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Abstract

This thesis involveshe measuring ofgrinding wheel wear using an improved grinding
wheel scanner. Thegositional resolutiorf the scannehas been improvefiom 26.5¢ m

to 0.65¢ nmwith the addition of a second encoder. A vision based homing system was
designed, and is able to track the position of the grinding wheel with a resolutienrof 2

The implementation of a redme controller improved the reliability of component
synchronzation and data acquisitionA slip compensation algorithm was written to
correct the slip between grinding and friction wheels. The algorithm was proven to be
able to compensate the slip to within the resolution of the sensor used. The positional
repeataltity of the scanner was measurem haveaveragepercent differencesf 1.3%

and 0.8%or the x and y directiongespectivelyThe homing system waneasured to be
repeatable witim standard deviations &7.6¢ nand19.3¢ nfor the x and y directions
respectively The grinding wheel scanner measurements were then compared to SEM
images and the surface areas of distinct features were measured to be within 11% of one
another The scanner was then used to studg tvear of norgrooved and grooved
grinding wheels. Analysis methods were developeddosistentlyextract parameters

from the measured wheel surfadde extracted parameters were then used to calculate
the Gratios for the norgrooved and grooved wheglshich were found to bé849and

10215 respectivelyduring steady state weak. comparison othe power and forces to

the uncut chip thickness was able to show the effect of the failure modedeanly
represented the size effect.
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Chapter 1. Introduction

Grinding is ametal removaprocess, and as in any machipiprocess, it involves the use

of a tool to remove unwanted material from a workpiece. In grindggtool is avheel

that consists of very hard abrasive granmesided togetherGrinding playsan important

role in manufacturing and is used to producghhguality partswith excellent surface
finish and to close tolerancd&]. A very appealing aspect of grinding is its ability to
madiine a wide number of workpiegeespecially hard and tough materi&soducts that
require ginding span nearly all aspects of everyday life from large turbine blades for an
airplane engine to the prescription glasses that are worn by millions of people around

world.

1.1 Motivation

In other machining processes the effect of tool geontwnybe quatfied. In grinding,

the tool is the wheel itself, and due to the complexity of its microtopography it is very
hard to define the geometry of the toiblis known that the wheé condition is directly
related to the power, workpiece roughness and warkpigemperature buthese
relationships have not yet been fully quantifidd order to effectively study and
understand the grinding wheels surface anéffisct on the process outcomes, tools are
needed thatan monitor the changes in the wheels surtapegraphy throughout the

process.

1.2 Objectives

The objective of this thesis work was to:
Improvethecurrent grinding wheel scanies r e s o felialiilitiyon and
Design and implement a homing system for the grinding wheel scanner.
Quantify theimprovedscaaner 6 s repeatability and
accurately measure a grinding wheel surface.
1 Investigate the wear of grooved and fggonoved grinding wheelsising the

improvedgrinding wheel scanner.



1.3 Organization of Thesis

This work contains 6 chapte Chapter 2will provide the essential grinding process
information that is needed to follow the work of this thesis. It will cover the composition
of a grinding wheel, the kinematics of the process andyjes of grinding wheelwear
mechanismsCurrert grinding wheel surface characterization methods are then discussed.
Chapter 3describes the oldrinding wheel scanner and discesgs issuesSolutions to
theseissueswhich have been developed and implementedihene described. Chapter 4
containsthe validation of the wdified scanner, dginningwith the repeatability of 2D
profile and 3D area scans of test surfaces. The scanners capability to measure the
grinding wheel surface is then validated by comparing measurements to digital and
scanning eletron microscope SEM) images. A comparison of ground and unground
grains is also usetbr further validation Chapter 5 contains a wear studhich was
performed to investigate the wear of grooved and-grooved grinding wheels. An
analysis method was deloped in order to extract parameters from the scanner
measurerant. @mparisos of the two wheel@extracted parameteesethen performed

to quantify the differences in their wear. Chapter 6 then summarizes the work included in

this thesis and offers remmendations for future work.



Chapter 2. Background andLiterature R eview

This chapter willserve as the foundation for the content covered throughout the entirety
of this thesis. The essential topics which will be coveredhereomposition of grinding
wheels, thekinematicsof the grinding processand common wheel wear mechanisms.
Different methods fomeasuringgrinding wheel topographwill then be reviewedlhe

methods are separatedo three categories contact, roontact and ifprocess

2.1 The Grinding Wheel

The grindingwheel is a key component in the grinding process as its surface acts as the
cutting tool. Grinding wheels are made up of abrasive grains that are held together using

a bonding material. In between the grains and bonding materialatespaces referred

to as pores. The three aspects of a grinding wheel are clearly shbigare2.1.

e RN
gt e oere et
1.00mm
Abrasive Bonding

Grain material

Pore

Figure2.1 SEM of grinding wheel showing porous voids, abrasive grains and bonding

material

Grinding wheelsan beclassified using an American National Standards Institute (ANS
standardized marking systd@]. The marking systerdefines the wheel by its abrasive
type, grade, structure and bond matefraFkigure2.1 the abrasive shown is an aluminum

oxide which isthe mostcommon type usedOther abrasives that are typically used



consist of silicon carbide, cubic boron nitride (CBN) and diamond. The latter two are
referred to asuperabrasives due to their superior hardness and resistance toTwear.
size of the abrasive plays a large role in the surface finish and achievable material
removal rates. Small grains generally produce a finer workpiece surface finish while
large grans can incease the material removal rg8}. The grain size is defined lagrit
numberM and can be usenh the following relationship to estiate the average grain

diameterdy in mm{[4].

Q p&D (21)

The most common bond type used in grinding wheels, and the type used throughout this
thesis is a vitfied bond.The grade of a wheel refers to its hardness. The more bonding
mateial, the harder a wheel is. The wheels structure indicates the amount of @brasiv

grains that are in the wheel.

2.2 Grinding Kinematics

The kinematics of grindings illustrated inFigure 2.2 to show the basic geometrical
relationslip during chip formation. The grinding wheel of diametkgris rotatedat a

peripheral velocitys and brought into contact with the workpiece, which is translating at

a velocity ofv,. The relative height difference between the bottom of the grindinglwhee

and unground workpiece surtacs equal to the depth of cat The arc length formed

between the wheel and workpiece i¢ereed to as the contact length The feed per

cutting point,f, is the horizontal distance that one grain travels while in ttiengwzone.

The combinati onotodt itnhge nwhtei eol manskatmg motoor k pi e
results in an increasing uncut chip thickness shown in blaEkgure2.2. The resulting

maximum uncut chip thickness is representeld.as



Grinding

,,,,, / wheel

Workpiece

\.

Figure2.2 lllustration of grinding kinematics

The maximum uncut chip thickness can be calculated sijogtion[4]. This equation

was derived based on the assumptiorn tha grains are all the same size, and have the
same spacing and protrusion height. In reality the grains are known to be randomly
spaced, sized, oriented and protruding from the wheel surface.

&y - (2.2
Q

c‘| c

Q ¢b

All of the terms in fuation(2.2) areseen depicted ifigure2.2. All parameters except

for the grain spacind. can be easily determined from the grinding kinemat¢kile



approximations of th grain spacinglo exist, duet o t he compl exi ty

surface the only true way to obtain {herameters from direct measurement.

2.3Wear Mechanians

The grinding of material inevitably leads to wheel wear. As the wheel wears, its geometry
and therefore the geometry of the cutting tool changes, which can have a significant
effect on the process outcomes. Important parameters sudminaing efficiency,
workpiece surface finish and material properaes all affected by the we#s]. There

are three dominant wear mechanisms during the grinding process. They are attritious
wear, grain fracture and bond fractyée 7, 8, 9] The three mechanisms are shown in
Figure2.3.

Workpiece

Figure2.3 lllustration of wear mechanisms including; (a) attritious wé@rgrain
fracture and (c) bond fractuf4, 6, 8, 9]

Attritious wear is the result of the grain rubbing against the workpiece. The rubbing
action between grain and workpiece results in high pressand temperatures on the
grain tips causing them toecome dulland eventually forming wear flaf&0]. As the
number and size of wear flats increaseg¢reasing frictional energy causesthe

temperature to rise. Eventuallyet metallurgical properties of the workpiece can change

of



and workpiece burn can ocduy. Attritious wear is considered the most imp@mtt form
of wear becausas wear flats develop, the forces acting on the grains increasdy wh
lead to fracture wedr].

The two types of fracture wear, grain and bond, are illustratddgure 2.3. Fracture

wear is a result of the forces acting upon the grain becotomdarge and dier the

grain, or the bond break. When grain fracture occurs, only a fragment of the grain is
broken and new cutting edges can be exposed in a process referrediits @d f
sharpeningo. Bond fracture is the omempl et e
too high for the bonding material to withstamal both cases, fracture wear results in the

wheel surface becoming irregular and in turn causes the workpiece surface finish and

accuracy to deteriorate.

2.4 Wheel Surface Measurement Methods

It is well known that the wheéb topography, both macro and micro, play a large role in
the grinding process. The whéemacrotopography consist of thasic wheel shapand

is responsibléor the workpiece geometifit]. The micrdopographyof a grinding wheel
comprises of the distribution of abrasive grains over the wheel surface and their
morphology[4] and is responsible fauch things aworkpiece roughness, energyheel

life, andremoval rategl]. Much research has been performed to sthdyeffect of the
wheel topgraphy on the grinding processd a multitude of methods have been
developedn order to characterize different parameters. This section will discuss those

methodsn threecategoriescontact, norcontact and isprocessnethods.

