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ABSTRACT

DESIGN OF A TOUCH TRIGGER PROBE FOR A
COORDINATE MEASURING MACHINE

KARUC, EMRE
MS., Department of Mechanical Engineering
Supervisor : Asst. Prof. Dr. Melik DOLEN

December 2007, 173 pages

Coordinate Measuring Machines (CMMs) have been lyidsed in industry in
order to determine the form / dimensional toleranoé workpieces with very
complicated geometrical shapes. Therefore, CMMnisnaportant tool during the
manufacturing and quality control phases. Workpiecbe measured on a CMM is
probed via touch trigger probe through its stylpsih other words, by virtue of the
touch trigger probes CMM can acquire the dimendidata of the workpiece that is
to be measured. Therefore the probe has becommdke vital and fundamental
part of the CMM. In this thesis, a novel type afi¢h trigger probe / scanning probe
is proposed. The proposed probe can also be used@mning probe for different
applications. The main purpose of this thesis islégelop a novel type of touch
trigger / scanning probe that has different kineostiige and sensing stage than the
other probes currently used in the industry. GMagnetoresistive (GMR) sensors
are used for building the sensing stage of the qeeg probe. GMR sensors are
selected due to their outstanding sensitivity t@lsmisturbances. Furthermore, in



order to test the proposed probe; an anvil gautsg 3e designed and proposed in
this study. Finally, proposed probe is tested atmrae-axis computer controlled
electrical discharge machine (EDM), and the reswtxquired from those

experiments are discussed.

Keywords: Coordinate Measuring Machine (CMM), Touaigger Probe,

Measurement Probe, Probe Performance, GMR.



Oz

KOORDINAT OLCME TEZGAHI iCIN DOKUNMATIK
SONDA TASARIMI

KARUC, Emre
Yuksek Lisans, Makina MuhendigiiBolumu
Tez Yoneticisi : Yrd. Dog. Dr. Melik DOLEN

Aralik 2007, 173 sayfa

Gunumuzde Koordinat Olgme Makinalar, kagnka geometriye sahip si
pargalarinin form ve boyutsal toleranslarinin betimesinde oldukca yon bir
sekilde kullaniimaktadirlar. Bu sebepten dolay! Kdinat Olgme Makinalari hem
dretim hem de 6l¢cim sirecleri boyunca buyik bimbrez etmektedirler. Boyutsal
olarak Olcist alinmak istenen big parcasi dokunma tetiklemeli sonda ile
incelenebilir ve olguleri elde edilebilir. Bea bir deysle, dokunma tetiklemeli
sondalar sayesinde Koordinat Olgme Makinalari, léggk olan herhangi birsi
parcasinin boyutsal olarak olcimgdéderini verebilirler. Bu nedenledir ki, bu tar
sondalar Koordinat Olgme Makinalarinin en temekwednemli aksesuarlari haline
gelmislerdir. Bu tezde adiimisin dsinda olan, dokunma tetiklemeli / 6lgiim sondasi
tasarlanip onerilngtir. Ayni zamanda oOnerilen bu sondaggé uygulamalar icin
de tarama amacli sonda olarakta kullanilabilir.t&in ana amaci ise, ginimizde
endustride sikca kullanilan dokunma tetiklemelidadardan daha farkli bir yapisi

ve algilama mekanizmasi olan, sdimisin dsinda olan bir sonda gelirmektir.

Vi



Tasarlanan sondanin algilama mekanizmasi i¢in Dewyletik Direng etkisiyle
calisan algilayicilar kullaniingtir. Bu tezde Dev Manyetik Direng etkisiyle galn
algilayicilarin kullanilmasindaki ana sebep isegnisiz sayilabilecek bir harekete
goze carpan bigekilde tepki vermeleridir. Bunun yaninda, onerindanin test
edilebilmesi icin de bir test tertibati tasarlanipetiimistir. Sonunda, bu tezde
Onerilen sonda U¢ ekseni bilgisayar tarafindan rebredilen bir elektro erozyon
tezgahi Uzerinde incelengnive bu deneyler sonucu elde edilengetterde

tartisiimistir.

Keywords: Koordinat Olgme Makinalari, Dokunma Tagikeli Sonda, Olgiim

Sondasi, Sonda Performansi, Dev Manyetik Direng.
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CHAPTER |

INTRODUCTION

The goal of this thesis is to develop a novel teuigyger / scanning probe for
Coordinate Measuring Machines (CMMs). The probeetigped in this study has
different mechanical and sensing concept than theventional probe design

currently used in the industry.

CMMs, one of the effective metrological instrumendse widely used in most
manufacturing plant to verify the geometry of a ofactured part [1]. CMMs are
able to measure the position with fine resoluti@@gen nanometers). They provide
coordinate information about part geometry as faekbof the manufacturing
process, allowing for the analysis of both prodat process quality. The two
basic design goals of a CMM are to maximize thrgugland acquire a large size
of data. There are numerous configurations of CMMsJuding designs that

measure in polar, cylindrical, and Cartesian cowtdis [2].

One of the major accessory elements of a CMM thatavital effect on CMM’s

accuracy and speed is the type of probe it usest Maently, CMMs use passive
probes (actuating device is not in the probe) hizate several defects limiting their
accuracy and speed. So in order to avoid thosetdet®eming from those probes,
two basic contact probe types are designed andimstetype of passive probe
developed is the touch trigger probe. The operatiamciple of touch trigger probe
Is to contact with the workpiece using a vector sm@and records the XYZ

coordinate after it stops. After the establishmehtthe contact between the
workpiece and the stylus tip of the touch triggeslye, due to the machine’s inertia,

probe will move in the probing direction respectyveAfterwards probe moves

1



away from the workpiece and then goes to anothatilon and repeats the same
process in a point to point fashion in order toagbtthe workpiece dimensional

information [2], [3].

Since the above-mentioned technique is slow, ansktgpe of passive probe is
developed which is the contact-scanning probe. Pphabe is moved along the
surface of the workpiece while keeping the contaativeen the stylus tip of the
touch trigger probe and the workpiece. While it e®wacross the part’s surface, the
probe deflection is used to determine deviationghen part surface. Even though
this type of probing is much faster than the totrajger probing application, this

probe is prone to errors from deflection of thelqgrdip [2], [4].

Furthermore, non-contact laser scanning probes lads@ been utilized in the
industry in addition to contact scanning techniquesser probes greatly increase
the measurement speed, but errors caused by a@exgah surface reflectivity can
slow down the performance [2], [5]. Another progrés CMM probe technology is
the application of multi-sensor technique to CMN&ose improved CMMs have
capability to change probes (i.e.: touch triggerlaser) during measurement

process, taking the advantage of each exchangéeé’prperformance [2], [6].

Dominantly, touch trigger probes are used on CMBI&l most of these probes
utilize a kinematic seating mechanism to sensetiiigger signal for the probe
stylus. Since touch trigger probes are dominarggduon CMMs and machine tools
for the dimensional measurement and in accordanttetihat a probe sometimes
can be described as the heart of a CMM, they canabged as key technological
advancement in coordinate metrology [7]. Therefarehis thesis a novel type of
touch trigger / measurement probe utilizing Giardgvetoresistor (GMR) sensor
technology is presented. Due to their outstandergisivity to a small disturbances

or displacements, a GMR sensor based prototypé toigger probe is developed.

The main contribution of this thesis is to devebpouch trigger probe that has

different characteristics compared to the otherlbgsoused in the industry. The



designed probe can also be used as a contact-sggmoibe respectively. There are
two main goals of the research presented in thesish The first goal is the
development a novel type of touch trigger probézing GMR sensor technology;
a prototype probe; and an experimental setup. Wik will serve as a basis for the
analysis of the probe. The second goal is to expmrially verify that such probe

can also be used in the measurement processes.

The organization of this thesis is as follows: GbaR describes the state of the art
in the relevant fields. Chapter 3 focusses on tleacteristics of the GMR sensor.
The major probe design, alternative designs, aerdreékults of the finite element
analysis of the proposed probe are presented ipt€hd. An experimental setup;
anvil gage design, for the tests of the GMR semsm the probe is presented in
Chapter 5. The electronic interface for the probedéscribed in Chapter 6. In
Chapter 7, probe, models, and analysis are prakeieChapter 8, performed
experiments and the obtained results are presenféailly, in Chapter 9 future

works and conclusions are described.



CHAPTER 2

REVIEW OF THE STATE OF THE ART

2.1 Introduction

Measurement is an essential process of our everyivades. Looking back over the
evolution of measurement, one can easily find bat it is directly correlated to the
progress of humankind since breakthroughs in im@dlisimetrology directly
contribute to the advancements in manufacturing fig.

Dimensional parameters represent vital quality att@ristics of workpieces.
Therefore, the measuring action for testing conmgka of those characteristics
includes the important sub-process of probing tleekpiece’s related surface. In
accordance with the particular needs encounteredngluthe measurement
processes, different types of probing systems ifberént measurement tasks have

been developed [8].

Moreover, CMM supplementary elements are the mdasi part of the whole
measuring system dramatically. Correct selectiod ase of those auxiliary
elements can extremely improve the measuring chiyabi CMMs. Standard
supplementary elements include devices such aseptbhngers, non-traditional
probes, touch trigger probes, temperature compensatrotary tables,
programmable fixtures and part handling apparatusdls of these previously

mentioned systems have a significant role in dateng the CMM performance

[1].



The probe system, itself is one of the fundamemfa@iments of the CMM
dramatically. The probe system of CMM including firebe and stylus is the most
fundamental part of the whole system. Thus, dugstdunction in the measuring

procedure, it also causes larger errors than pdugs of the CMM [9].

2.2 Fundamentals of Probing

Measuring the length of a workpiece is comparirgdistance between two points
on the surface of the workpiece with a standardytter{8], [10]. Geometrical
guantities to be measured on a workpiece applystartes and positions of chosen
measured points on the surface of the workpiece.tkat reason, probing the
desired point on the surface with a sensing elemiantouching (stylus tip) or by
sensing it in a non-contact fashion is necessangréfore, the probe is one of the
critical components of the CMM and is responsilbe the total accuracy of a
measurement task. Most commonly used probes fqurtiteng tasks are tactile and
optical probing systems. Their working principal l&sed on mechanical

interactions with the measured workpiece [8], [112], [13].

2.3 Probing Process

The measurement process can be classified intoslazgessive tasks; positioning,

probing, measuring and evaluating.

- Positioning is to bring the workpiece into the measy range of the
probing system. Actually, during this task the mabystem is moved in
order to determine the safe zone to avoid the cva#ie workpiece and the
probe [8], [14].

- Probing is to make the physical contact betweertdbehing element (i.e.:

stylus tip) and the surface of the workpiece.



- Measuring is to compare the measured dimensionsa tpre-selected
reference points by the measurement standards.

- Evaluation process covers the transformation of phebing system’s
position vector (directed from probe coordinateteysto the center of the
stylus ball) in to probed point’'s position vectatirécted from machine
coordinate system to the contact point establidtetd/een workpiece and
the stylus tip) [8].

2.4 Requirements for Probing Systems

This headline can be divided into three groupsjiegion specific requirements,
metrological characteristic and system specificpprtes (which also include the
economic aspects). The measurement behaviour ofprbleing system can be
described via the metrological characteristics. Hdferent tasks, exceptional

requirements on the probing system may appear.

