displacement that permuts their use
1n the precision measurement of displacement For this reason the fibre that collects
the highest peak intensity will be discussed 1n the next section and other traces will be

ignored

823 Correlation with Surface Roughness Properties

It was decided to correlate roughness against sum of values above a percentage of
peak intensity as well as against peak intensity because of the effect that misalignment
of the surface roughness sample has on performance of the sensor Correlation against
the sum of values above a certain percentage of peak intensity makes fuller use of the
information gathered through the vertical displacement characteristics and gives an
indication of the performance of a lensed or bundled sensor that collects reflection
from a larger area Figure 740 shows the peak intensity of each displacement
characteristic plotted 1n section 7 3 1 plotted against the average roughness of the
samples It can be seen that the smoothest sample, 0025 R,, has a lower peak
intensity than that of a rougher sample, 0 05 R, Ths result 1s erroneous as the 0 025
R, sample 1s wvisibly more murror-like than the 005 R, sample The stylus
measurement of roughness properties, table 7 2, measured values for R, and R, that

were quite close for these two samples Though this may be because these
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measurements were close to the hmits of the stylus Figures 7 38 and 7 39 use the

percentage method and use the gathered results to reduce the effect of misalignment
Theoretical Curve versus Measured Curve

A curve based on the theoretical equation derived by Beckmann and Spizzichino [72],
equation 3 9, was included with the curves correlated against RMS surface roughness
The results achieved with this system do not agree with this equation There are a
number of reasons for this As mentioned previously the reflected signal was not
1solated from diffuse reflection This accounts for the fact that for all of the graphs the
measured value exceeds the theoretical value The stylus measurement of RMS

surface roughness may be inaccurate or unrepresentative

Equation 3 9 1s limited to scattering ratios above 0 6 Thus, smoother surfaces, less
than 150 nm Rg, are likelier to conform to equation 3 9, more ngorous experiment
with smooth surfaces would be necessary to investigate this This equation 1s limited
to application with smooth surfaces It 1s not important that the sensor does not obey

equation 3 9 1if the sensor 1s consistent and reliable

Incident Angle: 45° versus 60°

Equation 3 9 includes the incident angle of the sensor Figures 4 8 and 4 9, using
equation 3 9, contrast the effect of these two incident angles Higher incident angles

should have a more gradual decrease in scattering ratio, and correspondingly in

specular reflectivity

The results plotted in section 7 3 2 for experiments at incident angles of 45° include a
steep incline from first two smooth specimens, 0025 and 0 05 R,, to the fourth
specimen, 0 2 R, Thereafter the points for rougher surfaces, greater than 0 2 R,, show
a gradual decrease that 1s less useful for roughness measurement 02 R, 1s assigned as
the endpoint of the steep incline but further experiment with specimens of roughness
of between 0 1 R, and 02 R, would clarify the situation The design of this sensor
depends on application, e g 1n an industrial application the critical surface roughness

level determines the incident angle chosen
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The results plotted in section 7 3 4 for experiments at incident angles of 60° include a
steep incline from first specimen, 0 025 R, to the third specimen, 0 1 R,, similar to
the results plotted 1n section 73 2 Roughness specimens from 0 1 R, to 0 8 R, then
show a gradual decrease, which may be useful for roughness measurement 1n contrast
to results at 45° incident angle The influence of incident angle included in equation
2 18 15 borne out by the results of this project — the sensor operating at an incident

angle of 60° functions over a larger range of surface roughness

Roughness Characteristics

Equation 3 9 uses RMS surface roughness, results are presented using average surface
roughness, RMS surface roughness and ten-point height and 1t 1s difficult to quantify
which property correlates most closely with surface reflectivity The curves for each
different roughness property differ very little As the sensor doesn’t measure any

roughness property absolutely it may be most properly termed a surface finish sensor

This project did not investigate a number of surface roughness properties that have
influence over reflection from a surface, such as surface spatial frequency, surface
slope, and wavmess Surface spatial frequency 1s particularly important as it can vary
considerably for surfaces with equal average or RMS surface roughness The effect of
differing surface spatial frequency on light scattering measurement of surface

roughness 1s noted in the literature survey [55,57,99]
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CHAPTER NINE
9 Conclusions and Recommendations for Further Work