2.4.1 Contact Methods

Contactmethods involve direct contact between the grinding wheel and the measurement

apparatus. The two methods discussed are stylus and imprints.

The use of a stylus, vith is similar tostandardsurface roughness measuremehts
beenincorporated byseveral researches to measure the surface of the whethiis

method a stylugoupled with a displacement transducer is dragged along the wheels



circumference producing@ofile of the wheel topographyWheel surface measurements
acquired bya stylus have been used to characterize multiple topbgralpcharacteristics
including: number of cuttingedges[11, 12, 13] active sirface areg14] and grain
sharpness and wheel coarserjg@ds 13] Figure2.4 illustrates the setup used by Xie et al.
[15] in which a coordinate mapping machine (CMMyas used to characterize the

protrusion height and rake angle of the wiegtains

Diamond grinding wheel

Ya .
Wheel flank
Probe >
&« o™~ . »
: Flange surface
VAR . -
- A Measuring path
AV,._ |~ &
: Lo

Measuring A ~
direction 1

Figure2.4 Stylus method schematjit5]

A significant dawbackinherent in stylus measurements is that the size of the stylus tip
limits the resolution of the measurement, and the small features of the grains are not
picked up[16]. It is also difficult for the stylus to obtain memsments below the
outermost layer of the surface without getting hupgand caught in the crevices. The
measurement method is also limited in scanning spettk stylusmoves to fast itcan

lose contact with thewheel surface, resultingn the loss © detail throughout the
measurementL7]. Additionally, using the stylus or probe on a very rough hard surfaces
such as grinding wheel surfaces can caurselerated wear to the stylus)].

Anotha contact measuremetgchnique usedotobtain topographical data gfinding

wheels is the imprint method. The wheel is rolled oveeeondsurfaceand the imprint
that is left behind is examined. Different mediums have been used theavheel over
including soof19], dye[20], lead tapd21] and carbon pap¢22]. The principle was that

cutting edgesvould leave a noticeable feature ¢imat surfaceThe number of cutting



points can be evaluated from the features left on the rolled suviégke fairly simple,

this method resudtin inaccurate measuresd is time consumin@3].

2.4.2 Non-Contact Methods

Severalnoncontact measurement methods have been deveiopwder to characterize
the wheel without the drawbacks associated with contacting the wheel including
inaccuracies and rapid wear. Noontact measurements vary greatly, in both method and
complexity, fom an LED and phototransistor to a 3&bnfocal laser scanning

microscope.

SEM imagegrovidea very detailed image of the grinding wheel surface with excellent
depth of field. Researches have us&M3o study the grain geometf24], cutting edge
density[25], dressing effecti26] and active surfac7]. It is evenpossible to acquire a
3D measurement from an SEM by using stereo phgbbgrand a triangulation process
[28]. The drawback to an SEM is that it requires a sisathplesize andtherefore the

grinding wheel must be destroyed preventing any further process monitoring.

Conventional optical microspes have also been used in the characterization of the
wheel surface. Lachance et 9] developed a system that could measure wear flats
automaticallyfrom microscopic imagewithout removing the wheel from the machine
using a custom positioning system and image processing technifjoes. design is
shown inFigure2.5. Fengand Cher[30] wereable to monitor the whedbading using

microscopic imageand image processjwith a similar method to Lachance et al.
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Angular

encoder
Grinding
motor

—— Camera

Optic assembly

Workpiece

Figure2.5 Wear flat measurement syst¢a9]

Fathima et al[31] used an LED and phototransistor toasgre the profile around the
circumference of the wheel to study the basic shape of the wheel. The setup is shown in
Figure 2.6, as the wheel is rotated it interrupts the ligawveling to the phototransistor.

The interruption piern is used to describe the wheel surface.

Phototransistor U

]
=

LED Q Grinding wheel

Sensor|

Figure2.6 Wheel profile sensd31]
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Auto-focusing systems have been incorporated with lasers to measure the distance from
the objet using theory that when in focus, the light intensity measured will be higher
than when out of focug32]. White light interferometer¢WLI) have also been used to
obtain a variety ofgrain topographyparameterd33, 34, 35, 36] WLI works on the
principle that if the distance to one light source is known, the interference pattern
between it and another light source can be used to determine the distance to the second
source Generally, small samples are required for this method althbHeghker et al[33]

useda combinationof aWLI and the imprint method tecan an imprinted surface of the
grinding wheeln order to compensate for the curvatafehe wheel in larger scanghe

incorporation of the imprint method however, introduces the same aforementioned issues.

Confocal laser scanningmicroscopes have recently been impletadrinto grinding
researchThey have the ability to acquire optigalages and 3D topographical data at the
same time. Tahvilian et gl37] used the digital image to create a mask of the grains in
the scapwhich allowed for theemoval of bonding material from 3D topographical data.
Small sarples were again required for this work, resulting in the destruction of the

wheel.

Darafon et al[38] developed a system capable of scanning an entire grinding wheel with
the use of a white light chromatic sensmd a custm positionng controlsystem This
same system is theasisof this thesis and will be discussed in detail in the following

chapter.

2.4.3 In-Process Methods

As the namemplies, inprocess measurements are taken during gringliagessand do
not involve any irterruptions The methods that are commonly used are force

dynamometer, thermocouple and acoustic monitoring.

The dynamometeand thermocouple methods are based on the same principle. As a
cutting edge passes over the sensor a fortkeomal pulse will B measureg4]. When

measuring the force, a razor thin workpiece is mounted on the dynamometer so that
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individual force pulses may be identified. Based on the kinematics of the process and
number of pulses measured the cutiage density can be derivéithe measured pulses
are often not clearly separated causing difty in interpreting the datg4]. The

thermocouple technique is very similar, except the sensor is embedded in the workpiece

[4].

Acoustic nonitoring hasalsobeen used to measure the wheel in several different ways.
Acoustic emissions have been monitored during the process and proven to successfully
define a worn grinding whedB9]. By mounting an acoustic emission sensor on a
dressing tool, Weingaertner and Boafd0] were able to count the number of toug

edges on a grinding wheel and map their location.

2.5 Summary

This chapter introduced tressential information in order to completely comprehend the
findings of this work. The grinding wheel itself was discussed then the kinematics of

the operatiorwascovered with information on how to calculate the uncut chip thickness.
Next the three mn grinding wear mechanisms were discussed which were attritious,
grain and bond fracture. Grinding wheel surface measuring techniques ware the

discussed in three categoriesntact, norcontact and ifprocess.
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Chapter 3. Grinding Wheel Sanner

This chapter willintroduce, in detail, the grinding wheel scanner whiads been
previously developed. Théaree major issues that have been ol with the scanner,
namely: poor resolution,lack of a homing procedureand controller reliability, will be
discussed.The isueswere then resolved and thesolutions include an additional
encoder, the design of a vision based homing system and the implementation ef a real

time controller.

3.1 MeasurementPrinciple

The main component of the grindingheel scanner is a Nanovea RH50 Axial
Chromatism sensoit is the device used to obtain ttepographicablata of the grinding
wheel. Axial Chromatism is an optical measuring technique that takes advantage of the
different wavelengths of lightA white light source is separatedtanits spectral
components as passeghrougha lens with a high degree of chromatic aberration. As
seen inFigure 3.1, the color of light transmitted back to the sensor is deperutetiie
distarce of the object in focu#é\ pinhole and diffraction grating configuration ensure that
only focused light is transmitted back to the CCD strip, which is used to determine the

measured distance.
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Figure3.1 CHR-150 Schemati¢adapted fronj41, 42)

3.2 ScanningM ethod

The grinding wheel scanner was designed so thatofftecal pen from the previously
discussed sectiosan scan an entire wheel. In order to accomplish ffoesitioning
syst ems wshdllin the xeys ancgzbcbordinates which can be sedfigare 3.2.

The xaxis drive system is comprised oB8.VERPAK 17Cstepper motoconnected to

a friction wheel by a 50:1 planetary gearb®¥hen the friction wheel is brotg into
contact with the wheels surface they both rotate. In order to monitor the position of the
grinding wheel as it is rotated there is a Teled@uley Series 825 rotary encoder
attachedo the number 40 tapered vertical spindle on which the grindimeel sits.The
optical pen is attached to a Parker Series 4000 stage and ZaberTLA28A linear actuator to
achieve motion along theaxis. The optical pen itself obtains thexs information but

a custom horizontal leascrew stage was designed to move pien within its working
distance.There is also a digital camera attached to another horizontal stage Wwith 40

separation between the two.
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Figure3.2 Grinding wheel sanner{38]
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3.3 Scannerlssues

The previouly developedscannethadthree significanproblems. The filowing section
will discuss thos@roblems which wereaesolutionhoming andeliability.