- Application specific requirements; to perform thariety of measurement
tasks the measurement system and the probing systeento fulfill some
requirements come from the nature of measurememeps. (i.e.. scanning
or discrete point probing mode, probing force reagtaccessory elements,
articulations, and weight of the probing systems).

- Metrological characteristics define the possiblealiqy of the results
measured with  particular system.(i.e.:  reproduityhil response
characteristic without backlash and with high s@nsy, pretravel and

overtravel).

- System specific properties defines the costs, imek additional equipment
needed for performing measurements for a given e(akight, size,
applicability with certain CMM) [8].



2.5 Principles for Measuring Probing Systems

The heart of a measuring probing system is a lemggAsurement transducer with a
quite small measuring range. Measuring tactile @solre able to obtain data
without stopping while they are moving; which islled three-dimensional

scanning. In consideration of application in memguprobing systems, physical

effects with a linear responses are held in higame [16].

2.6 Principles for Touch Trigger Probing Systems

After the invention of touch-trigger probe in 197@sese devices have become the
main component of CMMs and machine tools. The tetgger probe can also be
called as a switching probe or touch probe respalgti Most of the touch trigger
probes utilize a kinematic seating arrangementther stylus (Figure 2.1). The
tripod mechanism, which also functions as the styholder, is seated on this
kinematic arrangement. The tripod can be distovtbdn a force is applied to the
stylus tip. Each tripod (rod) leg is supported bkireematic seat with two balls. On
the other hand, other probe designers use cylirtdereplace balls in the kinematic
seating arrangement. A preload spring is put orofdpe tripod to create a force to
make the tripod sit at the rest position before after the interaction between the
stylus tip and the workpiece during the measurertesit. The probe tip at the end
of the stylus shaft contacts the workpiece in therdinate measurement process.
The probe tip is usually a ruby ball with high qtyaéphericity [17].

For the measurement task on a computer-controll@chine, the probe is directed
to approach the workpiece at a constant speed uwtheomes within the probe
approach distance (safe zone). Before the mecHaniesaction between the stylus
tip and the workpiece, the tripod structure is halds rest position via the spring.
Due to this kinematic arrangement, there will netdany generated trigger signal
when the probe tip initially contacts with the wpmrkce. After the first contact is
achieved, the probe will continue to move along ghiebing direction so the



probing force will increase respectively. When foece is large enough to tilt the
tripod and cause a physical quantity to reach estiold (voltage) setting. Actually,
this behaviour is not only due to the design of phabe system, more importantly
the machine’s inertia plays an important role foe travel of the stylus tip after the
first contact is achieved. A trigger signal is geted when the physical quantity
exceeds a threshold in the sensing system. Trgetrgignal is used by the CMM or
machine tool to lock the position counters or tduters to record the point

coordinates at the trigger instant [17], [18].

2.7 Kinematic Resistive Probe Structure

The basic requirements for a touch-trigger prolee ar

- Conformance so that the stylus deflects when d@ets the surface of the
workpiece, applies a low force to the componentaltavs time for the machine to
decelerate before backing off the surface.

- Mechanical repeatability so that the stylus alsvagturns to the same location
relative to the machine quill / spindle when iha@ in contact with the part.

- Electrical repeatability so that the probe alwdgiggers at the same stylus
deflection in any particular direction [17].

A trigger signal
is generated on

contact with the 7
component surface f =
and is used to stop ’

the machine \\

VA
;o
£~

A spring holds the stylus
against the kinematic
contacts and returns the
probe to a seated
position following

contact between the
stylus and the part

3 rods, each resting on two balls,
providing 6 points of contact in
a kinematic location

The stylus ball is uniguely located,
. returning to the same position to
" within 1 um (0.00004")

Figure 2.1 Kinematic Resistive Probe structure [19]



The contact elements are made of tungsten cardidery hard and stiff material, to
provide that the contact zones are very small. l&atecal circuit runs through the
contacts, and it is the resistance through thmudithat is measured by the probe’s

electronics [17].

2.7.1Kinematic Resistive Probe Working Principle

3

W
1|
W

__J

Figure 2.2 Generation of the trigger in Kinematic Resistivelie [17]

1) Probe is in the seated position and it is movavgards the workpiece,

2) First contact is established,

3) Probe’s stylus still moving along the approadreation, contact force is
increasing,

4) Finally, one of the tripod leg structure is hald and through the probe’s
electronics a trigger signal is generated,

5) Machine backs off surface and probe’s stylugatsits resting position [17],
[19].



2.7.2Electrical Switching

An electrical circuit is built through the kinematontacts. The ball plate is isolated
from the tungsten carbide spheres, while the cglisénd the stylus carrier are also
insulated from one another (Figure 2.3). Wiresha ball plate carry the current
between the contact patches. Due to the load ofphieg, the contact elements
experience elastic deformation (Figure 2.3), crggmall contact areas through
which the current can move along. The resistancesaceach contact patch is
inversely related to the area of the contact péch p/A). Due to nature of this
mechanism, whilst the force between the stylusthedcomponent is forming, the
reactive moment that is generated in the probe amesim causes the forces
between some contact elements to increase, whesfdrce between others will
decrease. This behaviour is due to the kinematimastraints. As the force between
two contact elements reduces, the contact patéhgates smaller, thus resulting an
increase in the resistance between those contanteets. With all six contact
patches wired in series, the contacts with the &hvierce between them greatly
affects the overall resistance in the probe circdihen the resistance reaches a
threshold level that is defined, the probe’s outisuset to triggered (Figure 2.3).
Furthermore, the balls and rods are still in cantaben the trigger signal is
generated, so in other words the stylus is in anddfposition, providing repeatable
measurement task [17], [18], [19].

Resistance
Section through

kinematics: A *

/ Force on
_1& kinematics

Figure 2.3 Electrical circuit through kinematics and the elagp view of the contact
patch [17]

Close-up view of
kinematics:
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Their simplicity, compact size and low cost has enkthematic resistive probes the
most popular type in industrial use. Renishaw’s, TR20 is a compact 5-way, or 6-
way, kinematic touch-trigger probe system. The piexe design, comprising probe
body and detachable stylus module(s), connectedgusi highly repeatable
magnetic kinematic coupling. This provides the ilitgc to change stylus
configurations either manually or automaticallyeitit the need for requalification
of the stylus tips, thereby giving significant tinsavings in inspection routines.
Modules offering a range of trigger forces allove gorobe performance to be best
matched to the measurement task. A set of prolansixins is also available, as is a
6-way module. The stylus mounting thread accefpys fsom the Renishaw M2
range. The TP20 system is easily retrofitted ancbrapatible with existing touch

trigger probe interfaces, extensions, and adafi2dis

‘C’ spanner ; ? :

locations \ e Magnetically held
k Y kinematic coupling

Alignment marks

Y N
Module change rack
location groove 4 // Mz stylus
Colour-coded \‘

protection cover

Figure 2.4The TP 20 Touch trigger probe by Renishaw [21]
2.8 Strain Gauge Probe Technology

A new form of sensing technology has addressegéh®rmance limitations of the
kinematic resistive probe mechanism; silicon strgamuges. This has been made

possible by modern compact electronics and soéte stensing, which Renishaw
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has engineered for probes as small as 13 mm (Q.fidiameter. Although strain
gauge probes still use a kinematic mechanism trréhe stylus, they do not use
the resistance through the contact elements andlams to sense a trigger. Instead,
a set of strain gauges is positioned on carefudbighed webs in the probe structure
above the kinematics (Figure 2.5). These gaugesumedhe contact force applied
to the stylus and generate a trigger once thens&rateeds a threshold value. This
provides a low trigger force, and, since the sanss not dependent on the

kinematics, a consistent trigger characteristialimirections [8], [17], [19].

5

Figure 2.5 Strain Gauge mounted in to the probe body [17]

2.8.1Measuring Contact Force

Figure 2.6 shows a schematic of a strain gaugeeprAblow contact forces, the
kinematics remains seated and the force is trateinihrough them to the probe
structure. The strain gauges — three measuringegaaiggned to sense in the X, Y,
and Z-axes — are mounted on thin webs. They d&iams in the structure and their
outputs are summed together so that once a foreshbld is breached in any
direction, a trigger signal is generated. Thisghoéd force is typically a few grams
— much lower than the trigger force on an equivialesistive sensor. The strain
gauges are highly sensitive to forces on the stractand will detect vibrations on

the machine whilst the stylus is not in contacthwitie surface of the part. Filtering

12



circuitry inside the probe establishes whetherdiinains seen at the gauges are the
result of a real and persistent deflection of ttydus. To achieve this, a short and
highly repeatable delay is inserted into the detactircuit from the moment the
force threshold is first breached, after which esigent and increasing force must

be seen before a trigger is issued at the enceadetay period [8], [17].

i

Js —-F

Figure 2.6 Strain Gauge probe measuring the contact force [17

2.8.2Rejection of False Triggers

Figure 2.7 illustrates the case where there isifsignt noise on the summed strain
gauge output value, caused by vibration on the macln this case, the threshold
is breached by one particular vibration and thedixlelay timer starts. However,

the force drops below the threshold and remaires latver level so that, once the
delay period has expired, the electronics can ifjetitat a real trigger has not

occurred, so no trigger signal is issued. Meanwliilgure 2.7 also shows the case
where the stylus meets the surface. Once the ssthiles the surface, random

vibrations are quickly damped out as the strainggaumeasure the contact force.
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The force seen at the gauges rises persistentlyhatoonce the timer starts, the
force never falls below the threshold again. At dre of the repeatable delay
period, a trigger signal is issued. This repeatdblay is easily removed with probe
calibration. The net effect is an apparent reduaciiothe radius of the stylus ball,
equal to the distance moved by the machine duhadixed delay period. Provided
the machine moves at a constant speed during tkisod) measurement
repeatability is unaffected. This means that thebermust be calibrated at the
same-programmed feed rate at which measuremertsoeir, making strain gauge
probes suitable only for automated CMMs and CNC mma tools. A further
consideration is the programmed target positiome-goint beyond the expected
position of the surface towards which the mach;mprogrammed to move during
the probing cycle. Manufacturing engineers mustuenthat as the machine moves
towards this target position, it does not stadecelerate before the stylus meets the
surface. The over-travel distance must therefoke tccount of both the likely

variation in surface position, as well as the dexalon profile of the machine [17].

' - 1
Force Force
Threshoid
Threshaid Force below breached Foroe above
breached threshold at end of thresheld at end of
/ fixed delay pericd fixed delay period
Threshold // Threshaold
[
|
| .
Ll k3 B
—.I Time T';'ne
Filer End of !
delay fixed Filler End of
starts period desay fixed

starls period

Figure 2.7 Evaluation of the signal [17]
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Figure 2.8 Various types of touch trigger probes [20]

The TP200 probe uses micro strain gauge transdutersleliver excellent
repeatability and accurate 3D form measurement exdnlong styli. The sensor
technology gives sub-micron repeatability and eliaes the lobing characteristics
encountered with kinematic probes. The solid s&&C electronics within the
probe ensure reliable operation over millions afger points. TP200 has been
designed to have higher tolerance to vibrationsTialps to overcome the problem
of 'air' trigger generation which can arise frorbrations transmitted through the
CMM or when using long styli with faster positiogispeeds [22].