These conclusions examine the results that were achieved by the systems
Recommendations for further work examines the performance of the design of the

systems with regard to possible improvements

91 Conclusions

The objective of this project was the development of a fibre-optic sensor system that
would form a unit element of a hnescanmng sensor for sensing the surface properties

of metal plate
Surface Defect Sensor

o Holes of 2 mm diameter can be sensed on the surface of plates of the following
materials stainless steel, brass, polycarbonate, and copper The roughness and
reflectivity of these plates affects the performance of the sensor All 2-mm
diameter through holes were sensed successfully Blind holes of 3-mm diameter

and 0 6-mm depth were sensed in plates of all materials except the copper plate

e An adequate representation of the diameter, shape and position of the holes 1s
given for 2-mm and 3-mm diameter holes As the diameter of the hole increases

the representation of the shape improves

e The spatial resolution of measurement 1s around 100 to 150 pum Surface

roughness and stand-off distance can affect the spatial resolution as a higher
proportion of collected radiation contributed by diffuse scatter will increase the

spatial resolution

e Choice of the stand-off distance and cut-off voltage determines the depth of the

shallowest blind hole that can be sensed
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There 1s less contrast between the absence and presence of a surface when
sensing blind holes than when sensing through holes — the surface finish of the
surface of the blind hole affects detection of these holes When the surface finish
of a shallow blind hole and the plate tself differ the contrast achieved may be
Iimited For this reason the blind hole in the copper plate was not sensed
successfully The edges of a blind hole are particularly sensitive to scanning even

when the interior of the hole 1s not sensed

The operation of the sensor was relatively unaffected by misalignment, light
source fluctuation, vibration, ambient light, and surface roughness These factors
never caused a pomnt on a plate’s surface to be sensed as a hole (for a cut-off

voltage of 2 Volts)

This sensor has the potential for high-speed operation In practice the limiting
factor measurement 1s the speed of the data acquisition card — 100,000 cycles per
second or 50,000 cycles per second for two channels The above disregards the

limitation introduced by taking manual measurements

Surface Roughness Sensor

The results indicate that for an incident angle of 60° the range of measurement
extends from 0025 um R, to 08 um R, This range consists of two sections,
firstly a steep section between 0 025 um R, and 0 1 um R, and a less steep section
between 0 1 um R, and 0 8 um R, For an incident angle of 45° the range of
measurement was shorter from 0 025 um R, to 0 2 pm R, — this range consists of

one steep section This shows the effect of incident angle on the performance of

the sensor

The sensitivity of the curves of correlation of peak intensities against surface
properttes are less consistent than the corresponding curves based on the
correlation sum of voltages above a certain percentage of peak voltage against
surface properties This suggests that a sensor which collects optical radiation

from a larger area would have superior performance
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The experimental results do not conform to the theoretical equation proposed by
Beckmann and Spizzichino [72] The most likely reason for this 1s that the design
of the sensor doesn’t 1solate specular scatter from diffuse scatter This lack of
1solation 1s probably responsible for the extended range of the sensor for operation
at an incident angle of 60° It 1s not necessary for this sensor to conform to

equation 3 9 1f it operates consistently and reliably

The sensitivity of this sensor to musalignment was clearly seen n the poor
performance of the signal collected by the peripherally posttioned fibres The

centrally positioned fibre was less sensitive to misalignment

Correlation against average surface roughness, RMS surface roughness or ten-
point height performed equally well This suggests that all of these are related to
surface reflectivity Further work needs to be performed in assessing the
performance of the sensor with surface specimens of similar surface roughness but
differing surface spatial frequencies and surface specimens prepared through

differing machining processes

The principle of operation of this sensor, recording the displacement
charactenstics for a specimen and performing data analysis, caused the operating
speed to be very slow It 1s necessary that the design of the sensor be improved so
that a single measurement 1s correlated against surface finish Collecting optical
radiation from a larger area may allow this Recommendations for further work

contains some suggestions to achieve this through design improvement
Figure 7 61 shows the dnft that occurs with temperature with the use of a

unreferenced fibre-optic sensor There 1s a need for a referencing scheme — details

of referencing for fibre-optic sensors can be found 1n section 2 2 2
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92 Recommendatgons for Further Work