3.3.1 Resolution

The eroder connected to the hub tfe grinding wheel is amcrementalquadrature
encoderQuadratue encoders work by fasteningcade diskio a rotating shaft as shown

in Figure3.3. The codedisk is comprised of both opaque and transparent secliors.

light sensos (A and B) are conantly reading for a light signal. As the disk rotates light
from the two light sources is either blocked by the opaque sections or passes through the
transparent sections to the light sensor. By analyzing the output signals the position and
velocity of theencoder can be determindedgure 3.3 depicts the operation of an encoder

and its output signals.

Code disk

Light sources

W (F
/ QOutput signals

Light sensors

Figure3.3 Depiction of encoer functionality (adapted fronj43])

The resolution of an encoder is directly related to the number of windows that its code
disk has. The scanr@rhub encoder consists of 12000 windows. Using an encoder in
guadrature mode produces four counts per each cycle. Therefore thenbodber
produces a total a#8000counts per revolution (CPR)While this may seem like a high
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resolution when factoring in thediameter of grinding wheel the final resolution is
diminished significantly. As seen figure 3.4, the arc lengtls, which is equivalent to
the resolution of the-axis position of the scanner, is dedent on both the central angle

d and the radius.

Figure3.4 Arc Length

The central angle was determined to be 0.00u8f the following relationship

Q

@l (3.1)
60'Y

With the largestradus of the grinding wheel being03 mm the worstcase scenario

resolution in the »direction was found to be 26¢5nusing thefollowing equation

(i — (3.2)

This resolution reults in numerouslata points being taken during the same encoder
valueif the sampling interval is set to a value below 26..nTo account for thisault,
data waspreviously resampled assuming constant veloaity the wheel[38]. This
method however did not account for shghichis an inherent igge whenusing a friction
wheel. Externalvibrations from someonbumping the table oeven walkingby could
affect the contadbetween the grinding wheel and friction whd#lefeably, the phygal
resol uti on ®-é&xis wduld bexlosarriontteatr obtee resolutmfnthe optical
penswhich are &£ nand 1.4 nfor the 120G nand 13C npens, respectively.
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3.3.2 Homing

The end goal of thgrinding wheel scanner is to monitor the effect of the grinding
process on the whesl surface micr@¢opographyand viceversa. Without a homing
systemthis wheel monibring can prove difficult,as the locatio of the scanned area is
lost if the grinding wheel is removed from the scanner and replddedaddition of a
homing system would allow forepeatedscaming of the same areaetweenmultiple
grindingtests

3.3.3 Reliability

The largest concermwith the previos scannemwas its control reliability. All of the
components wereriginally operated using LabVIEW program on a désop computer.

The control system needs to be able to control all components and acquireemeassir
synchronously and with very precise timitdsing acomputer to contrall components
proved to be problematic in severstuatiors. The computals top priority is not to
control the scanner antherefore it could become bogged down with perfangp other
tasks. The computer repeatedly would crash while running the LabVIEW program,
indicating that the control and acquisition was straining the congpuisnits. The third
party encoder board also required the computer to be constantly runningl sever
background programis LabVIEW in order to acquire the encoder position. This third
party software woulaftenfail, causingthe motor to spin uncontrollably until theyer

was shut off to the systenTogether, these problems rendered the scanning@msyst
problematic Entire measurementand their resulting timeould be wasted if any of these

issues arose during a scan.

3.4 Friction Wheel Encoder

To resolve thessue of dack of resolutionn the xdirection,an encoder was attached to
the drive shafof the friction drivemotor. The new encodes aUS Digital E5 series with
4000 counts per revolutianWith the addition of the 5 gearbox this encoder gives
2310° counts per revolutianPlacing an encoder directly on the drive system greatly

increases thessolution due to the relatively small size of the friction whekeé friction
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wheel has a diameter of 4hm Using the adde@ncoder as the-mosition gives a
constant resolution of 0.6 mwhich is fner than either of theptical sensors.The
added encoder also allows ftacking the relative motion between the two wheels,

which can be used to monitor slip as will be discussed in Settioh

3.5 Vision Based Homing

There is aneed to be able to remove the grinding wheel and place it back in the exact
same positionThe desiredresolutionof the homingsystem isto be within the sensor
resolution, which is 1.4nd 4¢ nfor the 130and 120C¢ noptical pens,aspectively. The
homingsystemmust be able to withstand the harsh environment in the grinding machine
and also not affect the balancing of the grinding whaebision based homing system
was determined to be the optimal methdde to itssmall target regirementand
relatively small space needed. The two key components to homing the grinding wheel
scanner are the hardware and software which will be discussed in this sBc&setup

can be seen iRigure3.5, which includeghetarget and the camera

Camera

Figure3.5 Homing system setup
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3.5.1 Homing Hardware

When dealing with imaging there are many factors that affect the resolution of the

system. Using imaging to home tgending wheel sannerrequires an understanding of

how cameras work and the different parameters to take into consideftare 3.6

depicts theessential parametethat were taken into account during the design of the

system.The fundamentamaging parameters are as folloj#d]:

T

il
)l
)l

Field of view FOV): Thetotal area that the image covers
Resolution: The smallest resolvable feature in the image.
Sensor sizeThe size of sensaes an important limit in the systerasolution.

Working distancéWD): The distance from the lens to the object.

Lens ———>

Working
distance

Resolution

Figure3.6 Essential imaging parametdexlapted fronj44])
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A Point Grey Dragonfly2 series camenas used for the application. The two main
components in the camera system are the imaging sensor and the lens. The sensor
determines the spatial resolution of the system, meaning the smallest feature it can detect.

can be used to calculate the resolubba camera.
0 Wwa Qi D &€ daoq Qf X Q (3.3

The pixel size of the camera was €.4ngiving it a resolution of 14.8 mThe sensor by
itself is incapable of producing usable imageof the homing process anelquires a lens

to magnify the object of interedtor this application the lens waelectedbased on a
working distance constrainffter evaluating the free space within the complete volume
of the system, the optimum locatioar fthe homing mechanismas determined to be
underneath the grinding wheel. It wdsemed necessary to place the homing target on
the hub rather than the wheel itséiff order to see the huthe camera had toe placed

on the plate seen Figure3.5, which left a maximum working distance of 1215

The camera itself has a height of k), leavingll cm between the camera and hag
the maximum working distander the applicationA 12 mmfixed focal length lens was
selectedor the systemvhich has a minimum working distance of @4 By applyinga 1
cmspacerinto thesystend s g fhé midnsum working distance was reduced tn8
The sensor is roughly 4@mand thelens configuration iges a final field of view of
3.24 cm, which can be used ithe following equationto calculate the priary

magnification o0f0.15 forthe system

o YQ¢ ii £€Qa Q
DA Q——————r— (3.4)
Ou w

After applying the optics to the systemss ftnal resolution is diminished due to the

magnification. Equatiol3.5) is used to determine the systamesolution ofLl00e m
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The selectedarget was a blacKk..5 cmcircle printed on white vinyl adhesive. The vinyl
was selected to ensure that the target would stay in place while being exposed to the

elements in the grinding machine, maititg oil basedoolantat high velocities.

3.5.2 Software

LabVIEW6 s i mage analysis software was wused
processingA custom labVIEW program wasthen developed in order to home the
machine. The first step in the homing prograns to search and locatéhe circle.

LabV | E $WaatchpatternsubVI is used to determine whether the circle is in the frame

or not. This function looks fordges in the image and determinelether or not they
match a template, which was set as the tar@ete the circle is detected flocate
circular edge function is used to determine the center of the circle with-péxdd
resolution. This function works by creating a spoke wheel search field defined by two
radii and spacingrigure 3.7 (a) depids the search wheislparameters arfeigure 3.7 (b)

shows a screen shot of the r&ale circle tracking in progress.
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(@)

(b)

lenter X = 326.52E+0
enter Y = 247.98E+0

Figure3.7 Circle tracking (a) search algthm and (b) reatime example

The search lines ikigure 3.7 (a) are 45° apart to simplify the illustratioBach search
line, shown in greerfinds an edge along itself. By using search lines dnatseparated
by 1° the program fits a circle to 360 data points, thus obtainingpsub resolution.
Each search line also uses a-pinel algorithm to find the edge of the circle. The edge

detection algorithm thahe LabVIEW functions usean accurately detect ges to 1/25
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of a pixel size, which ges is equivalent roughly 2 n{45]. This walue agrees with
observationssince when the wheel is stationary the center position value vari€g
pixels.To home the grinding wheel, the friction wheel drives the grinding wheel until the

center of the tayet is located in the correct position.

3.6 RealTime Controller

Thereliability of the scanning systemias a primary concerimhe computer was unable
to acquire all measurements and information synchronoasty simultaneously control
the positioning systa on its ownA designated controller wakereforeimplementedn
order to separate the compuemprocessing tasks from the control of the scanner.
National Instrumenté CompactRIO(cRIO) controller series offered multiple appealing
aspects for the apphtion. The cRIO series combines Field-ProgrammablésateArray
(FPGA)with a realtime (RT) controller.