Figure 2.9 Compact strain gauge probe by Renishaw [22]
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Table 2.1Comparison of the Kinematic Resistive and Straau@z Probes

Kinematic Resistive Probe Strain Gauge Probe

- Improved repeatability,

- Low and almost uniform
pre-travel variations in all

- Simple mechanism,

- Low mass (so low inertia directions,
at the triggering instant), - More accurate
measurement,
Pros - Cost — effective, - Low bending deflection

(leading low hysteresis),
- Low trigger force (few
of CMM. gm.),
- Support much longe
styli,

- Easy to retrofit to all types

=

- Directional dependent pre
travel variation,
- Micro-degradation of

contact surfaces, - Extra mass
- Exhibit re-seat failures - (filtering circuitry),
Cons over time, - Expensive,
- Limiting the length of
stylus,

- Resistance through the
contact elements as the
means to sense trigger.

2.9 Optical Probe Systems

They measure by triangulation, focusing, reflectingpnage processing, and

combinations of these principles. The optical prepgems enable measurement of
those parts which cannot be measured by contabingar whose measurement
would require a considerable effort (i.e.: filmsil§, PCBs or components made of

plastic materials).

The OTP6M optical trigger probe utilizes a visitdser spot (Class 2) to provide a
non-contact inspection solution for use on CMMse Blgstem comprises a Wolf &
Beck laser probe (OTP6-LD), which operates using tptical triangulation
principle, and a Renishaw interface (OPI 6). OTR&M be used to measure pliable

16



or delicate materials as the sensing beam causesstuotion of the surface. It is
easily retrofitted to standard touch trigger praipplications. It provides repeatable
Z-axis measurement and has edge-triggering capala8].

Figure 2.100ptical Touch trigger probe for inspection of sogiterials [23], [20]

2.10 Analog Scanning Probes

Analog scanning probes are a type of contact prede®l to measure contoured
surfaces such as sheet metal assemblies. The asedoging probe remains in
contact with the work piece surface as it moves@moduces analog readings rather
than digital measurements. Continuous analog sogni@AS) is a relatively new
technology. It adds versatility to CMMs by offeridgamatically increased levels of
data acquisition, which speeds and improves theracg of measurement and
inspection operations. CAS technology is basedamtirtuous rather than point-to-
point acquisition of data with specialized probesl software. It is particularly
useful for gauging and surface-mapping complex,tmmed shapes, including
crankshafts and cams, turbine engine blades ansthgtic devices. It is also
suitable for inspecting the form of large sheetahassemblies, such as automobile
bodies. Continuous analog scanning systems cariractiito 50 times more data

than traditional touch trigger probes in a givenoant of time. The added data
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provides users with more confidence in the meaguaid inspection process. More
confidence may be needed if there are large gageba data points using point-
to-point probing techniques. CAS allows users tansgregular shapes. This is
particularly valuable for measuring work piece teas that change continuously,
such as the arc on a turbine blade. The abilitgaguire data in this manner also
allows CAS systems to be used in reverse engirgeaplications where a new
part has to be built to match or fit an existingtp&orm and shape measurement
require a different approach than prismatic pagasarement. CMMs used in form
measurement applications must be capable of coltedarge amounts of data
quickly, and measurement software must be capabl@racessing this data
accurately. Because of this, special scanning mestinot found in other CMM
software packages are required. For example, stgnswftware must have a
filtering ability to distinguish between subtle clges in the surface direction and
variability in the work piece surface finish, suak the rough area on a turbine
blade. Filters can also eliminate the effects tration caused when the probe tip
moves along the work piece surface. Nonscanning GMMe probe center
coordinates for measurement in that the data geteray the machine is the
location of the ball's center point. In scanninglagations, the data must be shifted
by the radius of the probe, using the parallel eurnction, to represent the real
surface of the work piece. During analysis, spfingctions are used to remove the
mismatch between the scanned points and the nomanats. This way, deviations
from the nominal to the actual can be calculatedo Types of CAS systems are
used in measuring and inspection applications:eddsop and open loop. In a
closed-loop system, the probe automatically deteltdésges in surface direction of
the part and adjusts itself to maintain contachwite part surface. Closed-loop
scanning is particularly useful for digitizing urdman complex shapes. In the past,
closed-loop scanning was performed at a relativedw speed, although
improvements in controller technology have helpsttéase closed-loop scanning
speeds markedly in the last five years. Five yagrs closed-loop scanning could
be performed at only 10 mm/sec. New systems cdorperclosed-loop scanning at
50 mm/sec., with extremely high accuracy. Open-lsopnning is a high-speed

data-gathering technique used with continuous gng@mbes on parts whose
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geometry is well defined by surface points and eesgtor CAD data. The CMM
drives the probe along a path using dimensionarimétion from a data file. An
example would be a sheet metal assembly such astamobile hood. The probe
head is driven along a vector perpendicular tontwainal surface and records the
magnitude of the error between the actual surfakthe nominal. CMMs now

available can perform open-loop scanning at uptrhim/sec [24].

Figure 2.11 Renishaw’s SP600Q Compact Analog Scanning ProbeSfoall
CMMs [25]
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Stylus mount

Isolated optical metrology

Figure 2.12Renishaw’s SP80 isolated optical metrology syq@sh
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Figure 2.12 represents the Renishaw probe SP8izingilthe isolated optical
metrology system. The SP80 can carry styli up @ B (19.69 in) long and 500 g
(17.64 oz) mass, including star configuratioi$e isolated optical metrology
system can detect sources of variable error sutheasial and dynamic effects. In
contrast, probes with displacement sensors moutctestacked axes suffer from
latency under changing inertial loads, and candwetéct thermal growth in their
mechanisms. The readheads for each axis are fixéldetbody of the probe, and
measure the deflection in each direction. Any habeés errors caused by the arc
motion of each pair of parallel-acting springs dneectly measured by the sensor
system. Isolated optical metrology systems havenowing wire connections [26].
Renishaw’s SP25M scanning probe, is actually twosses in one, enabling
scanning and touch-trigger probing in a single preipstem. SP25M gives highly
accurate scanning performance with stylus lengttre 20 mm to 400 mm (0.79 in
to 15.75 in) using M3 stylus range. By optical meament via two mirrors on the
scan module all movements of the stylus can be umedswithout any inter-axis
error and with a resolution of about 0.Qin. The kinematics is much simpler
(fewer moving parts) and can be made very small. Wkgyes there are two
membrane springs. One is flexible for rotationsuacbits centre and translations in
the Z-direction creating a pivot point, while thiner is flexible for translations in

any direciton [27].

2 x PSDs detect stylus deflection

Optical isolation
2 x IRED beam transmitters
Path of IRED beam

- 2 x focusing mirrors reflect

o ‘\ / beams back onto PSDs

Pivot spring stiffin X & Y
but allows movement in Z

PROBE | )
Bopy | "\ %

2™ spring — allows
movement in all directions

PROBE | ...
MODULE

STYLUS | R "
HOLDER 2 \oq

Figure 2.13Renishaw SP25M probe [27]
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Figure 2.14Renishaw’s SP25M patented pivoting motion systefitis two
diaphram springs [27]

2.11 Laser Probes

Noncontact trigger probes are used in the same @enaams touch trigger probes.
However, with non-contact probes, a beam of lighgrating as an optical switch
contacts the workpiece. The non-contact probe rengeently set to a specific
stand-off distance at which the light beam is teiggl and measurements are taken.
Because the probe never comes into contact withvtdr&piece surface, damage is
eliminated, and measurement speed is greatly inagrolzaser probes project a
laser beam onto the surface of the part, the positif which is then read by
triangulation through a lens in the probe recepitve technique is much like that
used by surveyors to find a position or locatiotiviaearings from two fixed points
that are a known distance apart. Laser probe tmatign provides the actual

position of the feature on the workpiece being mea$[24].
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Figure 2.15CMM Laser scanning probe by Laser Design Inc. [28]

2.12 Future Challenges in Coordinate Metrology

Co-ordinate metrology has reached a very high sihtdevelopment concerning
versatility and accuracy for common engineeringatowever, this high accuracy
often cannot be achieved when measuring very s(®alllmm) and very large
features (>>1m). For small featurake limiting component particularly is the
probing system, since conventional probing systeamnot be downscaled. Today
metrologists are confronted with the broad sizecspen of 3D measuring tasks in
engineering. They are ranging from micro-mechanicaimponents with sub-
millimeter features up to part sizes of severalarseetFor the common midsize
engineering parts;ommercial CMMs with highly accurate geometry amdbng
heads can even fulfill most challenging demandsveltbeless, the extension of
CMM metrology to smaller structures is mainly liedt by the probing system,
while the limitation to measure very large strueturwith high accuracy is
particularly the machine geometry and its stab[9]. Here one can see metrology

influencing developments such as:

- higher precision,

- miniaturization, (electronic devices, sensors, @cixs etc.)
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- improvements in economy,

- increasing reliability,

- potential higher accuracies,

- higher measurement speeds,

- using very light and small designs in probing syste

- designs that are independent from the environmiethieomeasurement task,

- performing a complete error mapping of CMMs [8].

2.13 Giant Magnetoresistive (GMR) Effect

In 1988, scientists discovered the “Giant MagnetsiRive” effect, a large change
in electrical resistance that occurs when thinksddayers of ferromagnetic and
nonmagnetic materials are exposed to a magneta [80]. The GMR effect was
discovered in 1988 [31], [32], [33]. It is the plwemenon that the resistance of a
material depends on the angle between magnetizaticettions at different
locations in the material [33].

The "Giant Magnetoresistive” (GMR) effect was firdiscovered; Fe/Cr/Fe
trilayers; in the late 1980s by two European scs¢sit Peter Gruenberg of the KFA
research institute in Julich, Germany, and Albesttfof the University of Paris-
Sud. The scientists observed very large resistaacations (6 percent and 50
percent, respectively) in materials composed oéraditing very thin layers of
various metallic components. On the other handsiglst did not believe that effect
was physically possible so the results obtainednfithe experiments took the
scientific community by surprise. The experimenieaeited by two European
scientists were performed at low temperatures anthe presence of very high
magnetic fields. The materials used in the expartmare developed in particular
place/way, that cannot be mass-produced, but thaingd results during the
experiments of sent scientists around a new horiasee how they might be able
to support the power of the Giant Magnetoresiséiffect [34]. In accordance with
the relative orientations of the magnetic momenmtsliernate ferro-magnetic layers,

a significant change in electrical resistance seeferro-magnet / para-magnet

23



multilayer structure and this resistance changes fasiction of an applied field. In
other words, the GMR effect is dependent to thectetal resistivity of the
electrons in a magnetic metal on the directiorhefelectron spin, either parallel or
anti-parallel to the magnetic moment of the filrfe$ectrons which have a parallel
spin experience less scattering and therefore bal@mver resistance. When the
moments of the magnetic layers are anti-paralléatfield, the electrons will not
experience low scattering rate in both magnetiensayso those electrons have
higher resistance respectively [35]. When an ezlemmagnetic field is applied, the
moments of the magnetic layers are aligned as iseEBigure 2.17, electrons with
their spins parallel to these moments pass fréebugh the solid, resulting a lower

electrical resistance. The following diagrams stmw GMR effect works [30].