This section provides recommendations for further work through analysing the
performance of the design of the sensor and pinpointing components of the design of
the sensors that need improvement The possibility of the wider application of optical

technology 1s indicated
921 Optical Design
Optical Fibres

The use of optical fibres in these sensors contributes to the performance of the
sensors In both sensors the specularly reflective area of the surface 1s comparable to
the core size of the optical fibre In the case of the surface defect sensor this 1s the
factor that allows the spatial resolution of measurements to be around 0 1 mm In the
case of the surface roughness sensor the core size of the fibre contributes to the
sensitivity of the sensor to angular misalignment and limits the sensor with regard to
online use Both sensors suffer through low stand-off distances particularly the

surface roughness sensor

Three potential solutions to these problems are (1) a higher intensity light source
could be used, (11) the emitted optical radiation could be emitted over a narrower
beam angle, through use of lenses or an emutting fibre with lower numerical aperture,
and (1) the reflected optical radiation could be collected more efficiently through the
use of lenses, receiving fibre with larger core size, e g 0 5 — 1 mm diameter, or a fibre
bundle The first two points apply most readily to the surface defect sensor while the
last two points apply to the surface roughness sensor Perhaps certain applications of
this surface defect sensor would not require such high spatial resolution and use of
lenses would significantly improve ease of use A focussing rather than collimating

lens might improve the spatial resolution of the measurement
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Optical Wavelength

The surface defect sensor operated at an optical wavelength of 1300 nm, this was
chosen to limit the effect of diffuse scatter on the sensor. As the sensor was not tested
at lower wavelength it is impossible to determine whether this had a positive effect on

the operation of the sensor, yet it will be assumed that it did.

The surface roughness sensor operated at a wavelength of 850 nm. Reflectivity is
dependent on wavelength, equation 3.9, and longer wavelengths should extend the
range of roughness [87]. High performance telecommunications-style LEDs are
available at wavelengths of 1300 nm and 1550 nm, but are relatively expensive. A
system could be implemented using modulated LEDs of differing wavelengths,
perhaps 850 nm and 950 nm. It would be possible for digital or analog filtering to

separate signals from the two LEDs using a single photodiode.

Figure 9.1 System based on spectral analysis of sensor using white light source

A white light system, figure 9.1, could apply spectral analysis to the reflected light,
while applying spectral analysis against the input light source for reference. A white
light source, for example a quartz tungsten halogen lamp, emits light over wide range
of wavelengths, figure 9.2. Spectral analysis analyses the intensity at particular
wavelengths [3]. Rudimentary spectral analysis could be implemented by using two or
three photodiodes with responsivity at differing wavelengths, figure 9.2, this
differential responsivity could either be a property of the particular photodiode or

could be caused by the use of optical filters. Incoherent fibre bundles [23-25,52]
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would be the most efficient way to couple light from a white light source and would
allow multiple measurements to be taken without need for expensive fibre couplers
Referencing 1s necessary in this system because of the fluctuation of the light source
This method would be sensitive to interference from ambient light In effect such a

white light system 1s identical to a system using two or more LEDs of differing

wavelengths
A Spectral Irradiance of
Relative Lxgl&Source
Int
/—P " Photodetector 1 ntensity
/ 1 \ﬁ 3
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Figure 92 (a) Tnfurcated fibre bundle for simple spectral analysis (b) Spectral

response of photodiodes and spectral irradiance of white light source

922 Optoelectronic Design

Absolute accuracy of measurement 1sn’t crtical for the surface defect sensor —
because of this the design of the photodetection system could be simplified by using
phototransistors — phototransistors are cheaper If an array of defect sensors 1s
fabricated another alternative would be to couple an array of fibres to a lnear

photodiode array - Geary [105] describes such an arrangement

Misalignment and thermal dnft, section 63 5, were the cntical factors affecting
measurement with the surface roughness sensor The optoelectronic design of the
surface roughness sensor implemented a carrier frequency system based on a square
wave The digital filtering of the acquired data isolated the first harmonic of the
square wave, filtering out all other harmonics If the LED was driven using a sine

wave input the digital filtering would be more efficient On the other hand a lock-n