3.6.1 FPGA Overview

FPGAs are reconfigurable silicon chips that consist of lagits and programmable
switches The logic cells and switches can be indually programmed to perform
desired functionsising hardware rathénansoftware.There are several benefits to using

an FPGA rather than a microprocessor found in a computer. Running programs through
hardware rather than in software results in faRsdware I/O and parallel processing
capabilitieg46]. Both benefits played large roles in the selection of the FPGA rather than
using amicroprocessoWWhen acquiring measurements as precise as the grinding wheel
scanner thepeed of the I/O is crucial to record reliable measuremaffith the addition

of the motor encodethere are two pulse trains to monitor ahd motor pulses willbe
changingup to 40times faser than the hub encodefhe system also needs to be well
synchronized to ensure that it is acquiring the correct data from all the components
simultaneously. The FPGAG parallel processing capabilities allow for a reliable

synchronization, as the components are not all figlibngrocessing power.
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3.6.2 Controller

The selected controller was the CR®076 modelshownin Figure 3.8 . It has an
integrated 4 slotX45 FPGA chassisind 400MHz real time processdine LX45 has
43661 reconfigurable logic cells discussed in the previous seclibr. chassis
accompaniedNational Instruments 1/0O modules order to control thescanner three
modules were needeBrom left to rightin Figure 3.8 they are anNI 9401 Digital I/O for
the encoder readingsn NI 9870 for serial @mmunication to the sensor anebxis
actuatoy andan NI 9502 to control the friction drive motoiOne open slotemainsfor
future expansionThe real time process@ the connection between the hardware 1/O to
the PC. It performs th&ynchronizedlataacquisitionfrom the FPGA, processes the data,
and then writes it to a flash drive connected to the USB port on the conffokeEPGA
is constantlycommunicating with the hardwarend when necessary, the processor

retrieves the required data.

Serial Motor

Digital 1/0 communication controller

Chassis

Figure 3.8 cRIO Controller with modules
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3.6.3 Software

Custom LaWIEW programs were developed to control the scanbsing a cRO
requiredthreelevels of code to be developdePGA, RealTime, and Host PCThe Host
PC contains the user interiat¢o control the entire systeifihe desired sampling interval
and sampling rate anesed to determine the motor speed and direcfitve speed and
size of the scan are then sent to the RT program, which communicates to aold doatr
FPGA program As thescan progressedata from the sensor and two encoders ang¢ s

from the FPGA to RT level tbeanalyzed and logged.

3.7 Summary

This chapter presented the previously developed grinding wheel scanner which uses a
chromatic sensao obtain topographical surface measurements from the grinding.wheel
The issues that were hindering the scanner were then discussed including resolution, lack
of a homing procedure and control system reliability. Solutioribese issuewere then
estdlished. An additional encoder placed directly on the motor creatbgsasetical
constant xdirection resolution of 0.6 mwhich is 40 times more accurate thtue
previous generation scanne vision based homing system was then developed which
uses a circular target adhered to the hub of the grinding wheel. A camera that is held
stationary on the position system is thesed to monitor the position of the camera.-Sub
pixel approximation was used to reduce the resolution of the homing system fiorm98

to 2 € mA reaktime controller was then implemented into the system. This new
controller runs separately from the hosimputer which allows for control of all
components without fighting for PC computing powEne controller also offers FPGA
capabilities which allow for constant and simultaneous control and communication to all

scanner components.
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Chapter 4. Validation

This chaptepresents the validation of the grinding wheel scanffee. primary concern

of the validation was the positioning systamcethe optical sensor haslreadybeen

factory calibratedThe validationbeganwith two andthreedimensional scans aimple
well-definedtest surfaces The test surfaces were required due to the complexity of an
actual grinding wheel surface. Once the positional accuracy was validated a grinding
wheel surface was measured and compared with scanning electron microscope (SEM)
measurerants. 3D analysis software was then used to compare the surfaces of worn and

fresh grains.

4.1 Profile Scan

Onescanof a grinding wheel can consist tens of thousands afidividual profiles and
in orderto validatethe scanner thirst step is to ensuriatit could repeatedly scan one
profile. A metal grinding wheeWith grooves scribed in Mvas used for the positioning

systemvalidation as seem Figure4.1 below.

Figure4.1 Etched grooves
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4.1.1 Slip Compensation

Using the 1.2nmoptical pen the grooves were scanned repeatedly 20 times at a velocity
1.5mm/seand a sampling rate of 304z in order to achieva sampling intervahlong

the metal grinding wheedf 5 um. The verti@al stage was kept at the same height to
ensure the same profiles were being scanimedrder to emulate an actual area sdan t
friction wheel waskeptin continuouscontact with the wheel for these experimeatsy

the scanner was not homed between [@®fiFigure 4.2 shows five of the profile

measurements
——1st Pass
——b5th Pass
——10th Pass
15th Pass
——20th Pass
200
180
__160
1403 mmmy
= 120 M \ M‘ AV
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=
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o+ttt
0 1000 2000 3000 4000 5000

Profile length [um]

Figure4.2 Etched grooves profile scan



29

If the scanner was working perfectly thahof the profilesvould beidentical Figure4.2

clearly shows that the twecansare not identicalEach pass progressively is being
shifted to the right which indicates that there could have been slippage between the
friction wheel and metal wheeTo furtherinvesticate the potentialfor slip, both the
friction wheel and grinding wheencodes were monitored throughotite scanslf slip

was occurring between the two wheels then their respected encoders [shaldk® to
capturethe slippageFigure4.3 showstwo encoder pulse trairer the first and 28 pass.

Since the resolution of the hub encoder was much lower than that of the friction wheel it

is possible to plot them as a functioreaich other

1.5
T —1st Pass
o ——20th Pass
= | 18counts 8 counts
© < —>] |—
S 1
o}
0% _
o}
S
o
(&]
O |
L 05 +
o
= |
I
0 T T T : T T T T T T I T T T : T T T
1000 1200 1400 1600 1800 2000

Friction Wheel Encoder Count

Figure4.3 Non-constant slippage seen in encoder pulse trains

As shown inFigure 4.3, the same lagging effect can be sdsetween the SLand 28'
passes, which confirms that there was indeed Alitherimportantpoint to note from
Figure4.3 is that the difference isot constant throughout the scamorder to correct for
the varyingamountslip throughout a profile both encoder readingsre simultaneously
recorded. A MATLAB program was then created toalign each successive @ train
with the first profile By monitoringthe motor pulse count for eashift in hub encoder
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reading it is possible to measure the difference at each hub pulse based on the motor
encoder countThe differerwe can then be used to shift the current profile back in line
with first profile. Since each hub encoder pulse value has several corresponding data
pointsand the slip was not constant throughituvas necessary to linearly inteipte
between the curremulse difference and thdollowing difference value Figure 4.4

shows the effect of interpolating the shift valdidwe black triangles and red squares

depict measurements being taken for tharid 20" passrespectively



31

15
23 counts 19 counts

(@]
Sl 0 1
I et
@
©
3
S (a) Uncompensated
005+
>
E l

0 -.-.:..A..:.-.l-|--|--|--|--.--|--.--.-j Tt

4 counts

g ]
z ~ |-
c 1 ,Ir-l—l—l—l—l—l—
gg ]
o
kS
LT:J’ ] (b) Constant shift
o051
>
z ]

0 : } }

] 1st Pass ——20th Pass
A 1st Pass Measurement ® 20th Pass Measurement

(@]
g l
;(-; 1 4 FI—.—‘—*I—A-I-A—II
gg l
g
O . .
uccj _ (c) Interpolating shift
005 +
>
E l

0 T } T 1 T 1

1450 1470 1490 1510 1530 1550 1570 1590 1610
Motor Encoder Value

Figure4.4 Pulse train comparison for (a) uncompensated, (b) constant shift and (c)

interpolating shift



32

It can be seen ikigure4.4 (a) that the first pulse had a difference28f friction wheel
encoder countsvhile the second pulse was only off b9 counts In Figure4.4 (b) the
20" scan was shifted back by a constant value equal to the diffesérice first pulse,
which results in another shift of @urts pulses remaining at the enib account for this,
the linear interpolating shift can be seerfigure4.4 (c). Figure4.5 showsa plot of the

corrected profiles

—— 1st Pass
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——20th Pass
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Figure4.5 Corrected groove profiles
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The alignment of thgroovesin Figure4.5 clearly presers an improvement fronfrigure

4.2. Figure4.5 also shows the numberedogves from 1 to 6In order to quantify the
capability of the slip compensation algorithm, the largest differences at six of the grooves
were recorded for both the original and compensated scans. An example of the method is
shown inFigure 4.6, in which the largest differencesf groove number 4re being

measured for the uncompensated and compenseaed

——1st Pass 5th Pass — 10th Pass 15th Pass —20th Pass

Profile height [um]
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1800 1900 2000 2100 2200 2300 1800 1900 2000 2100 2200 230C
Profile length [um]
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Figure4.6 Measuring of largest difference for groove number 4

The resits for thesix grooves are summarized Trable4.1 Throughout the 20 passes the
average maximum uncorrected difference of the profiles wasuti. 8 is important to
bear in mind that this experiment was only performed overa3gs and a scan of a
grinding wheel could have tens of thousands proéles therefore the total slip would be
much greater After slip compensation the difference went down to frid This
remainingerror was most likely due to the resolution of the pérch is 4 um andthe
fact thatthe sampling interval itself wasjim. Vibrations from people walking by could

also cause slight deviations in the scans.
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Table4.1 Maximum differences of groove locations

Peak 1 5 3 4 5 6 Average
number difference
Uncorrected
difference 220 | 150| 190 | 210 | 140 | 16.0 17.8

[1m]

Corrected
difference 7.0 6.0 50 6.0 4.0 6.0 57

[1m]

To further investigate this difference, the sasatof experiments wamerformedwith the
130 um pen.The scanning parameters wé&ept the sameandsince the resolution of this
pen isl.4um, it candetermine if the resolution of the pen is causingtbserved error in
the corrected differenceFigure4.7 showsthe uncorrected and corrected groorember

4 scanned with the 130m pen
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5 100 ]
80
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Profile he

Figure4.7 Groove comparison with 130 pm pen

As can be seen iRigure4.7, the difference is much smaller thesth the 1.2mmpen.