No External Magnetic Field
High Resistance

Figure 2.16 GMR effect without external field [30]

As illustrated in Figure 2.16A is a conductive, non-magnetic inter-layer between
top and bottom layeB. Magnetic moments in allop layers face opposite
directions due to the anti-ferromagnetic coupliAg.a result, resistance to current
C is high [30]. As illustrated in Figure 2.17, duean applied external magnetic
field D defeats the anti-ferro-magnetic coupling, whichutlethe alignment of the
magnetic moments in alldg (top and bottom) layers, so the electrical resistance

decreases dramatically [30].
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External Magnetic Field

Low Resistance

7o/ @4
External

Magnetic
Field

Figure 2.17GMR effect with an applied external magnetic fiE30]

2.14 Use of Giant Magnetoresistors (GMR) in Hard Drive
Read Head

In hard disk drive (HDD) storage industry, Giantgnatoresistive (GMR) head
technology is the latest progress. Anisotropic Megresistive (AMR) technology
is currently the fundamental, high-performance rdexhd technology used in
today’s hard drives. As the years went by AMR helaalge been replaced by thin
film inductive heads and the AMR heads took theviowes standard in the
marketplace. As GMR heads provide increased areahsity, improved

performance, and reliability; those heads have mecahe most dominant
technology since 2000 [36]. From the first hardverin 1954, the International
Business Machines (IBM) is the major leading conypan the development of
HDD technologies. By connecting the head and digkmanently, IBM’s

Winchester technology, first introduced in 1973¢r@ased storage density [34],
[36]. Thin film inductive (TFI) technology, introded in 1979, was another vital
development. The technology used in read/write Hegfdre thin film inductive;

wired, packed magnetic cores; had been the stamadldhe industry. Later on IBM

introduced Anisotropic Magnetoresistive (AMR) teology into hard disk drives
(HDD) products in 1991. The major advantage ofAMR technology is to enable
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the storage of more data per disk, and it redubednumber of heads and disks
required per drive for a desired capacity. AMR lse&ddve been improved their
evolution from the beginning of their introductioand those heads can support

areal densities as high as 3.3 gigabitsfAriohnow [36].

Nowadays, AMR head technology has been passed thwthentrance of Giant
magnetoresistive (GMR) or spin valve heads in ®@HDD industry. Furthermore,
GMR heads extended the areal density to greater ¥hagigabits/inch(more than
three times the areal density provided by AMR hgads a result, GMR heads
bring more powerful workstation capacity to the ragee desktop PC user because
of having more than twice the sensitivity of AMRalds. Thence, this optimizes
HDD performance for storage intensive multimediasibess and entertainment
programs, allowing television-like video, pictussyd sound quality. Beyond GMR,
the next step in hard drive technology will be “8etic Spin Valve” GMR, which
will be followed by Colossal MR (CMR) [36].
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Yaar of Introduction

Figure 2.18Evolvement chart of the HDD Technology [36]

As the years went by, the demand for higher areasities and data rates increases.
Therefore, heads of increased sensitivity are requio support high quality read-
back signals. Due to the GMR’s outstanding perfarcea GMR heads enable hard
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drive products to offer maximum storage capacithva minimum number of heads
and disks. Moreover, less amount of components, fieads and disks) provide
greater reliability, lower power requirements, almver storage costs. More
importantly increased signals from GMR heads akdp o overcome system noise
problems. GMR heads are used in the today’s l&ebihology drives, which have
capacities of up to 75 GB and areal densities pf@pmately 10 to 15 Gbits/inéh
[36].

The advantages of GMR over AMR can be listed asvizel

- More sensitive for changing the disk magnetization,
- Less mechanical spacing required for the same ipeaface,
- Able to support areal densities of more than 1@lgjig/inch,

- Fewer heads and disks required for the same stoegrgeity.

The GMR head configuration, basically consistdair magnetic thin films:

1. A sensing (free)magnetic layer, as its name implies, this is thessg layer.
This layer is made of a nickel-iron alloy, and &sped over the surface of the data
bits to be read. This magnetic layer is free t@tetin reaction to the magnetic
patterns on the disk.

2. A non-magnetic conductingpacer layer made from copper, and is placed
between the free and pinned layers in order toragpthem magnetically.

3. A magneticpinned layer made of cobalt material is held in a firmgmetic
orientation by virtue of its adjacency to the exualayer.

4. An exchangelayer made of an "antiferro-magnetic" materialpitally put
together from iron and manganese, and fixes theegihayer's magnetic orientation
[30], [37].

Sensing, spacer, and pinned layers control thetegsie of the sensor in response to
magnetic fields from the sensor. In accordance uhin spin orientation of the

conducting electrons and the difference in the ratigation directions of the free
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and pinned layers, a change in the resistanceeoGIMR sensor is obtained [36],
[37].

By the help of the exchange layer, located adjdgewot the pinned layer, the
magnetic orientation of the pinned layer is fixedl deld in place. As the data bit
on the disk passes under the GMR element, the magmgentation of the free
layer changes in response to bits (tiny magnetizgibns) on the disk by rotating
relative to the magnetic orientation of the pinteger. Consequently, this magnetic
rotation generates a considerable amount of changensor resistance or signal.
Since the layers are too close to each other,reteccattering will cause some
electrons to move from one layer to the other lay@ghen an electron’s spin
matches the magnetic orientation of the layer inctwht flows, those electrons
experience lower resistance. As a result, the esstance changes and provides a
signal that can be sensed by the appropriate eleatruits [34], [37].

The configuration of the HDD is illustrated in Frgu2.19.

Figure 2.19Inside of a hard disk drive [34]

As illustrated in Figure 2.19, the head is locadéthe end of the actuator arm, and

moves over the disc to read and write data.
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Figure 2.20End of the actuator arm (close up view of the Feg2119) [34]

As can be seen from the Figure 2.20, only an indeietrite element and its copper
coil can be seen. The GMR read sensor is locatedvidbe coils.

. pinmed layer
[ spacer
[0 tree tayer

._ bit

Figure 2.21GMR read sensor / spin valve (close up view offtigeire 2.20) [34]

According to the Figure 2.21, as the magnetic twtghe hard disk pass under the
head, the magnetic orientation in the sensing Xle@r changes as indicated by the

white arrow.
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Figure 2.22Detailed structure diagram of the GMR Head assegfddl], [37]

In order to visualize the GMR heads; for the dini@mal purpose; used in the hard
disks more close to real, Figure 2.23 will be therenrealistic one. However, in
Figure 2.23 only the inductive write element argldbpper coil can be seen [34].

The GMR read sensor is located below the coils.

. Sl

Figure 2.23HDD Actuator arm and GMR assembly
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Time

Figure 2.24The GMR head in HDD [38]

2.15 Giant Magnetoresistive (GMR) Materials

The materials are basically composed of iron, njckebalt and copper. Several
alloys of these materials are settled in layerthamsas (i.e.: 5 atomic layers) and as
thick as 18 microns in order to manufacture the GBHdsor element. As the
thickness of the conductors decreases to a fewiatagers, the GMR effect shows
itself more obvious since the effect is based allyton the increasing resistivity of
conductors. In the case of bulk material form, cated electrons in these materials
can travel a long distance before scattering, dug ¢ollision with another atomic
particle The average length that the electron travels bdfeneg scattered is called
the mean free path lengtHowever, considering the case where materials ang v
thin, an electron cannot travel the maximum meas frath length. As a matter of
fact, the electron will reach the boundary of thetenial and scatter there, instead of
scattering off another atomic particl8o, this results in a lower mean free path
length for very thin materials. Therefore, for tluase the obtained result is the
higher electrical resistivity because of the diifty of the travel of the conducted

electrons in this type of material. The chart belowlies the relationship between

31



the resistivity of a magnetic material (i.e.: ironnickel) and the thickness of the

material at very small dimensions [30], [39].

Resistance of the Material Decreases
as the Mean Free Path Length of
an Electron traveling in the material increases

Resistivity T

50 100 150
Mean Frez Path Length of an Electron {(Angstroms)

Figure 2.25Relationship between the resistivity of a magnetaterial and the

thickness of the material [39]

In order to take the advantage of this effect, GlilftRs are manufactured with very
thin layers of alternating magnetic and non-magnetaterials This is done to
allow magnetic variation of the electron spin ie tihaterials. In order to make the
GMR effect physically possible, the spin dependeateonducted electrons in
magnetic materials, along with the increasing tegig at very small material

thicknesses, combine [39].

The Figure 2.26 shows a simplified structure ofdal GMR sensor film.

Top Film (Magnetic Material, 20-50 Angstroms Thick)

Conductive Interlayer (Non-Magnetic Material, 15-40 Angstroms Thick)

Bottom Film (Magnetic Material, 20-50 Angstroms Thick)

Figure 2.26Cross Sectional structure of the basic GMR mdtg&$§

32



As can be seen from Figure 2,2Bere are two magnetic material layers, placed on
top and bottom of the non-magnetic interlayene magnetic layers are formed to
have anti-ferromagnetic couplingp other words, the magnetization of these layers
is opposite to each other when there is no extemagnetic field applied to the
material. Anti-ferromagnetic coupling can be viszed by imagining two bar
magnets on either side of a thin sheet of pla3te magnets couple head to tail
(north pole to south pole) across the boundary éary the plasticin a similar
fashion, the magnetization direction of the magnktyers in the GMR film couple
head to tail across the non-magnetic interlayertled film. Therefore, the
conduction of electrons in magnetic materials hapia characteristic. When the
material is magnetized in one direction, the etawrare referred to as spin up
electrons. When the material is magnetized in opgasrection, the electrons are
referred to as spin down electrons. Figure 223ws some electron paths inside the
GMR material structurelhe two arrows on the top and at the bottom offignere
indicate the anti-ferromagnetic couplinGonsidering that the electrons tend to
scatter off the two GMR material boundaries asestéiefore in this chapterhis is
due to the electrons from the spin up layer armgryo enter the spin down layer,
and vice versa. As a result, due to the differemceise electron spins, the electrons

will scatter at these interfaces [39].

< Wiagnelizstion Direction of Tap Fim
Tap Fim
{Primanly Spin UP Electrors,
Due ta Magnetization Cirection)
\‘//"\\ \_/’ /'\\ Condudtive Inkerayer
Vi

Bottamn Fim
{Primearily Spin DOWN Electrons,
Due ta Magnetization Cirection)
[ Magnetization Diresticn of Bellom Fim >

Figure 2.27 Spin up and spin down movement of the electrof§ [3
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As illustrated in Figure 2.27, spin up electronattr at interface with spin down
layer and vice versa. So, the average mean frae @lathe electrons is short
resulting in a relatively high electrical resistandn the case of an external
magnetic field of sufficient magnitude is appliedthe GMR material, it will defeat
the anti-ferromagnet coupling of the magnetizativesween the two magnetic
layers At that point, all the electrons in both films wilave the same spift will

then become easier for the electrons two move lest\ee layers.

Examal Magratc Fidd Algrs
Ihe Magnetization Diraclions ol

Tep and Bollom Fllms
[ Magnelizalion Cirection of Top FIIHD

Top Film
{PHimarity Sph DOVM ElEcimons,
[ue fo Magnetzation Cirecton)

\ / / \ \ L Condcine ntelayer

Botom Film
(Primaly Spin CCAWN Eletrors,
Oue to Magnelizalion Diraction;
[ Wagnelizalion Checlion of Befom Fllm>

Figure 2.28Spin States of the magnetic layers in the cass @lpplied external

magnetic field [39]

As can be seen from Figure 2.28, spin states ofntagnetic layers are same
(aligning in the same direction). The mean freehdahgth of electron has now
increased which results in an overall lower eleatriresistance for the GMR

material.