162




amplifier [121-123] could be constructed to reject noise using the square wave driving
circuit A carrier frequency system diminishes interference due to ambient hight which

will become more pronounced if a system using a lens or fibre bundle 1s used

Use of a laser diode light source with an integral photodiode, and an appropnate
referencing system, may result in a sensor system that could perform both surface

roughness and defect sensing online
923 Mechanical Design

Though the mechanical design sufficed for use as an expennmental ng, there are a
number of improvements that are necessary to improve the performance of the sensors

particularly for use online

Firstly, the use of manual translation stages meant that the speed of measurement was
very slow, the focus of the optoelectronic design sensors was high-speed online use
To take a full set of readings with the defect sensor of one hole on a sample plate took
about 45 minutes This included positioning fibres, fixing the surface sample,
assessing vertical displacement charactenstics, setting vertical stand-off distance,
finding a starting point, and finally performing surface scans An array of sensors to
perform linescanning along with motorised scanning would improve the speed of

measurement considerably

Secondly, bare fibres are very delicate The fibres protruded beyond the end of the
fibre holder and could be easily damaged It 1s necessary that protection be developed
for industrial use A fibre connected to a collimating lens would have protection
Incoherent fibre bundles are robust and have the advantage that one broken fibre does

not result 1n catastrophic failure of the sensor

In some industnal processes 1t 1s necessary distinguish between blind and through
holes, e g 1n detecting punched holes Use of opposed-mode sensing [52] alone or 1n
conjunction with the reflective-mode sensing used 1n this project could achieve this
Orienting fibres at normal incidence to the surface would reduce sensitivity to blind

holes significantly
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924  Wider Apphcations

This project explored engineering applications of optical technology in the areas of
fibre-optics, fibre-optic sensing, optoelectronics, surface properties and photoelectric
sensing The thesis contains basic information that may be useful as a starting point
for further work that 1s unrelated to determination of surface properties or even
industrial mspection, 1e much of the literature survey directly relates to fibre-optic
displacement sensing and 1ts application Optical technology 1s a vibrant area that 1s
becoming a sigmificant part of Insh industry and research [126] Applications 1n the
automotive industry [127,128], medical devices [44,45,129], vibration [36,37], and
semiconductor industry [92,93] are growing A possible inspection project 1s the use
of low coherency interferometry to measure the width of perspex or glass sheets
online [20]

Holographic structured light projectors [130] in conjunction with CCD cameras and
the laser tnangulation principle [131] have superseded the use of mechanical laser
scanning 1n many industnial applications for inspection of defects Gaynor et al [130]
provide a comprehensive review of these systems Such laser line generators are
commercially available and can gather three-dimensional data of a surface for use
with CAD systems By projecting 2 line of laser radiation on a surface there 1s no
need for any moving parts The main advantage of thus system over the proposed
array of defect sensors designed 1n this project 1s that structured light projectors allow
the three-dimensional data to be gathered rather than two-dimensional data For
detection of holes 1t may not be a necessity to generate three-dimenstonal data and

lower cost and a simpler operating principle may be the critical criteria
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Name! Brian Cahill
Title Sample Plate
Date 2i/9/97
Material Various

rThIckness, a

f
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5 BUnd Holes of 06 mm Depth
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At 10 nm Pltch
6 Through Holes
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Plate Materlal Thickness, a
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Caopper 3 mm
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O 12V

jv lID=100mA

V=24V ZTX 689 B
VB-VBE=17V

Ri=75kQ

Ip = (Vs - Vgg)/R,
= 100 mA
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10 MQ2
Ipy
R
Photodiode Op amp
HFD3002 (Honeywell)
or 'j/ OP37GP 5
C30971BST (EG&G)
+
T Vour

= 53

This circutt uses the same voltage regulation as appendix B1 to provide £12V to the

supply ratls of the operational amplifier
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HFE4050-01X/BBA

High Power Fiber Optic LED

18 September 1997

FEATURES

» High power LED sends 410 uW into 100/140 micron
fiber

o High speed 85 MHz

* Rated to 100 mA forward current operation

o Wave solderable

¢ Designed to operate with Honeywell fiber optic
recavers

* Industry standard ST® LP fiber connector
¢ Popular straight lead low profile package