The correct profiles are nearly indistinguishaldat when measured have an average



35

difference of 2um, which proves that the errors seen with the ritnpenarelargely due

to thep e nspossize.

4.2 QR Scan

The next step was to vadite the grinding wheel scanrigr ability to takerepeatable
threedimensional scansA target waschosenthat had surface features of known
geometryso that repeatable measurements could be taken. The chosen target was a Quick
Response (QR) code thapresentsi Da | h o u s icea | MeEmtgaTheeQ®Recoden g 0O .
is a high contrast target that alls¥or the intensity readings from the CHFE0 sensor to

be used rather than axial depth. The axial resolufahe opticalpenis predetermined

and calibrated; thefore, it isnot controllableandis not a concern in the validation of the
positioning systemA flat target makes for true measment of the x and y directions,
which werethe main concerfor this test The QR code was printed as a 3 x 3 mm square
so hat the features being scanned would be withinstherange of features of concern

on an actual grinding wheel. It was then adhered to the megilita wheel as seen in
Figure4.8.

< 3mm-—

Figure4.8 QR code

During experimentation with actuarinding whees, the wheelwill have tobe removed
from the scanner and placed into the grinding machine. In order to simulate grinding
experiments being performed, treplicawheel was removefiftom the scanner after each

scan. It was then placed back on the spindle to be homed. This procedure was repeated
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four times with each pen in order to characterize the system complEtel\scans were

taken with sampling intervals offimin each directio.

4.2.1 QR Data Processingand Analysis

In order to use these measurements for validation the data needed to be processed
accordingly. The first step in processing is to correct for any slip thatdeasred during
the scan This step also functienas furthervalidation for the slip compensation

algorithm previously discussedrFigure 4.9 shows a comparison of an original and

correctedntensityscan.
0.213mm 0.095mm
—> < Before Correction —> f After Correction

0.124mm

Figure4.9 QR code slip compensati

Before correction it appeared as though the top and bottom leftdumss of the code
were offset by0.087 mmto the right.It can be seen frorthe compensated scahat the

offset should have actually been 0.0881to the left, which concludes th@tl16 mmof

slip has been corrected. THe116 mm of slip accounts for 3%of the total 3.5mm
scanned The slip is relatively easy to see when using the QR code, but due to the

randomness of the grinding wheelstimportant to validate the slip compensatiwith a
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known feature. Anotheaispecto note fromFigure4.9 is thatthe waviness of the features

is likely due to the resolution of the printer and the roughness of the papemnoséade
scanner or slip compensatidio confrm that the waviness is indeed reatligital photo

of the QR codevastakenand can be seen Figure4.10 (a). By applying a threshold to

the image the background was removed to appear more like the scanned data which can

be ®en inFigure4.10 (b).

(a) Digital image

T e— 3mm

Figure4.10 QR code comparison using (adyital camera and (b) grinding wheel

scanner
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Thewaviness of the scan is clearly seen in the digital imagestsA large difference
that is noticeable betwedfigure 4.10 (b) and (c) is that the camera had significantly
moreblack in it thanthe scan didThisdifferenceis most likelya result ofthe roughness

of the paper once agaifll of the features however look very similar in shape and size.

With the sip compensation validatagsingthe digital imagethe next step was to aelop

a method to analyze the scans. The goal of this mathtmlvalidate and quantify the
scanneis repeatability by comparing the distances between certain features and also the
area of the same features. By converting the scan data into digital imagdhen
possible to use LAbl E $\ithageprocessing softwa to analyze the sabquent scans.

The pixel sizes in the images are directly related to the scan sample interval, which in this
case was pimin the x and ydirections.Figure4.11 demonstrates the four main steps in

the process.

The aforementioned white areas seerhmRigure4.11 (a) were first filled using a hole
filling function as can be seen fRigure 4.11 (b). This function creates wetdefined
features thiaare able to provide a more robust analysiext an elge detection based
pattern matching function was used to lodae centroids of 1@eaturesThesefeatures
are showrwith red boxes around themm Figure4.11 (c). With all of thefeatures located
it was then possible to analy the data by pfrming a projection calculation, which is
demonstratech Figure4.11 (d).
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(a) Raw data (b) Hole filling

(d) Projection calculation

',

Figure4.11 Depiction of image processing steps from (a) raw data, (b) hole fitled,

pattern matching to (d) projection calculations

The selected features shown kigure 4.11 (c) were chosen so that the majority of the
scan was incorporated in the analygiscoordinate systermust first beestablishedn
order to complete the projection calculations andmpare thedistances betweethe

features imall scansThe coordinate system ensures that the results are not influenced by
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misalignments from the homing, which is not the primary objective of theseR&gise

4.12 shows the coordinate system used throughout the analysis.

Feature #3

Feature #2 I

Y

Feature #1

Figure4.12 Coordinate system for projection calculations

Figure4.12 demonstratethe distance and angle beinggasuredor feature #3Feature
#1 representshe origin and the line betweeeatures #1 and #8 used as a reference for
all angles.Using the measuref the angle between the reference dhd feature of
concern(i and the distance fromthe origin to the same featuf®, relative x and y
distancedo the feature (xandy; ) canthen be calculated using tha@lowing projection

equations:

® O DVE- (4.1
w 0 ATO (4.2
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4.2.2 QR Analysis Results

The analysis method previously descrilvems used in order to quantify the repeatability
of the grinding wheel scannerh@x and ydistance calculatits from the 120Qum pen
scan can be seen Table4.2 and Table 4.3. The mean distancefof the n scanswere
calculated for each feature both the x andy directions Their respected standard
deviationstl werethen calculated using Egtion(4.3). The x and y direction had average
standard deviations &.3 and 59 um respectively, which gave percent errors from the
mean of 2.1 and 1.0 %.

(4.3)

The xdirection values tend to deviate more whiglikely due to the device being driven
along the xaxis. When put into perspective with realistic grain sjzée true effect of
these emrs can bainderstoodFor example, sing 300pum for an average grain size of
the wheel, these errors only account f&3n the xdirectionand 2 %in the ydirection

of one grain.

Table4.2 1200um pen x-direction results

Feature # Distance in xdirection [em] Mean V! Error
Scan1l | Scan 2| Scan 3| Scan 4 [em] [em] [%]

3 1529.2 | 1564.9 | 1551.1| 1556.5| 1550.5 13.2 0.9
4 885.5 | 896.4 | 883.8 | 884.2 887.5 5.2 0.6
5 2309.9 | 2357.3 | 2348.4 | 2338.4| 2338.5 17.8 0.8
6 18.2 188 220 15.0 19.1 1.7 9.1
7 1999.9 | 2015.3 | 19919 | 2004.7 | 2002.9 8.5 0.4
8 896.4 918.6 | 915.6 | 920.7 912.8 9.7 1.1
9 1454.6 | 1473.1| 1453.9| 1461.5| 1460.8 7.7 0.5
10 -328.8 | -303.5 | -310.4 | -327.4 -317.5 10.9 3.4
Average 9.3 2.1
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Table4.3 1200um pen y-directon results

Feature # Distance iny-direction [em] Mean a Error
Scanl | Scan2| Scan 3| Scan 4 [em] [em] [%0]

3 1836.2 | 1820.6 | 1825.2| 1821.0| 1825.8 6.3 0.4
4 677.3 | 668.9 | 678.2 | 686.1 677.6 6.1 0.9
5 1486.6 | 1481.6 | 1486.0 | 1506.3 | 1490.2 9.6 0.6
6 1368.6 | 1364.0 | 1372.5| 1371.9| 130.3 3.4 0.3
7 1495.0 | 1470.8 | 1479.3 | 1493.7 | 1484.7 10.1 0.7
8 -141.6 | -160.6 | -150.3 | -142.7 | -148.8 7.6 5.1
9 2257.3 | 2257.8 | 2262.8 | 2260.3| 2259.6 2.2 0.1
10 859.2 | 855.7 | 8606 | 858.5 858.5 1.8 0.2
Average 59 1.0

The same experiment watsoperformed with the 130m pen in ordeto provide further
validation anddetermine the effect of sensor spot size onntleasurementslhe results

for the four scans can be seerTaible4.4 andTable4.5. It can be seen that the standard
deviation in both the x and girections have decreased to &Add 5.7um respectively

with the average perneerrors being 1.3 and 0.8 %ince all measurement parameters
were kept constant throughout all experiments the slight improvements seen are

presumedo be due to the decrease in sensor spot size.