Actually, not all GMR materials operate in the fashas described above. All
GMR materials based on varying the difference betwdghe magnetization
directions of adjacent layers in the GMR film sture, but some achieve this

variation in different fashions [39].
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The other most common type of GMR material is naragca spin valve GMR
material. This type of material does not necesgaldpend on anti-ferromagnetic
coupling of the adjacent magnetic layers. As statethe previous section in this
case one of the magnetic layers is pinned, or fixigd respect to its magnetization
direction. When the fixed layer is exposed to a metig field that is operating
normally, the magnetization direction of the pinnager will not move. Therefore,
the externally applied magnetic field will conttbke direction of the other magnetic
layer, named as the free layer. As the angle betwee free layer and the pinned
layer changes, the mean free path length thatldotrens travel in the GMR film
also changes, and as a result, the electricaltaesis will change. Stabilization of
the magnetization direction of the pinned layespm valve GMR materials can be
done in several ways. However, here it is importanfigure out that the layer is
pinned in a robust manner; otherwise, the pinneag lwe opened by application of a
large magnetic field and this will destroy the @em of the sensor dramatically.
Therefore, in order to set the pinned layer of fim more properly, some of the
GMR sensor manufacturers uses the applicationrgélanagnetic fields and high
anneal temperatures. So this layer carmm@unpinned with the application of any
magnetic field in the normal temperature range peration. Therefore, the sensor

cannot be damaged by the large magnetic fields [39]

2.16 GMR sensors

Over the previous years inductive and Anisotrop&giletoresistive (AMR) based
sensors for read heads in hard disks, data stosggeems have been fully
substituted by GMR based sensors. On the other, magnetic sensors based on
the GMR effect are now finding their way in to irstital and automotive

applications [40].
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Figure 2.29Comparison of the Conventional and magnetic sgr{Sa]

As can be seen fromigure 2.29 the output of conventional sensors will directly
report desired parameters. On the other hand, riagsensor only indirectly
detects these parameters [38].

Magnetic Sensor Detectable Fisld Range igauss)”
Technology 16 -8 104 100 10 4 10 8
Squid
Fiber-Ciptic

Optically Pumped
Muclear Procsssion

Search-Coil
Earth’s Fis
Amsalropie Magneforesistive
Flux-Gate

Magnetctransistor
Magnetadiods
Magneto-Optical Sensor

Gant Magnetoresistive
Hall-Effect Sensor

* Mote: 1gauss =10 “Haga =10 5ganvna

Figure 2.30Magnetic sensor technology field ranges [38]

The giant magnetoresistance GMR effect offers @siang new possibilities for

sensor applications. Most research efforts in iblel bf GMR have been related to
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application in magnetic recording or magnetic maasmevertheless, several non-
recording GMR sensors have also been reported fandirst commercial GMR
sensors are available now. Throughout the liteeatur magnetic field sensors, the
realization of a Wheatstone-bridge configuratiorome of the major issues. The
reason is that it is not trivial to obtain GMR elemts with an opposite output signal
on a single substrate. For comparison, in AMR sentos can be achieved in an
elegant way by choosing barber-pole structures wojihosite signs of the slanting
angle. For GMR sensors, this cannot be used shec&MR effect does not depend
on the current direction. For most sensor appbeati a bridge configuration is
desired in order to eliminate the effect of the penature dependence of the
resistance of GMR materials. The first commerciMRGsensor was presented by
Nonvolatile Electronics (NVE) around 1994 [30], [3339]. Their sensors are
based on antiferromagnetically (AF) coupled mwtles [33], [41], [42]. A bridge
configuration was realized by shielding two of falements by a soft magnetic
shield, which at the same time acts as flux coma#t for the other two
magnetically active elements [33], [43]. Howeveecause this bridge due to the
type of multilayer is based on elements with antheut output, instead of elements
with opposite output, it is effectively a half-bgiel and can only provide half of the
output of a single GMR element. The second comrmae@MR sensor is fabricated
by Infineon Technologies [44] and is based on a-swft multilayer with AAF
[33], [45], [46], [47]. Bridge configurations arealized by applying a spatially
varying magnetic field to the sensor chip aftera#on and patterning. Because of
its angle dependence, it is suitable as a consscfietentiometer [33], [48], but the
magnetic stability is insufficient for automotive industrial applications: according
to the specifications, the properties can be chémgeversibly by fields above 15
kArm. It is obvious that the field strength thatused to set the bridge elements
after fabrication is also able to damage a seraer.|A GMR sensor based on an
exchange-biased spin valve was described by IBMnbticommercialized [49]. A
full Wheatstone-bridge configuration could be fabted by setting the exchange-
biasing direction of different elements in oppodgiieections by field cooling: a
conductor is electrically isolated positioned op tf the GMR elements in such

way that the current flowing through it induces agmetic field with opposite
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directions in different elements. At the same titthe, dissipation of the current is
used to heat the GMR elements above the blockingpeeature of the used
exchange-biasing material Fe—Mn. On cooling dowa é¢lchange-biasing effect
attains the direction of the locally induced magnéeld. This idea has not been
commercialized, maybe because of the insufficieatrhal stability and field range.
The current through the patterned conductor is reritéy/ limited and thus the
magnetic field and temperature that can be obtaihledrefore, this concept cannot
be applied to robust GMR materials. Recently, amothridge sensor based on
exchange-biased spin valves has been reporteckifitéhature by INESC [50], in
which two of four elements are magnetically inaated by positioning them on a
roughened substrate region. Like the sensor fronk NWe bridge output is halved
compared to that of a single element. The operatiage of the sensor is limited to
150 Oe [33].

In this study, NVE's GMR sensors are considerede NVE standard line of
magnetic field sensors use a unique configuratipleying a Wheatstone bridge
of resistors and various forms of flux shields amhcentrators. Using magnetic
materials for shielding eliminates the need foiias hield with GMR sensors. NVE
has developed a process to plates a thick layemaginetic material on the sensor
substrate. This layer forms a shield over the GM8§tstors underneath, essentially
conducting any applied magnetic field away from tt@elded resistors. The
configuration allows two resistors (opposite lefishe bridge) to be exposed to the
magnetic field. The other two resistors are locabedler the plated magnetic
material, effectively shielding them from the exi@rapplied magnetic field. When
the external field is applied, the exposed ressstiecrease in electrical resistance
while the other resistor pair remains unchangedsiog a signal output at the
bridge terminals. The plating process developed\b¥ for use in GMR sensor
applications has another benefit: it allows fluxcentrators to be deposited on the
substrate. These flux concentrators increase tngtsaty of the raw GMR material
by a factor of 2 to 100. The flux concentrationtéads roughly equivalent to the
length of one shield divided by the length of thepgThis allows use of GMR

materials that saturate at higher fields. For exantp sense a field from 0 to 100
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Oersteds, NVE deposits a GMR sensor that satuahtsominal 300 Oersteds and
flux concentrators with a magnification factor bfde [30], [39].

+—>

Axis of sensitivity

Silicon substrate Flux concentrator (2) Metal interconnects
{1200 pm x 400 pm) Gap

Magnetically shielded resistor (2)
Bonding pads i4)
(100pm x 100um}) Magnetically active resistor pair

Figure 2.31Typical GMR magnetic field sensor layout [39]

All of NVE’'s GMR Magnetic Field sensors have a paity axis of sensitivity.
Figure 2.32 shows an AAxxx-02 Series GMR Magnetield-Sensor with a cut
away view of the die orientation within a packag8][

Flux Concentrators

F 3
v

Axis of Sensitivity

Figure 2.32NVE’s AA00x-02 magnetic field sensor [39]
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The flux concentrators on the sensor die gathemihgnetic flux along the axis
shown and focus it at the GMR bridge resistordandenter of the die. The sensor
will have the largest output signal when the maigrfetld of interest is parallel to
the flux concentrator axis. For this reason, céieukl be taken when positioning
the sensor to optimize performance. Although sepssition tolerance may not be
critical in gross field measurement, small posiilorvariation can introduce

undesirable output signal errors in certain appbos [39].

2.17 Application Areas of the GMR Sensors

For automotive and industrial environments, magnséinsors are often preferred
because of their robustness, insensitivity to dimtd their contact free way of
sensing. The main applications for GMR sensorsamge, rotation speed, and
position sensing. SINCBMR sensors exhibit excellent linearity and repeiits,
and their high sensitivity allows them to be used grovide displacement
information of actuating components in machineryd aimear displacement
transducers. These sensors have been used toereisptacements down to one
micron. A typical application for GMR sensors ioxmity detection. While this
can be done using other technologies, the sengitiwithe GMR device allows a
greater design freedom when specifying mechanicédrances and magnet
strengths [33], [40], [51], [52].

<

e X | axis of sensitivity )

Figure 2.33GMR and a permanent magnet configuration providnegposition
information [52]
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X ( axis of sensitivity )

Figure 2.34Another GMR and a permanent magnet configuratiowigmg the

position information [52]

Typical applications include displacement sensa@scelerometers, pneumatic
cylinders, atrtificial limbs, micro movement sensopessure sensors, vehicle
detection, gear tooth sensing, crank and camsimaiitg, transmission & Wheel
speed sensing, ABS sensor, rotary encoders, flowersjelive wire detection,
isolated current detection, currency detection (metig inc detection on bank
notes), unexploded ordnance ( checking for anosatidvackground magnetism of

soil), geophysical survey, medical, Earth’s magniéld sensing [52].

e |

B4

i
Pressure u ______

.. Bteel Pressure Diaphragm

Figure 2.35Simple pressure sensor implementation [52]
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B4

Accelaration

Spring GMR Sensor

Figure 2.36Accelerometer implementation [52]

s
# Directinn of current flow

Figure 2.37Current detection [52]

- ¥ aX8 of Senamily | Spead

Direction

Figure 2.38Speed and direction sensing [52]
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As can be seen fronfrigure 2.38 the addition of another sensor permits the
direction of rotation to be sensed as well as tieed. The second sensor must be
located to be 90° out of phase to the first. This be detected using a standard D-
type flip flop circuit [52].

¥ [ s of sensivity |

Figure 2.39Speed sensor [52]

2.18 Conclusion

In this chapter, review of the state of the artmeasurement technology, Giant
Magnetoresistive (GMR) effect, and the basis of B&R are described.

Furthermore, the fundamental function and workimiggiple of the touch trigger

probes are presented. Different touch trigger pobih different sensing stage
concepts are also described in this chapter. M@rdwegether with the contact
probes, non-contact probes are also mentionedd&gsilifferent application fields

of the GMR sensors, the usage of the GMR effetiand disc drive systems is also
mentioned. Due to GMR sensor’s outstanding seltsit@MR sensors are used for
the formation of the sensing stage of the desigoech trigger / scanning probe.
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CHAPTER 3

GMR SENSOR CHARACTERISTICS

3.1 Introduction

In order to avoid the ambiguities coming from ttesign failure, GMR sensor tests
are performed. Furthermore, those tests play arortapt role during the design
process. After those tests, operation region ofdhsensors (linear zone), place
where they are going to be located and some desigameters (i.e.: axial distance
and tangential distance) can easily be defined mio the best performance.

Therefore, GMR sensor tests are performed withxéna effort.

During the tests, NVE GMR sensor AA006-02 (chanasties of this chip is given
in Appendix B.1) is used due to its high sensiivAnvil gauge setup is dominantly
used in those tests to define the axial distanceempeecisely. Moreover, the test
configuration is formed similar to the probe’s dgafation just for the sake of the
test’s quality. GMR sensor, magnet plate and thgnes are located similar to the
places where they are found in the probe body. /Tinusther words, same media is
prepared for the GMR sensor, therefore the gerteratgputs will be the same
while the sensor is functioning in the probe body.