DESCRIPTION

The HFE4050 01X/BBA 15 a high radiance GaAlAs

850 nanometer LED optimized for coupling into smali fiber
core drameters at a forward current of up to 100 mA The
patented *Caprock ™ LED chip combines high power
coupling with wide bandwidth The peak wavelength is
matched for use with Honeywell silicon fiber optic
detectors and recewvers The mechanical construction
uses a highly refiable ST® LP fiber optic

connector / housing designed for easy mounting on
printed circurt boards

APPLICATION

The HFE4050 01X/BBA 1s a high radiance LED
packaged in a ST* LP metal housing Data rates can
vary from DG to above 85 MHz depending upon
component application The LED s designed to convert
electnical current into optical power that can be used In
fiber optic communications As the current varies
(typically from 10 to 100 mA) the hight intensity increases
proportionally

The HFE4050 01X/BBA LED provides the maximum
amount of radiance for the amount of forward current in
the industry A 0 25 mm diameter glass microlens over
the Caprock " junction colimates the hight increasing
the intensity Thus greater power is directed toward
standard fiber optic cables

ST is a registered trademark of AT & T

— Honeywell

FIBER208 TIF

OUTLINE DIMENSIONS In Inches
|

. ),
T

- 351 r
]——1— 375 32 UNEF 24
3 2100 156 DP

8041, 2 56 THREADS THRAU
L 100
-1 7T
375 400
MIN
PN i
3

FBER101.01M

Pinout

1 Anode

2 Cathode

3 Not connected

Pin 1.dentified by red sleeva

Honeywell reserves the nght 1o make
changes in order 10 improve design and
supply the besi products possible




18 September 1997
HFE4050-01X/BBA
High Power Fiber Optic LED
ELECTRO-OPTICAL CHARACTERISTICS (T¢ = 25°C unless otherwise stated)
PARAMETER SYMBOL | MIN TYP MAX | UNITS TEST CONDITIONS
Fiber Coupled Power 1! Poc = I = 50 mA 50/125 mucron
- 0 20 NA fiber 12
HFE4050-013/BBA 20 25 uw =
170 160 dBm |-
HFE4050-014/BBA 30 33 uw
152 148 dBm |}

Forward Voltage Ve 185 220 \Y IF =100 mA
Reverse Voltage Bwr 10 50 \Y lr=10pA
Peak Wavelength Ap 850 nm I =100 mADC
Spectral Bandwiith A 60 nm lr = 100 mA DC
Response Time

T=25C 10 80% ta 4 8 ns 1V Prebias 100 mA peak

T=25C,90 10% e 6 10 ns 1V Prebias 100 mA peak
Analog Bandwidth 8WE 85 MHz I =100 mADC small

signal sinusadal modulation

Po Temperature Coefficent APo/AT 003 dB/°C I =100 mA
Series Resistance fs 40 Q DC
Capacttance o} 70 pF Va=0V f=1MHz
[Thermal Resistance 150 “C/W Heat sinked
Notes

1 Dash numbers indicate power output See ORDER GUIDE

2 HFE4050 01X/BBA is tested using a 50/125 micron fiber cable Actual coupled power values may vary due o mechanical alignment

procedures and/or receptacle and fiber tolerances
ABSOLUTE MAXIMUM RATINGS

(25 C Free Air Temperature unless otherwise noted)
Storage temperature 6510 + 150°C

Case operating temperature 55t0+ 125 C
Lead solder temperature 260C 10s
Continuous forward current 100 mA

(heat sinked)

Reverse voitage 1V@10pA

Stresses greater than those listed under Absolute Maximum
Ratings may cause permanent damage to the device This s a
stress rating only and functional operation of the device at these or
any other condtions above those indicated in the operational
sechion of this specrication 1s not implied Exposure to absolute
maximum rating conditions for exiended perods of ime may affect
rehability

Honeywell reserves the nght 1o make
changes In order 10 improve design and
supply the best produtts possible

Honeywell

FIBER INTERFACE

Honeywell LEDs are desxgnied to interface with multimode
fiber with sizes ranging from 50/125 to 200/230 microns
Honeywell performs final tests using 50/125 micron core
fiber All multimode fiber optic cables between 50/125 and
200/230 should operate with similar excellent
performance See table for typical powers