Table4.4 130 um pen, xdirection results

Feature Distance in xdirection [em] Mean G Error
Scanl | Scan2 | Scan3 | Scan4| [em] [em] [%]

3 1566.3 | 15482 1560.8 | 1565.3 | 1560.1| 7.2 0.5
4 878.2 875.9 870.2 896.5 | 880.2 9.9 1.1
5 2332.4 | 2352.4 | 2359.2 | 2355.7 | 2349.9| 104 0.4
6 28.5 32.3 29.4 30.0 30.1 14 4.6
7 1995.3 | 2013.4 | 20305 2013.2 | 2013.1| 124 0.6
8 892.9 886.6 897.7 919.8 899.3 12.5 14
9 14495 | 1435.7 | 1451.2 | 1445.0| 14454 | 6.0 0.4
10 -319.6 -328.3 -315.8 -319.1 | -320.7 4.6 14
Average 8.1 1.3
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Table4.5 130 um pen, ydirection results

Feature # Distance in ydirection [em] Mean G Error
Scanl | Scan2| Scan3| Scan4 [em] [em] [%0]

3 1819.2 | 1824.1| 1818.6 | 1831.2 | 18233 50 03
4 669.8 | 670.0 | 6628 666.6 667.3 2.9 0.4
5 14854 | 1494.7 | 14815 | 1502.8 | 1491.1 | 8.3 06
6 1371.5 | 1372.6 | 1378.7 | 1371.7 | 13737 3.0 0.2
7 1480.2 | 1498.1 | 14806 14916 1487.6 7.6 0.5
8 -149.3 | -1391 | -151.0 | -142.9 -1456 4.8 3.3
9 2271.6 | 2277.1| 2270.5| 22551 22686 8.2 04
10 8432 850.2 | 855.2 859.3 852.0 6.0 0.7
Average 5.7 0.8

Another parameter of concern for the grinding wheel scanner is thefsthe features
scanned.The image analysis programwas also capable ajutputing the areas of the
features By performing the same analysis procedure as for the distances, the area
measurement&ere compared for further validatiorhe results for théour scans taken

with each optical pen were compared and summariz&dbie4.6 andTable4.7.

By looking at the results it can be seen that the scanner was able to scan the areas within
a very accurategange. When scanned with the 120t pen the area measurements
deviated an average of 134567 and had anaverage error of 2.0 %om the mean
value The 130 um pen resulted in an average deviation and percent error of 8.1
and 0.7%, respectively.The 130 um perds significant improvementin repeatabilityis
likely due tothedifference in spot size The 130um perts spot size is 65% smaller than
the 1200um pen and there was an overall reduction of 60% indéeation and 66% in
error fromthe mean over all featuresThe smallerspot sizeevidentlyprovides a higher
resolution of the edges of the featur&his observationcan be used to explain why the
results seen in the stance measuremenigre fairly similar Although the2.8 um spot
size dos provide a more more detailed edge, the effestroughly the same on all sides
which has little effect on the centroid of that featWaen compared to the aage grain

size 300um, these deviations only account for 1.9 and 0.8 % of the total area.
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Table4.6 1200um pen,arearesults

Feature # Measured Area [x10%em?] Mean ¥ Error
Scan 1| Scan 2| Scan 3| Scan 4 | [x10%em?] | [x10%m?] | [%]

1 10.35 | 10.04 9.54 9.73 9.91 0.31 3.1
2 11.41 | 11.41 | 11.75 11.75 11.58 0.17 15
3 10.52 | 10.42 | 10.31 10.21 10.36 0.12 1.1
4 1.48 1.56 1.48 1.55 1.52 0.04 2.4
5 1.25 1.27 1.21 1.15 1.22 0.05 3.8
6 19.95 | 19.75 | 19.55 19.36 19.65 0.22 1.1
7 5.65 5.54 5.37 5.10 5.42 0.21 3.8
8 25.71 | 25.45 | 25.45 25.71 25.58 0.13 0.5
9 4.19 4.19 4.19 4.02 4.15 0.07 18
10 3.09 3.09 3.06 3.00 3.06 0.04 1.2
Average 0.13 2.0

Table4.7 130um pen, area results

Feature # Measured Area [x10%em?] Mean & Error
Scan 1| Scan 2| Scan 3| Scan 4| [x10%nm?] | [x10%m?] | [%]

1 10.78 | 10.57 | 10.79 10.65 10.70 0.04 0.9
2 10.58 | 10.71 | 10.54 10.74 10.64 0.08 0.8
3 10.92 | 11.12 | 10.88 10.93 10.96 0.09 0.8
4 1.47 1.46 1.47 1.47 1.47 0.01 0.3
5 1.20 1.20 1.20 1.20 1.20 0.00 0.0
6 20.31 | 20.32 | 20.04 20.12 20.20 0.12 0.6
7 5.95 6.03 6.02 5.98 5.99 0.03 0.5
8 26.04 | 25.97 | 26.08 26.01 26.03 0.04 0.2
9 4.42 4.36 4.33 4.34 4.36 0.04 0.8
10 3.00 2.93 3.05 3.03 3.00 0.04 15
Average 0.05 0.7

Another measure thatas also extraetifrom the image processingnalysisorogramwas
the overallcapmbility of the homingsystem Monitoring the coordinates of the origin
featurds centroid for each scan allows for a comparisothefrdative x and y positions.

Since the entroids of the features were not highly affected by the optical pen it is
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reasonable to analyze all measurements togefhabte4.8 shows the x and y coordinates
of feature #1 throughout both sets of experiments. The averagdiole\seeralong x
axis was 27.6pum and 19.3um alongthe yaxis. This result means that the system is
capable of homing to within roughly the size of a human haoknAwledging the

amount of sources for error in suglsystem these value®re deemed tbeacceptable

Table4.8 Homing capability

X Position Y Position
[¢ mh [e mh
Scan1l| 5213 2498.5
Scan2 | 4844 24993
1200e mPen =g an3 | 5497 24840
Scan4 | 523.6 25087
Scanl| 5184 25277
Scan2| 5088 2537.1
130e nPen =g an3 | 4672 2541.2
Scan 4 553.8 2501.8
Mean 5159 25123
R 276 193

Overall, the QR code tests provided sufficient evidence that the positioning system of the
grinding wheel scanner is more than capable of scanning angindieel.The resulting
percent errors for both pens are summarizekhinie4.9. It also confirmed that given the
considerable amount of sources of error, the homing systemswappkceciably well.

Using a smooth metal wheel prasmably givesa worstcase scenario repeatability
measurement. The-axis positioning is based on a friction drive system and the
coefficient of friction ofsmoothmetalis drasticallylower than that of @oarsegrinding

whed.
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Table4.9 QR repeatability summary

Pen X Position [%] | Y Position [%] | Area [%]

1200 m 2.1 1.0 2.0

130e m 1.3 0.8 0.7

4.3 Grinding Wheel Validation

With the repeatability of the scanner nawantified based on position, it is tim®
incorporate the main oaponent:the grinding wheel. The randomness in size and shape
of the grains adds a layer of difficulty to the validn processand therefore much of

the validation is performed by comparisons.

4.3.1 PenSelection

Two optical pens &ve been used thus far to validate the sydietrfor grain monitoring

it would not be practical to continue using both p&iace the measurement principle is
based orthe reflectivity of the white light, it is possiblethat the penscould result in
differentmeasurementwhen looking at the same arda order b test thistheory, the
same area was scanned oWA 46J vitrified aluminum oxide grinding wheeising both
pens The grinding wheelvas made up ofl,O3; abrasive graingvith an average size of
0.32 mmin diameter, held together by a vitreous bohkde wheelhada 32% porosity

Figure4.13 shows thdop 75um of thetwo scanned areas.
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a) 1200um
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I_GO

- 45

- 30

b) 130um ~
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Figure4.13 Grinding wheel topographyith (a) 1200um pen and (b) 13Qim pen

Despite the fact that tHEB0um pen can measute a depthof 130um, the scann Figure
4.13 shows only the top 7Hm due the difficultyin manuallyadjusting thestandoff
distance pedctly. It is evidentfrom Figure4.13 that both pens have measured the same
area angat first glancethe two scans look very similarh@& differences between the two
pensbecomemore obvioudy examining smaller areas of the schigure4.14 shows a
comparison betweeareasscanned with the 1200 and 1@fh pens ad a digital photo

taken ofthe same area
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Areal Area 2

(@)

(b)

1mm

(©

0 1.4mm 0 1.6mm

Figure4.14 Comparison of scanned grawvith (a) digital image, (b) 120@im pen and
(c) 130um pen

By comparing the scanneeasin Figure4.14(b) and (c) to the digital image Figure
4.14 (a) it is clear that both pens capture the stapkdistindlve featuresof the grains
accurately, howevethe two pens resuin significantly different lmking scansThe 130
pKm penis much more sensitive than the 130 and for that reason there appear to be
many small broken uportions throughout the grainBue to the 13Qum perts small

measurement range atso proves very difficultadjust the distance of the pen to ensure
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the entirescan will be within the range of the pen whereas the 120pen hasa larger
range to accommodate for the randomness ofjthms. Another aspect to consider is
that it is currently unknown at what depth into the wheeineaningful for research
purposes. All of theefactors contributed in the decisitimat the remaining scans for this

work will be taken with th&200um optical pen

4.3.2 ScanValidation

The main objective of the grinding wheel scanner is to be able to monitor the grains
throughout grinding experiment8Vith the pen selected, a preliminayrface grinding
experimentvas performed in order to validate the scatseapabilitiesn measuring the
grinding wheelgrains The experiment was performed on a Blohm Planomat grinder with
a 4140 steel workpiec&he grinding wheel was trued and dressed using a diamond
single pointdressing tool. The dressing depth wagm and an overlap ratio of 3 was
used The wheel was then used to grind the workpiece with pmi@epth of cut. The
workpiece velocity was 0.2ir/s and the tangential wheel velocity was @f#s The
workpiece was 6.35nmwide and 156mmlong, resulting in 9.9nm® of material being
removed each pass withnaaterial removal ratef 13 mnt/sec A total of 2500 passes
were performed in order to ensure the wheel had beenisatficworn. The grinding
wheel scanner was then used to measuresi@®d mmareasof thewheels surfaceone
worn and one unwornThe sampling interval was pum in each directionFigure 4.15

below shows the difference between an unworn and worn section of the wheel.
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(a) Fresh

850um

750

600

450

300

150

Figure4.15 Grinding wheel topographies for (&eshand (b) worn sections.