During the tests, 2 GMR sensors are placed nes&tb other, so this configuration
gave us an opportunity to compare the outputs cgrfrom those sensors and to
monitor the behaviour of the sensors. In briefsthtests showed us the major and
specific characteristics of the GMR sensors. Setpfiguration is formed as in

Figure 3.1;
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Figure 3.1 Front view configuration of the GMR sensor chipl@ne disc magnet
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As can be seen from the above Figure 3.1, cenes akthe GMR sensor chip and
magnet are coincide with each other. GMR sensor BCHtached on a table and
the magnets are located on the magnet plate aedvaftds the magnet plate is put
on to the anvil gauge setup. In accordance with fimimed setup magnet is moved

up and down by 1mm (along the b-direction) respebi

Axial distance

oy P
o >

«+—GMR sensor PCB

MR sensor
r (radial distance)

+——Disc magnet

+————Magnet plate

Figure 3.2Top view configuration of the GMR sensor chip ané tlisc magnet
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During the tests, magnet is driven through thelakgtance travel span as defined
in the above Figure 3.2. In accordance with thavenenagnet is moved towards
the GMR sensor chip by 0.50 mm. Starting from OB radial distance and
ending with 5.50 mm radial distance (radial distai adjusted via comparator).
This procedure is carried out for every magnet tpwsiline (b) as indicated in
Figure 3.1. Thus, by virtue of those tests, thalagistance and the radial distance
can be acquired. So the magnets and the lengtheokhaft that is holding the
magnet plate can be defined respectively. In Fi@u8ethe configuration of the two
GMR sensors can be seen. Since the centers of M §&nsors are known, the
length of the magnet plate holder shaft can edsilyfound in order to locate the

sensors where their outputs lay on the linear zone.

Center of the GMR2 sensor Center of the GMR1 sensor

C—=< Q

N
A
1/

END START

Figure 3.3Configuration of two GMR sensor chip

Figure 3.4 Test with disc magnets

46



Figure 3.5Another view of test with disc magnets

3.2 Results of GMR Sensor Tests with Disc Magnets

The most important thing is that, tests are peréavia a spring steel magnet plate,
so in the probe spring steel material will be uasda magnet plate holder not to
encounter different and inconvenient results. Tesés performed via two GMR

SEensors.

Output Woltage (Left) [v] Output Woltage (Right) [¥]
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n o om
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(a) Left sensor output when b =-3 [mm] (b) Right sensor output when b = -3 [mm]

Figure 3.6 Results of GMR sensor tests with disc magnetdtdicue)
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Figure 3.6 Results of GMR sensor tests with disc magnetdtdioue)
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Figure 3.6 Results of GMR sensor tests with disc magnet ¢igle= 20 [mm/s])
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Region of operation is defined in the linear zawecan be seen froRigure 3.7.
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(a) Left sensor output when b = 0 [mm] (b) Contour plot for b =0 [mm]

Figure 3.7 Region of operation when GMR sensor used with giagnet

As can be seen from Figure 3.6, center of the GRlfisar located at right is at 10
mm. and center of the GMR sensor located at |d& & at 32 mm. respectively. In
accordance with the acquired data, defining radisiance between 2.50 — 4.00
mm. and b as zero, will not affect output voltage&MR sensor within the region
of operation. In that zone, voltage changes argeclo each other. After those tests,
as can be seen from Figure 3.7, operation regiodefshed precisely and the
magnets are located within the defined locationgeaid=igure 3.7(aProbe tests are

performed via the data obtained during those thsisatically.

3.3 Conclusion

In this chapter, GMR sensor tests and test cordigurs are described Since the
behaviour of those sensors cannot be known at eégenhing, tests are performed
via those sensors in order to see their charattsrisnore precisely. Thus,

performed tests, configuration of the test setug easults obtained from those

sensors are also indicated in this chapter. Asaltreacquired data and the graph

50



showing us where to operate (Figure 3.7) will bekby parameter during the probe
tests dramatically. More importantly, the resultdamned in this chapter will be
used during the design of the probe dramaticagndth of the magnet plate holder

shaft is determined after the GMR sensor tests.
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CHAPTER 4

PROBE DESIGNS

4.1 Introduction

In this thesis, different types of touch triggerolpes are designed for the
measurement processes in order to make the ingpentore ideal for three
dimensional prismatic parts and known geometridisofAthe designed probes have
the same sensing concept together with the saméamieal concept. In other
words, the displacement of the tip of the stylugramsmitted to the magnet plate,
where the magnets are fixed on it. Basically disphaent values obtained from the
tip is transferred to the magnet plate; so throtghproper mounting of the Giant
Magnetoresistor (GMR) sensors and magnets in tbleepbody, the probe will act
as a touch trigger probe. Major differences ofdlsigns are the fixing concept of
the spring steel, location of the GMR sensors &wednodifications carried out for

the robust manufacturing processes.

4.2 Major Probe Design-1

Major design also known as the manufactured desmmsists of the parts as
illustrated in Figures 4.1 — 4.2 — 4.3 and 4.4.
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Figure 4.1 Assembly of the major design-1 from different pgsiaf view

Figure 4.2Inside view of the major probe design-1

53



MAJOR DESIGN PART LIST

ITEM|Q

TY PART NUMBER

Bottom Lid

[y Py

Top Portion of the
Probe Shaft

The Ring

Polyamide

Magnet Plate

Washer

Disc Magnet

GMR Sensor PCB

WO 00|~ || & W M=

W || ==

GMR Sensor
(AA006-02E Chip)

10 | 1 |D-SUB9 Connector with
Ribbon Cable

11 | 1 [The Ball

12 | 1 |Main Probe Body

13 | 1 |Bottom Portion of the
Probe Shaft-1

14 | 1 |Bottom Portion of the

Probe Shaft-2

MAJOR DESIGN PART LIST

ITEM

QTY PART NUMBER

Spring Steel

Bottom Lid

The Ring

Polyamide

Magnet Plate

Disc Magnet

GMR Sensor PCB

= |G |G [ [ [ |

D-SUBS Connector
with Ribbon cable

The Ball

Main Probe Body

Top Lid

e

Bottom Portion of
the Probe Shaft-1

[y

Bottom Portion of
the Probe Shaft-2

Figure 4.4 Major Design-1 Part List-2
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In accordance with the Figures 4.1 — 4.2 — 4.34+-<Ince the ball is attached to the
bottom portion of the probe shaft-2, when the(liall) of the probe contacts with
the surface of the workpiece the probe shaft (stghaft) starts to bend. Due to the
bending behaviour of the stylus shaft, the armghefspring steel (helical beams)
starts to move up and down in accordance with treetion of the applied force to
the stylus tip. The basic function of this designto transmit the displacement
amount of the stylus tip (ball) to the magnet pkit® known as the sensing stage of
the design. Through three Giant Magnetoresistor RpMensors placed at the
grooves at the main probe body, the displacemdoewa the center of the magnet
plate can be easily found. Since the amount ofitbglacement value of the center
of the magnet plate is known, the displacement evaiti the stylus tip can be
obtained. The thing is that in this basic functadrthe probe is the concentricity of
the axes of the components that are transmittiaglisplacement values. Due to the
eccentric mounting of those parts, this kind ofuia will affect the accuracy,

functionality of the system in a bad way.

As can be seen from the Figures 4.3 4 due to the small value of the diameter
of the stylus shaft, the bottom portion of the wykhaft is manufactured in two
parts. The ball is attached to the bottom portibthe probe shaft-2. The spring
steel (having thicknesses; 0.20 — 0.30 — 0.40 mm@ajufactured via water-jet is
placed on the bottom portion of the probe shaftid the center of the spring steel
is fixed via the top portion of the probe shafinc the spring steel is a transition
zone between the top and bottom parts of the psbbés (stylus shafts), it has to
be fixed peripherally. This is achieved by the jpoiyde, the ring, main probe body,
bottom lid and three screws. The thickness of thg that is placed on the spring
steel is 1 mm. In other words, not to encounterlang of bad scenarios during the
probing action of the system, this ring and polydanwill act as security elements
disabling the movement of the arms of the sprirgglsmore than 1 mm in Z -
direction. Although, the hole in the polyamide vgtbp the collision of the magnet

plate and GMR sensor chip.
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Bottom portion of the stylus shaft-1

Bottom portion of the stylus shaft-2

Figure 4.5The basis of the major probe designs

As can be seen from the Figure 4.5, the movementhefstylus tip can be
transferred to the magnet plate via the abovetithtresd system. In order to avoid
the ambiguities coming from the design, the magaetglaced on the magnet plate
as per the results obtained from the tests to wéterthe directional sensitivity of
the GMR AA006-02E sensor (characteristics of thigp d¢s given in Appendix B.1).
Those GMR sensors are soldered on to their PCBgpanhat the grooves of the
main probe body designed for them. Furthermorentae probe body comprises
another groove for the D-SUB9 connection for thebgr electronic interface. The
grooves for the GMR sensors also carry the calbesrng from them to the GMR
signal conditioner board. The GMR sensors are dlaatetheir grooves by hot
silicon.
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Groove for the GMR Sensor PCB

D-SUB9 Connection Groove
Reference Plane

Figure 4.6 Main Probe Body

As can be seen from the Figure 4.6, the flat pktrtbe D-SUB9 connection zone is
named as a reference plane. This flat plane is tesddtermine the perpendicularity
of the plane of the spring steel. This is imporfantthe performance of the system
and as well as the mechanical repeatability ofsgrstem. Since the whole probe is
tested on 3-axes CNC EDM, the top lid consistsoof fscrew holes. By virtue of
those holes, the probe is fixed to the EDM body.

Screw holes for the mounting of the probe to the EDM

Figure 4.7 Top lid of the major probe designs
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4.3 Major Probe Design—2

This design comprises the same parts as the megogré-1. The main difference of
this design is the location of the GMR sensorsieafgrobe body. Since all the parts
constituting the major design—1 are manufacturetvim pieces, by changing the
location of the GMR sensors in major design—1, careobtain a new probe system,

called as major design—2 that has different serstimge characteristics.

During the GMR sensor tests, it is observed that @R sensor and the disc
magnet settlement configuration used in the magsigh—2 gave reasonable results.
Due to those results, changing the settlement gordtion of the GMR sensor and
the disc magnets, several different probe desigmsbe obtained with the same

parts.

So in accordance with those results obtained duhegests, a new type of probe
system utilizing different sensing characteristfctte GMR sensor came on the
scene. Thereby, the results obtained from the nugsign—2, can be compared with
the results coming from the first design, to see liest relevant probe system

utilizing the GMR sensor technology.

As can be seen from Figure 4.8, in this design, GdRsor PCBs are located under
the top lid by hot silicon. As compared with thejonalesign—1, the main difference
is the location of the GMR sensors. The basis efkinematics of the system and
fixing method of the spring steel peripherally asme as the major design-1. So
changing the location of the GMR sensors will resuhew type of GMR sensor
and disc magnet settlement configuration in thisigte affecting the accuracy,

functionality and the repeatability of the systerardatically.