TYPICAL COUPLED POWER (uW/dBm) @ Ir=50 mA

Dia Index NA 013 Q014
8/125 Step — 6/320 8/ 308
50/125 Graded 020 25/160 33/148
62 51125 Graded 028 55/126 72114
100/140 Graded 0229 145/ 8 4 191/ 72

© Honeywel Inc



HFE4050-01X/BBA

High Power Fiber Optic LED

18 September 1997

ORDER GUIDE

Description Catalog Listing

Standard screening, typical power  HFE4050-013/BBA
out 25 YW

Standard screening, typical power HFE4050-014/B8A
out 33 pW

Fig 1 Tymcal Optcal Power Output vs Forward
Current FIBERD2Y GAA

IDEA. LIMEAR

TYPICAL POWER
LAUNCHED INTQ A
50/125 MICRON
FIBER OPVIC GABLE
010

TYPCAL UNIT POWER CURVE

OPTICAL POWER QUTPUT (NORMALIZED)

X aaauil
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Fig 3  Tymcal Opbcal Power Output vs Case
Temperature
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All Performance Curves Show Typical Values

© Honeywel Inc

Honeywell

WARNING

Under certain application conditions the infrared optical
output of this device may exceed Class 1 eye safety hmits as
defined by IEC 825-1 (1993 11) Do not use magnification
(such as a microscope or other focusing equipment) when
viewing the device s output

CAUTION

The inherent design of this component causes \A/
it to be sensiive to electiostatic discharge \ }
{ESD) To prevent ESD induced damage ‘

and/or degradation to equipment take normal _,EML

ESD precautions when handling this product  |s<ssEioser

Fig 2 Typical Spectral Output vs Wavelength

FIBER106.GRA
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Honeywell rescrves the nght 10 make
changes in order 1o imgrove design and
supply the besi products possible



APPENDIX ~

C2

MITSUBISHI (OPTICAL DEVICES)

FU-17SLD-F1

FC-CONNECTORIZED MODULE

DESCRIPTION

FU-17SLD-F1 1s FC-connectonzed devices designed
to be used with singlemode optical fiber

This module 1s the optimum light source for medium
haul digital optical communication systems.

@FC connectorized package

®High optical output

@Low threshold current

@Builtin photodiode for output monitoring

®Wide operating temperature range (- 40°C to
+85%)

O MQW?* active layer

@ FSBH** structure fabncated by all MOCVD process
* Multiple quantum well
** Facet selectivegrowth buned heterostructure

APPLICATION

Fitl, LAN
ABSOLUTE MAXIMUM RATINGS JU-EF-a®)
Parameter Symbol Conditions Rating Uit

Optical output
Laser diode | end™ " otel) Pr oW 25 mwW

Roverse voltage| VR - 2 \
Photodiode for | Revorss voltage| Vap ~ 15 v
monitonng Forward current} IFD = 2 mA
Operating case tempereture | Tc - — 40~ + 85 T
Storage temperature Toto - — 40~ + 85 c

Note 1 Singlemode fiber master plug with mode field diameter 10um

OUTLINE DIAGRAM Unet om)
2-$2 56X $4 4 Depth | Reverse side
-
‘g o0
9 -
< V__l
T
- \M8x0 75 Thread
15 s
88 lo__13MiN 19
4 2
PD 2% Zw
3 1 (Case)
FU-17SLD-F1
* MITSUBISHI
ELECTRIC 8-3



MITSUBISHI (OPTICAL DEVICES)

FU-17SLD-F1
FC-CONNECTORIZED MODULE
ELECTRICAL/OPTICAL CHARACTERISTICS (Tc=26°C unless otherwise noted)
Limits
Parameter Symbol Test conditions vy T?D e Une
Threshold current Ith cw 3 7 15 mA
Modulation _eurrent Imed cw 8 ~ 28 mA
Operating_voltage Vor CW, I = bt + lmod (Note 2) - 12 16 v
Optical output power from = e + bmod 1 - - W
fiber end (Note 3)| 7" CW Ir =l m
Central_ wavelength Ac CW, Ir = lth + lmod 1285 1300 1330 nm
Rise snd fall tme (LD) te, tf l8 = fn, 10~9809% (Note 4) - 03 056 ns
Tracking error {Note 5)} Er Tc = — 40~ + B5°C, CW, APC - 05 p )
Orfferential effciency (Note 3)| n - - 007 - af /s
Monrtor current mon CW, 1 = ki + lmod, VRD = 6V 0.2 08 15 mA
Dark curent (Photodiode) | lo Voo = 6V - 01 05 uA
Capsottance (Photodiode) | Ct Vo = BV, f = IMHz - - 20 1 of