Visually comparing the two images one can see that the newly dressed poFRigare
4.15 (a) hassignificanty moreamount of red or high areabo say that two scans look
differenthoweverdoes not fully validate the system. Timeasuregortion of the wheel
was cut out using Bro.Point Turbo Diamond Cutting Bladad then scanned using a
Hitachi S4700 FieldEmissionSEM. Figure4.16 shows a comparison of a scanned area
to an image from the SERr a fresh section of the wheel
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Figure4.16 Comparisorof (a) scanner measurememd(b) SEMimage
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The features ifrigure4.16 (a) can easily be seenkiigure4.16 (b). The images from the

SEM can be used to confirm that the measurements from the grinding wheel secanner
comparable.The area of three easily distinguishablatéees in the SEM were estimated
using a pixel counting technique and then compared to the grinding wheel scanner
measurements$igure4.17 showsthethree distinguishable areas used in (a) Scanned area
and (b) SEM.

Feature #

(a) Sca

Feature #

Feature # 1:

(I T e e e S R
500um

1 1 | 1 1 1 1 1 1 1
500um

Figure4.17 Distinguishable features used for area measurement compaitbdia) scan
and (b) SEM

Digital Surf Mountains Software was was used to threshold the hefighe scarso that
only the feature otoncern wa visible. A surface aremeasuringalgorithmwas then

used to compute the surface as showikrigure 4.18, which depicts the measuring of
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Feature #1 By selecting a set of points around the object ofceon the program

computests surface area and volume.

Feak

[ surface (pmz) 20172 |
Walume (pm™) 290974

Figure4.18 Feature #1 example with ddintains Software surface area measurement tool

To compare the grinding wheel scanner data to the ,SEdMareas of the same features
mug be measured using pixel counting. The large number of pixels in the image make
this a difficult taskOverlaying a 10x10 pixel grid onto the SEM decreased the amount of
time to count the pixels significanlty without affecting the results due to thesio&abf

the area. Based on the maginification of the SEM each pixel wagriixtherefore each

grid block contained a surface area of 30€°. In order to measure the edges of the
features, an approximation was made in Yciaments Essentiallyif a smal portion of

the block contained thdeature then only 2%n? were added to thsum, and so on.
Figure4.19 demonstrates the grid counting technique used on an edge of Featlre #1.
this example the different colours of gridsrespond to the fraction of grain which was

contained in that grid.
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Figure4.19 Grid counting methoébr Feature #1

The measurement the three distinguishable features are summarizethiie 4.10.
The average percent difference betwdsm was 9.7%. This value is likely a result of
the subjectiviity during the manual edge definitiaDverall the agreement between
resuls confirmthe scanners ability to measure the wheetasaaccurately.
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Table4.10 Area comparison results

Area measurements?10* punv]
Feature | Grinding Wheel Scanng  SEM % Difference
1 2.9 2.6 11
2 2.6 24 9
3 4.1 3.7 9

A comparison of worn and fresgrains can also be used to further validate the sa@nner
capabilities. The grinding parameters chosen for this experimentselereted based on
the work of Labance et al[29]. The goal was to induce more attritious welaan
fracture wear so that the tops tfe grains could be used to validate the difference
between worn and fregrains Figure4.20 (a) showsworn and fresh graingith an SEM
and the grinding wheel scann€&ommerciallyavailabe Mountains $ftware was then
used to extract a profile along theams to compare the difference seelfrigure4.20 (b)
and(c).
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Worn Fresh

(©

0 | | | 225pm 0 | | | 225um

Figure4.20 Grain comparison between worn amavorn with an (a) SEM and (b)

grinding wheel scanner and (c) corresponding profiles

The worn grain irFigure 4.20 (a) appears to be much smootherrthe fresh grain. The
red line represents the profile that will be takEigure 4.20 (b) is the same area taken
with the grinding wheel scannet.i$ more difficult to clearly see the differences due to
the largeverticle scale. The profiles seen kigure4.20 (c) clearly showthe differences
between the twaBy calculating the arithmit average of the profiles tiieavalues were
obtained.The worn grain only varries within a range of 3 and has &avalue of 2.03
pmwhile the fresh grain varies within a range|8@ and hasa Ravalue of6.21pum. This
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result demonstrateshat the grinding wheel scanner is capable of sueag the

difference between used and fresh grains

The size of features and there morphology are important parameters, but the validation
process has yeb examine the spacing between features which is analogous to the cutting
edge spacing measuremeRtusing animage from the SEM with the grinding wheel
scanner measuremeodn demonstratefor illustration purposes, that the measurements
are correctFigure4.21 shows the process diis fusion at different SEM transparency
levels. The transparency level of the SEM image vdgesreasedrom 100 to 0% in

increments of 20% throughosiix images.
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0.04 mm

20% Transparency 0% Transparency

Figure4.21 Fusion of grinding wheel scanner data and SEM

The transparency levewere decreased in order to emphasize the alignment of features.
The red or hig points in the scan seetm line up nearly perfectly witldistintive ridges
in theSEM image.
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As grinding progresseships from the workpiece can become lodged in the wheel. This
wheel loadings an unavoidable characteristic of grinding and it causes problems both in
the process itself and also in measuring the grinding wheel suhfaparticular, wheel
contamination becomes an issue during scans when the object rests above the surface of

the wheelFigure4.22 demonstrates thisffect ofwheelcontaminate

AR
1.00mm

600 um
I 450
300
150
0 | 3mm 0

Figure4.22 Effect of wheel contaminate on scanner measurements
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The chips in the wheel acéearly visible from the SEMTheir effect orthe scan cathen

be seen in thevheel surface colour mahips above the wheel surface will cause the
sensor to dect a height that is not realistic. Ttaps of thegrains shownn Figure4.22

all lie at an approximate height of 4Qén. In the areas where chips are present the scan
increases to a height of 6@n. This sudden rise in heig not realistic and if a grain

really had such a feature it would simply break rather than contribute to material removal.
Regardless of the issue, this phenomena does contribute to the validation in the scanner
as it proves that large spikes seen thhmurg thescan are not false measurements but are

in fact workpiece chips.

4.4 Summary

This chapter presented the validation process for the grinding wheel scanner. A slip
compensation algorithm was first developed for slippage seen in 2D profile
measurementdt was discovered that the accuracy of the pen had a large effect on the
slip correction results. Next a QR code was measured and the repeatability of the scanner
was quantified using image analysi8hen used with the 12Q0@m pen, thescanner was

able tomeasure the distance between features in the x and y directions with percent errors
of 2.1 and 1.0%, respectively. The repeatability of its area measurements was found to be
within 2% throughout the four measurements. Using thepdi8@en had a small efe

on the x and y distance measurments, resulting in percent errors of 1.3 and 0.8% for the x
and y directions. The area measurements improved subtantially with ther8@h an

error of 0.7%. Overall if compared to an average grain diameter ofu3(bese errors

only account for a maximum of 3% of one grain. Using the QR code the homing was also
validated and quantified to be repeatable \gitdndard deviations of 27.6 and 13

for the x and y directions, respectively. A grinding wheel was then edawith both

pens and it was deemed accetable to perform grinding wheel scans with therl260.

A aluminum oxide wheel was then ground and measured using the scanner. A manual
pixel counting mdtod was then used to compare SEMages to the grinding veel
scanner and they were found t® Wwithin 11% of eaclother. The surfaces of two grains,

one worn and one fresh, were found to have Ra values of 2.0 apdhGr8spectively.

An SEM image was then overlayed oatcolour map from the scanner measurenagt
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the distinguishable features lined up exceptionally w8pikes seen in the scanner
measurements were then investigated using SEM images and it was found that they
corresponded tohips lodged in the wheel.
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Chapter 5. Wear Study

In this chapterthe grindingwheel scanner was used to investigate the wear of grooved
and nongrooved grinding wheels. Methods were developed in order to extract pertinent
information from the grinding wheel scan including; number of particles, particle width
and total surface are@ihe extracted parameters were then analyzed for both grooved and
nontgrooved wheels. A direct comparison of the radial and volumetric wear of the wheels
was then performed using the extracted parameters. The extracted parameters also

allowed for the comp#son of cutting edge spacing for both wheels.