The main purpose of constructing this type of sysieto observe the GMR sensor
characteristics and responses more properly asédcow the whole system will
function as a touch trigger probe system comparigd @ther commercial touch

trigger probes that are already in use in the itrgus
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Figure 4.8 Assembly of the major design-2 from different gsiaf view

4.4 Alternative Probe Design-1

Several probe prototypes are designed for the CNpiglieations and the probe
designs under this headline cover different stmattiprobes. Similarly, the

functionality and the kinematics of all designedhms are same.

As can be seen from Figure 4.9, in this designjnaer ring is used to fix the
locations of the GMR sensors inside the main prboey. However, while
mounting the top lid to the main probe body, inneg can rotate in an undesired
way. In order to avoid this problem, a pin holaligled for both of the top lid and
the inner ring. By virtue of this pin hole, the GMsgnsors will maintain their
locations without any change which will affect tipeobe’s functionality and

accuracy respectively.

Through the guide of the top lid, inner ring forabe ring and the spring steel is
fixed more properly from its peripherals. Bottord loes not play any role in the

fixing phase of the spring steel.
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The main advantage of this system can be listédllasvs:
1) Since the length of the inner ring is wide enoU@NR sensor locations can
be altered in order to obtain the best operatigriigoration,
2) Undesired rotation of the inner ring can be stopped pin,
3) During screwing the top lid to its place, througg guide, inner ring forces

the polyamide more tightly and spring steel isdixeripherally.

The disadvantage of this system can be listed|svs
1) Complex manufacturing processes, (vital toleranessd to be considered

during the manufacturing processes).

Figure 4.9 Assembly of the alternative design-1 from diffe@rpaints of view

4.5 Alternative Probe Design-2

Similarly, this design uses the same inner ringesysexplained in the previous

section. The prominence of this design is the naiggn of the system, in other
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words the dimensions are optimized. Furthermordiobo lid appeared in the
previous major and alternative designs was not irsélais design. Since clamping
is done by the top lid, inner ring and the polyamithere is no need to mount an
extra part which is the bottom lid in this desigws. can be seen from Figure 4.10,
the top lid has no guide in this design and setvgsrare used to fix the inner ring in
its place more properly. Three set screws are neauperipherally in order to avoid

an undesired rotation of the inner ring inside preze main probe body.

Figure 4.10Assembly of the alternative design-2 from différpaints of view

The main advantage of this system can be listddllasvs:
1) Since the length of the inner ring is wide enoU@MR sensor locations can
be altered in order to obtain the best operatigriigoration,
2) Undesired rotation of the inner ring can be stoppgda pin and the set
screws that are mounted peripherally,
3) During screwing the top lid to its place, innergiforces the polyamide
more tightly and spring steel is fixed peripherally
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4) One—piece main probe body.

The disadvantage of this system can be listed|svs
1) Complex manufacturing processes, (vital toleramesesd to be considered

during the manufacturing processes).
4.6 Alternative Probe Design—-3

The major advantage of this design is the capgdititadjust the position of the
GMR sensors through the screws. Again, one—piede prabe body is used in this
design. By virtue of this design, the settlementtltdé GMR sensors and disc
magnets can be optimized in order to find the wMMinear operation zone.
Kinematics and the working principle of this desaye same as the other previous
major and alternative designs. In order to mainth& position of the adjustment
screw without any change, a spring, and a set sigaewged. Spring will keep the
screw in its location and set screw will preverd tbtation of the screw otherwise
the position of the GMR sensor will change and ttase will cause an undesired
results during the tests of the probe system. Ashsaseen from the Figure 4.11,
two rings are located at the top and bottom pathefpolyamide in order to clamp
the spring steel more tightly. Through screwing tbe lid in its own place, the
linear adjustment guide unit will force the ringéted at the top of the polyamide
and as a result, the spring steel will be fixedpgserally in a one-piece main probe
body.
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Linear adjustment guide unit

One-piece main probe body

Figure 4.11Assembly of the alternative design-3

rew used to fix the the system in the main probe body

Linear adjustment guide unit

Carriage system

Figure 4.12Close-up view of the linear adjustment system
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The main advantage of this system can be listédllasvs:
1) Through the linear adjustment unit system, vertloghtion of the GMR
sensors can be altered in order to obtain thedpesation configuration,

2) One—piece main probe body.

The disadvantage of this system can be listed|ksvg;
1) Complex manufacturing processes,
2) Due to the wrong screwing of the linear adjustnsydtem in to the one-
piece main probe body, GMR sensors can be locdsedlys which is an
undesired option for the sake of the system’s perémce.

4.7 Alternative Probe Design—4

In this system, again a linear adjustment guidé igniused to alter the position of
the GMR sensor location. In this case, extra linadjustment units are not

preferred because of their position-based sertsitini the design. However, the

utilized logic in this system actually the sametlas logic used in the previous
alternative design. Instead of using linear adjestirunits, grooves are formed in
the main probe body that will serve as a lineaustdpent unit. Similar to the

previous alternative design, a carriage systensesl o locate the GMR sensor and
PCB assembly.

The major difference of the system is the locatbthe disc magnets in the whole
system. Unlikely to the other previous major andraktive designs, disc magnets
are located in a hole at the carriage system. Eurtbre, the clamping system of the
spring steel also differs from other previous prdesigns. In order to maintain the
position of the adjustment screw without any charegepring, and a set screw is
used. Spring will keep the screw in its locatiord aset screw will prevent the

rotation of the screw otherwise the position of @/dR sensor will change and this
case will cause an undesired results during the téshe probe system.
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main probe body and bottom lid have guide to compact the spring steel more tightly

arriage system
Main probe body

Grooves serving as a linear adjustment guide
Adjustment screw

Figure 4.13Assembly of the alternative design-4

Set screw holes

Adjustment screw hole

Figure 4.14Close-up views of the main probe body and thaagersystem



The main advantage of this system can be listédllasvs:
1) By virtue of the grooves and the carriage systeertical location of the
GMR sensors can be altered in order to obtain tket loperation

configuration.

The disadvantage of this system can be listed|ksvs:

1) Complex manufacturing processes.

4.8 Alternative Probe Design-5

Another type of probe system is designed for theMClepplications that has
different structural basis. Similar to the previaalternative design, grooves are
formed around the main probe body functioning éisear adjustment guide and a
carriage system is used to locate the GMR sensbiP&B assembly. In this case,
D-SUB9 connector is located at the top lid whergaegonnection parts are found.
Those extra connection parts will be used to mae@tprobe system on to a flat
table.

In order to maintain the position of the adjustmsatew without any change, a
spring, and a set screw is used. Spring will kdepsdcrew in its location and set
screw will prevent the rotation of the screw othisevthe position of the GMR

sensor will change and this case will cause an sireteresults during the tests of
the probe system. The major difference of the systethe location of the disc

magnets in the whole system. Unlikely to the of@vious major and alternative
designs, disc magnets are located in a hole atahi@ge system.
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Figure 4.15Assembly of the alternative design-5

Adjustment screw hole

Figure 4.16Close-up view of the carriage system

The main advantage of this system can be listédllasvs:
1) By virtue of the grooves and the carriage systeentical location of the
GMR sensors can be altered in order to obtain tket operation
configuration.
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The disadvantage of this system can be listed|esvsr
1) Complex manufacturing processes,

2) Complex cabling procedures.

4.9 Finite Element Analysis of Spring Plates

Finite Element Analysis (FEA) is performed in orderdetermine the most relevant
geometry for the spring steel acting as the bakithe design. Various types of
geometry analysis are carried out for the optimemigsmance of the probe. During
the analysis, observed parameters are the fleyilwfi the designed arms and the
movement of the center of the geometry. Considettiegkinematical constraints,
mostly the designs having the three arms are oededuring the Finite Element
Analysis. The results obtained from those analgsegiven in Tables 4.1, 4.2, 4.3
and 4.4 in a tabulated format. For Table, 4dplied force in X and Y directions is
0.20 N., in Z direction the applied force is 1.00Nax. Stress is calculated via Von

Misses method.

68



Table 4.1Results obtained from the analysis

Force | Stylustip | Magnet k (N/m) Max.
Axes disp. Plate Stress
(um) disp. (MPa)
(Hm)
+X 1054.71 595.56 189.63 90.21
-X 1054.71 595.56 189.62 90.20
+Y 1057.54 596.17 189.11 101.78
-Y 1057.54 596.17 189.11 101.78
z 132.32 132.32 7557.14 62.77
Force | Stylustip | Magnet k (N/m) Max.
Axes disp. Plate Stress
(um) disp. (MPa)
(Hm)
+X 1655.42 945.12 120.81 122.94
-X 1655.42 945.12 120.81 122.94
+Y 3260.32 1880.40 34.34 157.19
-Y 3260.32 1880.40 34.34 157.19
z 174.29 174.29 5737.37 87.59
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Table 4.1(Continued)

Force | Stylustip | Magnet | k (N/m) | Max. Stress
Axes | disp. (um) Plate (MPa)
disp.
(Hm)
+X 1936.46 1108.01 103.2§ 130.74
-X 1936.46 1108.01 10328 130.74
+Y 4964.44 2873.73 40.28 137.73
-Y 4964.44 2873.73  40.28 137.73
z 294.09 294.09| 3400.2 113.63
Force | Stylustip | Magnet | k (N/m) | Max. Stress
Axes | disp. (um) Plate (MPa)
disp.
(Hm)
+X 2406.98 1383.73 83.09 245.00
-X 2406.98 1383.73 83.09 245.00
+Y 2409.61 1384.22 83.00 251.19
-Y 2409.61 1384.22 83.00 251.19
z 227.28 227.28| 4399.85 109.52
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Table 4.1(Continued)

Force | Stylustip | Magnet k (N/m) Max.
Axes disp. Plate Stress
(um) disp. (MPa)
(Hm)
+X 2285.49 1312.82 87.50 150.98
-X 2285.49 1312.82 87.50 150.98
+Y 2288.22 1313.38 87.40 148.84
-Y 2288.22 1313.38 87.40 148.84
z 328.26 328.26 3046.34 107.32
Force | Stylustip | Magnet k (N/m) Max.
Axes disp. Plate Stress
(um) disp. (MPa)
(Hm)
+X 4053.56 2342.97 49.33 230.21
-X 4053.56 2342.97 49.33 230.21
+Y 4054.30 2342.36 49.33 224.11
-Y 4054.31 2342.36 49.33 224.11
z 531.77 531.77 1880.48 152.71
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Table 4.1(Continued)

Force | Stylustip | Magnet k (N/m) Max.
Axes disp. Plate Stress
(um) disp. (MPa)
(Hm)
+X 5001.09 2864.29 39.99 241.74
-X 5001.09 2864.29 39.99 241.74
+Y 19642.28 | 11429.94 10.18 315.01
-Y 19642.28 | 11429.94 10.18 315.01
z 976.99 976.99 1023.54 248.63
Force | Stylustip | Magnet k (N/m) Max.
Axes disp. Plate Stress
(um) disp. (MPa)
(Hm)
+X 2996 1724.91 66.75 178.52
-X 2996 1724.91 66.75 178.52
+Y 2997.43 1724.71 66.72 176.90
-Y 2997.43 1724.71 66.72 176.90
z 390.28 390.28 2562.21 103.46
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Table 4.1(Continued)