Note2. Ir Forward curent (LD)
3 Singlemode fiber master plug with mode field diameter 1Oum
4 13 Bes current (LD)

® i dB)
Er = MAX ||0 looml {

TYPICAL CHARACTERISTICS
20 Tc=25%C
F = iop
1 -
E os}
5 .
g g os}
E1s 25
[»] -
& “ 85 E 04 “
g 8 o}
é 0 1 ] t 1
p 1250 1295 1300 1305 1310 1315
§ 10 y, WAVELENGTH ()
& LIGHT-EMISSION SPECTRUM
£ . ,
O 100 ¥ 18 = Ith
S 20 Uo.l .
3 :
©os E
E HHHHH Iﬁ: H ‘;uﬁ HH \.\'.H HHHHH
o £ AL
% 20 40 60 ¥
50008/ Giv
FORWARD CURRENT (mA)
FORWARO GURRENT VS OPTICAL OUTPUT POWER PULSE RESPONSE

KA
8-4 ELECTRIC
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HFD3002-002/BBA

Silicon PIN Photodiode

FEATURES

* Low capactance

e Highspeed tr =30 nsmax at V=5V 10ns max
atVg=15V

*  High responsivity

¢ Industry standard ST* LP fiber connector

* Housing electrically isolated

*  Wave solderable

DESCRIPTION

The HFD3002 002/BBA PIN Photodiode is designed for
high speed use n fiber optic recervers It has a large area
detector providing efficient response to 50 1000 mm
diameter fibers at wavelengths of

650 to 950 nanometers The HFD3002 002/BBA is
compnsed of an HFD3002 PIN photodiode which 1s
mounted In a low profile ST® fiber optic connector The
ST* connector housing aligns the component s optical
axis with the axis of the optical fiber

The HFD3002 002/BBAs case s electrically isolated from
the anode and cathode tenminals to enhance the EMI/RFI
shielding which increases the sensitivity and speed The
metal ST® housing acts as a shield for the PIN photodiode
component

ST.s a registered trademark of AT& T

© Honeywell Eurcpe S A

Honeywell

OUTLINE DIMENSIONS in inches (mm)

PIN 1 PIN2
2 56 THREADS THRU: 210
105

375-32 UNEF 24 |
\ e-

375.‘
_3‘2-;—‘—— \ - 378 I :\;XZ Sl;
A lel K] |

385 T \-P|N3

188
R
FIBER10G itk
Pinout

1 Ancde (P type)
2 Cathode (N type)
3 Ground

Honaywell reserves he nght 10 make
changes in order 10 improve design and
supply ihe best products possible



HFD3002-002/BBA

Silicon PIN Photodiode

ELECTRO OPTICAL CHARACTERISTICS (Tc =25 C unless otherwise stated)

PARAMETER SYMBOL | MIN TYP MAX | UNITS TEST CONDITIONS
Peak Response Waveienath Ap 850 nm
Flux Responsivity (7 R AW A =850 nm
06 S0 um core fiber 020 uA
045 06 100 um core fiber 0 28 LA
055 200 ym core fiber 0 40 pA
Q30 1000 um core fiber 0 53 A
Dark Leakage Current lo 005 2 nA Va=5V
Reverse Breakdown Voltage By 110 250 \Y lg =10 mA
Package Capactance C 14 pF Va=58V f=1MHz
Rise Time t ns
10 90% 17 30 VR=5SV
5 10 VR=15V
1 VR=90V
Field of View FoV 85 Dearees

Notes

1 Responsivity i1s measured with a fiber oplic cable centered on the mechanical axis using an 850 nm LED as the optical source to the

fiber

ABSOLUTE MAXIMUM RATINGS
(Tcase = 25°C unless otherwise noted)