5.1 Grooved Grinding Wheels

Grooving the wheel surface has been proven to induce several beneficial characteristics
in the grinding process. Nakayama et[dll] were the first to erform an investigation

with grooving, and found that a helically grooved wheel resulted in a 30% reduction in
the grinding forces and consumed energy. Okuyama [e8}lshowed that by grooving
grinding wheel axially they ere able to increase the maximum heat transfer coefficient.
Mohamed et al[49] reported a decrease of up to 61% in consumed power by grooving
the wheel circumferentially. The circumferential groove was also proven to allawp for

to 120% deeper cuts without damaging the workpiece or grinding wheel. Mohamed et al.
also discovered that circumferentially grooved grinding wheels could grind for longer
periods between dressing cyclg®, 50] Considering all of the reported benefits of
grooving the grinding wheel it was decided to use the grinding wheel scanner to
investigate the wear of circumferentially grooved grinding whéetgire5.1 shows the

grinding wheels thawere used for the study.
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(a) Nongrooved wheel (b) Grooved wheel

Figure5.1 Grinding wheel surface for (a) nagrooved and (b) grooved wheels

The images shown iRigure5.1 are of the same grinding wheel, butFigure5.1 (b) the

wheel was grooved circumferentially using the method developed by Mohamed et al.
[49]. The two main parameters used to describe the groove geometry are the groove
width and depth, as stvm in Figure5.2.

Grooved
grinding wheel

.
Groove

&
2 depth

Groove width

Figure5.2 Groove geometry

Another useful term in discussing grooved grinding wheels ifgheoove f act or o0,
was introduced by Verkeffl61]. The groove factor represents the amount ofgraoved

surface area remaining after the grooving process. For example, a grinding wheel which
has not been grooved would have a groove factor of 100%.
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5.2 Method

Grinding experiments werearriedout on a BlohmPlanomat 408 creefeed grinding
machinewith a Radiac Abrasive®/RA 60-J5V1 aluminum «ide grinding wheel. The

w h e egraidsshad an average size of 0.22Mand were held together with a vitrified
bond. The groove parameters were setetia@sed on the work of Mohamed et [dD,

50]. A groove factor of 50%, groove depth of 0.0888hand groove width of 1.4nm

was reported to perform the best and therefore chosen for this stuaigalad AISI 4140

steé was used as the workpiece with a length of 158Mand a widthof 6.25mm
Throughoutall experiments, the grinding depth of cut, wheel speed, and workpiece speed
were kept constant at 1ndm 22.4m/s and 1.7mm/s respectively.A cuttingfluid
concerration of 5.1% CIMTECH 310 wasisedand thefluid was delivered to the

grinding zone at 50.4/min.

The grinding power was measured using a Load Gninc. PH3A power transducer

A Kistler 9275B force dynamometer with a 5019B charge amplifees usd to measure

the grinding forcesA system consistingf a National Instruments BNC 2120 connector
block linked to a National Instruments RPRIO-16XE-10 data acquisition board
controlled with a National Instruments LabVIEW code was used to collect all
meaurementsat a sampling frequency of 56r. The arithmetic mean surface
roughnesfRaof the workpiece was measurafter every passsing a MahrFedral Inc.
Pocket Surf.

The grinding wheel scanner was used to measure the sammariiearea of the wheel

suiface after 4 and 8 passes for the qgoooved and grooved wheels, respectively. The
scan size was selected to ensure that enough data was captured to fully represent a
grinding wheel based on the work of Darafon et[38]. The scan incremenivas a
tradeoff between scanning time and wheel wear Esteh scan takes roughly 8 hours and

then more time is required to perform the grinding and both setups.
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5.3 Analysis

After performing the grinding experiments and collecting wheepodgoaphy
measurements from the scanner it was essential to have a method of quantifying the
differences seen between grinding wheElgure 5.3 shows scanef 4x7 mmsections of

both wheels before and after the grinding experimerre performed.

150

Figure5.3 Grinding wheel surface topographies for (a) fresh-gaoved, (b) worn non

grooved, (c) fresh gro@d and (d) wormgrooved wheels

While the wheel surfaces are clearly diffiet, it is difficult to quantify these differences
without an automated analysis methBawrafon et al[38] usedthe blob analysisnethod

in which they were able to extract grain information from 3D grinding wheel scans. Blob
analysisfunctions by applying a threshold planethe scaned dataAll featuresthatare

over theset thresholdare turned into a binary imagad can be analyzed using image
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analysis technique§igure5.4 demonstrates how diocanalysis works with corghaped
cutting edges. The method developed by Darafon ¢88).has been modified for this
research and now accepts an image witil@olour depth rather than arbd, allowing
for a more detadd analysisFigure5.4 shows an exank@ of the three parameters that
wereextractedrom the scansare as follows:

1 Number of particles The number of individual particles that are in the binary

image.
1 Average particle widtt,: The average widtbf all particles in the image.

1 Total areaThe total area of the particles in the image.

Threshold plane

Figure5.4 Blob analysis example witthecreasing threshold plane

Figure 5.5 shows the effect of increasing threshold demththe resulting binary image

for thefreshly dressed grooved wheel.
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5.3.1 Filtering

Obtaining measurements from the chromatic sensor presents two major issues that that
need to be avected before the data can be usé&itst, noise from the sensoan form

small peaks throughout the datehich inherently has a large effect time number of
particles and average particle widtBecondly, a the wheel is usediebris such as
workpiece chips can become clogged between the grains as shown in Segtibn
Debris generally results isignificantheight differencesn the measurement due to their
shapeln order to address these issues, a series of filtering techniques were applied to the
measurement datA. low-pass attenuating FFT filter was first used on the data to remove
the peaks. This filteapplies a linear attenuation to the data which is directly related the
frequency. High frequencies are attenuated significantly while low frequencies see little
to no effect.While this filter worked appreciably well, some erroneous measurements
remained A small particle filter would potentially remove the top of actual grains and
therefore cannot be used. A custom filter was designed to remove all remaining erroneous
measurements and is illustrated Figure 5.6. The custom pécle filter works by
examining the edges of all particles under a set limit of area at each threshold height. If
over 50%of the surroundingixels of the examined partictesult in a change of height

over 200% of the particlés smallestdimensionthen the particle was considered to be
unable to perform in the cutting operation amasremoved from further analysis. For

this study, any particle with an area less thafl [50r was examinedFor the example
shown inFigure5.6, thethreshold height is at 1Qdm andthe minimum dimension of the

particle is 1 pixeltherefore5 um.

5
K —
(a) Keep (b) Remove Fum
|

99 98 96 96 99 98 96 96 5um
1

97 97 4 4

3 10 9 8 3 10 9 8

Figure5.6 Custom filter example for (a) pass and (b) remove cases
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Figure5.6 (a) shows a particle that would have passed through the filter because 60% of
its surrounding particles are within thqu range. InFigure5.6 (b) however, only 40%

of the particles neighbours are within the limit and thereflue to its aspect ratio is
removed from further analysigigure 5.7 shows the effect of the two filters on the

freshly dressed grooved wheel data at decreasing threshold levels.
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Figureb.7 Filtering effectthrough decreasing threshold depth

It can be seen frorRigure5.7 that many of the smaparticleshave beememoved at all
threshold depths.Here arehowever someparticlesstill remaining whid is the benefit
of the custom filter over a standard small particle filiggure 5.8 showsthe filtering
progression of one grain at a threshold depth ofud0and compares the results to a

digital image of the grain.
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(a) Raw data (b) FFT filter (c) Peak removal (d) Digital image
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Figure5.8 Filtering progression for (a) raw data, (b) FFT filter and (c) peak removal at a

threshold depth of 4amwith comparison to digital image

Based orFigure5.8 it is clear thathe removed area wasobablynot part of thegrain

but could have been wheel contaminate

5.3.2 Height Referencing

In order to directly compare subsequent scans, it is crucial that the scesfemmeced to

the saméaseline Continuously removing and plagj the wheel on the scanresulted

in some setup errolt is also important to note that dtethe scans taking roughly seven
hours each, full experiments can take months to complete and it is nearly impossible to

ensure that the optical pen is not radwduring that period.

A technique was developed in order to ensure that all the scans were referenced to the
same height to account for the previously discussed issues. The method works by
ensuring that the scan contains a portidrthe wheelthat had not been groundThis
unground section of the scan was used as a reference silitiacgcan is then pcessed

in two separate portiorthe unused or reference portion and the ground porfiguure

5.9 depicts the reference panti for two scans taken at different periods during the

experiment.
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Figure5.9 Reference section comparison for (a) fresh and (b) used wheel surfaces

In Figure5.9 a dashed red line sepaatthe two portions of the scaabove being the
reference and below being tgeoundportion. Figure5.9 (a) is a fresh grooved grinding
wheel before any grinding had been performed Rigdre5.9 (b) is after 38106nn? of
workpiece material has been removed. The two reference portions are clearly very similar
while notable change can be seen between the Esetions. Tdetter demonstrate these
differencesFigure5.10 showsthe reference and used sections of the scans for both the

freshly dressed and used whatdifferent threshold depths.












































































