Storage temperature 650 +15C
Operating temperature 55104125 C
Lead solder temperature 260 Cfor10s
Case/cathode (anode) voltage 1mov

Power dissipation 200 mW
Reverse voltage 110V

Stressas greater than those listed under Absolute Maximum
Ratings may cause permanent damage to the device Thisis a
stress rating only and functional operation of the device at these or
any other conditions above those indicated in the operational
section of this specification is not mplied Exposure to absolute
maximum rating conditions for extended periods of ime may affect
relability

Honeywel reserves the nght 1o make
changes 1n oader 10 IMprove cesign and
supply the best products possible

Honeywell

© Honeywelt Europe 5 A




HFD3002-002/BBA

Sllicon PIN Photodiode

ORDER GUIDE

Descnption Catalog Listing
Standard silicon PIN photodiode HFD3002 002/BBA
CAUTION

The inherent design of this component causes [Ny’ <

it to be sensitive 1o electrostatic discharge \‘ )
(ESD) To prevent ESD induced damage

CAUTION

T €. IeTouC pvchs
G 1

and/or degradatlon to equipment take normal
ESD precautions when handiing this product [ SSReiaTes

Fig 1 Rise/Fall Time vs Reverse Bias Voltage
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Honeywell

FIBER INTERFACE

Honeywell detectors are designed to interface with
multimode fibers with sizes (core/cladding diameters)
ranging from 50/125 to 200/230 microns Honeywell
performs final tests using 100/140 micron core fiber The
fiber chosen by the end user will depend upon a number
of apphcation issues (distance link budget cable
attenuation splice attenuation and safety margin) The
50/125 and 62 5/125 micron fibers have the advantages
of tugh bandwidth and low cost making them 1deal for
higher bandwidth installations  The use of 100/140 and
200/230 micron core fibers results in greater power being
coupled by the transmitter making it easier to splice or
connect in bulkhead areas Optical cables can be
purchased from a number of sources

Fig 2 Package Capacitance vs Reverse Bas
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ig 4  Dark Leakage Current vs Temperature
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Honeywell reserves the ngitt to make
changes in order 10 wprove design ang
supply the best products passibie



HFD3002-002/BBA

Silicon PIN Photodiode

Fig § Angular Response
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APPENDIX D

This appendix contains the derivations necessary to represent the extent of a radiated
spot on a surface due to incident radiation from an optical fibre The maximum extent
in the x and y directions are derived In figure the lines AD and AC represent on the
cartesian plane the extent of fibre emission, as defined by numerical aperture of said
fibre, 1n x direction Pont A represents the endface of the fibre The plane z=0
represents a reflecting surface d 1s the stand-off distance from this surface The line
AB represents a continuation of the centre axis of the emutting fibre, the line along
which peak intensity occurs o 1s the angle of incidence © is derived from the

numerical aperture of the fibre, equation 2 4

A (0,0,d)

Y

9 C(xy,0

4
/’

Figure D1 The extent of fibre emission, as defined by numerical aperture of said fibre,

1in x direction

From tnangle ABO
Tana=y/d
Thus




y=dTana

From tnangle ABC

Tan 6 =x /|AB]
Where

|AB| = yd® +y* = dv/1+ Tan’a = dSeca
Thus

x=dTan0 Seca
Thus, the width of the spot in the X direction, wy, 1s equal to the following
wx=2d Tan O Sec o

In figure D2, lines AE and AF show the extents of the emitted radiation 1n the zy

plane

A (0,0,d)

0(0,0,00 E(o0e0) B (0,y,0) F (0,£,0)

Figure D2 The extent of fibre emission, as defined by numerical aperture of said fibre,

in y direction

From tnangle AFO

Tan(a+0)=f/d
Thus

f=d Tan (o + 6)
Similarly for triangle AEOQ




e =d Tan (o ~ 9)

Thus the width of the spot 1n the Y direction, wy 1s equal to the following
wy =e+f=d(Tan(a-0)+ Tan (o +0))

The width of the spot 1n both x and y directions depends on the stand-off distance, d,
the numerical aperture, and the angle of incidence These derivations considered the
core of the optical fibre to be negligible, which 1s true when the stand-off distance 1s

large 1n comparison to core size

- vt ———— e — —— o~