Force | Stylustip | Magnet k (N/m) Max.
Axes disp. Plate Stress
(um) disp. (MPa)
(Hm)
+X 1449.02 825.44 138.02 15358
-X 1449.02 825.44 138.02 153.58
+Y 1450.95 825.51 137.84 159.5p
-Y 1450.95 825.51 137.84 159.5p
z 184.13 184.13 5430.78 91.94
Force | Stylustip | Magnet k (N/m) Max.
Axes disp. Plate Stress
(um) disp. (MPa)
(Hm)
+X 1842.99 1054.99 108.51 162.79
-X 1842.99 1054.99 108.51 162.79
+Y 1844.24 1054.67 108.44 161.9|8
-Y 1844.24 1054.67 108.44 161.98
z 239.49 239.49 4175.49 97.35%
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Table 4.2Results obtained from the analysis (Contact F{@#&N] in X direction)

X - direction
Analyzed Geometry | Stem x | Up part | kyx (N/m) Max.
disp. x disp. stress
(Hm) (Hm) (MPa)
© J :
<:> 442 201 | 452.48 | 40.4
Geometry-1
@(g’g
ik T jqw £’
e 514 237 389.10 44 .4
N
=
Geometry-2
\) 9:
: : 417 188 479.61 34.3
Geometry-3
‘_‘“-m_.\\
\
@w%
WUr
@; 401 | 180 | 498.75 | 34.2
Geometry-4
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Table 4.2(Continued)

Stem x | Up part | kx (N/m) Max.
Analyzed Geometry disp. x disp. stress
(Hm) (Hm) (MPa)
&
@ 462 211 432.9 41.6
Geometry-5
359 159 557.10 30.3
263 111 760.45 25.3
Geometry-7
@
454 207 440.53 46.4

Geometry-8




Table 4.2(Continued)

Stem x | Up part | kx (N/m) Max.
Analyzed Geometry disp. x disp. stress
(um) (Hm) (MPa)
e
k!
WS
@’r 464 212 431.03 34.5
Geometry-9
[
:-' ‘:\ 294 126 680.27 31.3
Geometry-10
_o—'—'_‘—|—|.\_\_\_\\\\\
o
\/ v 192 75 1041.66 26
Geometry-11
321 140 623.05 35.5
Geometry-12
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Table 4.2(Continued)

Geometry-14

Stemx | Uppart | kg (N/m) Max.

Analyzed Geometry disp. x disp. stress

(Hm) (Hm) (MPa)

( 2220 1100 90.09 156
Geometry-13

( 2370 1170 84.39 206

Table 4.3Results obtained from the analysis (Contact F{@#&N] in Y direction)

Y - direction
Analyzed Geometry | Stemy | Uppart | ky (N/m) Max.
disp. y disp. stress
(kM) (kM) (MPa)
© J :
<> 442 201 452.49 43.7
Geometry-1

1



Table 4.3(Continued)

Analyzed Geometry | Stemy | Up part ky (N/m) Max.
disp. y disp. stress
(Lm) (Lm) (MPa)
’m/%}
UL
A 516 238 387.60 45.5
~
.
Geometry-2
| °%
417 188 479.62 31.1
Geometry-3
464 212 431.03 334
Geometry-4
&
@ 401 180 49875 | 313
Geometry-5
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Table 4.3(Continued)

Stemy Up part ky (N/m) Max.
Analyzed Geometry disp. y disp. stress
(Hm) (Hm) (MPa)
464 212 431.03 40.5
359 159 557.11 31.3
Geometry-7
o
263 111 760.46 25.8
Geometry-8
e
S W
QU
Q/H f 454 207 440.53 18
Geometry-9
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Table 4.3(Continued)

Stemy Up part ky (N/m) Max.
Analyzed Geometry disp. y disp. stress
(Hm) (Hm) (MPa)
[ :
:’ “: 294 127 680.27 32
Geometry-10
_:—'—'_‘—H.\_\\
)
\/ v 192 75 1041.66 25.6
Geometry-11
. 321 140 623.05 42.9
Geometry-12
( 2280 1120 87.72 201
Geometry-13
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Table 4.3(Continued)

Stemy Up part ky (N/m) Max.
Analyzed Geometry disp. y disp. stress
(Hm) (Hm) (MPa)
. 2370 1170 84.4 207
Geometry-14

Table 4.4Results obtained from the analysis (Contact Ffkdd] in Z direction)

Z - direction
Analyzed Geometry Stem z Up part | k; (N/m) Max.
disp. (um) | z disp. stress
(Lm) (MPa)
o J :
<:> 40.3 403 | 248139 | 219
Geometry-1
72
L
P 38.9 38.9 25706.94 19.5
W_/
e
Geometry-2
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Table 4.4(Continued)

Analyzed Geometry Stemz | Up part | k; (N/m) Max.
disp. (um) | z disp. stress
(Hm) (MPa)

| °%
32.1 32.1 31152.65 17.3

Geometry-3
39.1 39.1 25575.45 22.7

Geometry-4

&

@ 32.2 32.2 31055.9 19.1

Geometry-5

42 42 23809.52 22

Geometry-6
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Table 4.4(Continued)

Analyzed Geometry Stem z Up part | k; (N/m) Max.
disp. (um) | z disp. stress
(Hm) (MP3)
o D
Q< j 31 31 32258.06 16.5
Geometry-7
&
21 21 47619.04 12.4
Geometry-8
f““"_“"“-\
[ @
&@ 41.4 41.4 24154.59 26.1
Geometry-9
[ :
i’ “: 24.4 24.4 40983.61 15.9
Geometry-10
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Table 4.4(Continued)

Analyzed Geometry Stemz | Up part | k; (N/m) Max.
disp. (um) | z disp. stress
(Hm) (MPa)
_o—'—'_‘—hu._\_h\\-\\
)
\/ v 11.1 11.1 90090.09 8.97
Geometry-11
@
21.6 21.6 46296.3 17.2
Geometry-12
( 222 222 | 4504.50 | 113
Geometry-13
( 228 228 4385.96 117
Geometry-14
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From those investigation§eometry 5is picked up and new models are generated
from this original modelGeometry 5is picked up, because it lets the arms of the
geometry to move more smoothly in Z—direction arshter of the geometry

maintains its position when a force is appliedh® $tylus tip.

Many quantities can affect the CMM probing taskhs@as, probing angle, probe
orientation, stylus configuration, stylus materiakorkpiece conditions etc.
Actually, due to its function on a CMM, probe caa tescribed one of the most
vital elements of the CMM dramatically. So considgrthose parameters, it is not
easy to derive the mathematical model.

4.10 Finite Element Modeling of Probe

The method used in this section is to model theébg@reystem through Finite
Element Analysis software. By virtue of that, tkedamental characteristics of the
probe is modeled and then analyzed.

Designed probe is evaluated at two sets of modaks first set involves the probing
force (F = 0.05 N ) applied at the equator of shdus tip every 22.5 °, and in the
second set 1 mm displacement values are giveretedhator of the stylus tip every
22.5 °. The purpose of the first set is to seepli@ameters such as Max. Stress
Tensor, the displacement amount of the stylusdgulting from the applied force.
Second set of investigation is carried out becaluseng the probe tests the stylus
tip will be behaved in this way. So by virtue ob$e results obtained from the
Finite Element Model (FEM), it easy to see the im@at parameters and one can

easily see what will happen during the real tests.
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Figure 4.17The simplified model of the designed probe

As can be seen from the above Figure 4.17, the medelly restrained from the

peripheral of the spring steel. The appropriatedas applied to the stylus tip and
the corresponding displacement values are analyzed.

Table 4.5Mechanical properties of the probe system

Material Modulus of Yield Strength Poisson Ratio
Elasticity (E) (MPa)
(MPa)
Type 304 205000 (typical for 215 0.29 (typical for
Stainless Steel steel) steel)
CK 75 (1.1248) | 205000 (typical for 585 0.29 (typical for
AISI 1080 spring steel) steel)
steel
AISI 1010 Grade | 205000 (typical for 303.37

1000 stainless

steel bearing ball

steel)

0.29 (typical for

steel)
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agnitude, (MOMN-LAYERED)

Figure 4.18Displacement results of the center obtained fr&A Fests

The result displayed in Figure 4.18 is very impottéor the sake of the analysis.
This gives vital information of the designed praystem, such as the center of the
probe system in other words the basis of the preygem constituting the
kinematics of the whole system will not move undery circumstances applied
during the tests. As can be seen from the fringalt® of the Figure 4.18, the center
zone is displayed in white color, meaning thatdisplacement will be zero at that

zone.
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Table 4.6Results of the first test

Evaluation Tip Max. Stress
Angle (°) Displacement Tensor [Von
(mm) Misses] (MPa)

0 0.5672 49.94
22.5 0.5670 45.98
45 0.5668 42.34
67.5 0.5663 45.01
90 0.5663 43.18
1125 0.5665 48.51
135 0.5669 47.07
157.5 0.5671 46.88
180 0.5672 49.94
202.5 0.5670 45.98
225 0.5668 42.34
247.5 0.5663 45.01
270 0.5663 43.18
292.5 0.5665 48.51
315 0.5669 47.07
337.5 0.5671 46.88

In accordance with those results, the designed moda be manufactured
conveniently in order not to encounter any kindioflesired results during the test (
I.e.: plastic deformation of the spring steel asl shafts). The displacement value
vs. evaluation angle graph is plotted on next page.

Max. Stress Tensor can be seen at the arms ofptivegssteel due to the applied

force at the stylus tip.
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Figure 4.19Stress Tensor, Von Misses results obtained frod fests

I

a4

0.5674

05672 — — —
0.5662

[ww] sanea juawaoe|dsip din snjAis

225 2475 270 2925

202.5

Test Angles

Figure 4.20Simulated stylus displacement values at diffeemaiuation angles

Second set of investigation is carried out via FBAorder to see the results

In thests again same model is used

approximately before the real probe tests.

but stylus tip is displaced 1mm from its equatoergv22.5°. From those tests, one
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can have a chance to visualize the things happeumeag those tests and to see the
limits of the designed probe respectively. More amantly, this type of simulation

is more close to real tests of the probe system.

Table 4.7Results of the second test

Evaluation Magnet Plate Disp. of arms of Max. Stress
Angle (°) Disp. (um) spring steel in Z Tensor, Nodal
direction (um) [Von Misses]
(MPa)
0 368.96<d<403.87 117.66 114.51
225 355.73<d<391.30 142.86 107.42
45 355.73<d<391.30 155.66 92.28
67.5 355.73<d<391.30 153.53 82.83
90 355.73<d<391.30 142.26 102.13
112.5 355.73<d<391.30 131.92 111.31
135 355.73<d<391.30 135.71 108.59
157.5 355.73<d<391.30 152.88 94.23
180 355.73<d<391.30 155.61 84.96
202.5 355.73<d<391.30 146.58 86.08
225 355.73<d<391.30 134.60 97.00
247.5 355.73<d<391.30 129.97 100.33
270 355.73<d<391.30 148.59 94.10
2925 355.73<d<391.30 156.41 87.73
315 355.73<d<391.30 150.42 92.68
337.5 355.73<d<391.30 138.12 109.23
Z-Direction 1000 1000 167.94
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4.11 Verification of FEA Results

In order to verify the finite element analyses tesustress result), simple
calculations are carried out. New geometry is mediels a spring steel plate and
analyzed via FEA software. The geometry of the gie=il spring plate for the

verification process can be seen in Figure 4.21.

Front View
Top View
@7.00— |
[ | T R7.00
3
=] =]
l ol
'
}
[ ] R20.00
g P70 $50.00
N
@4.00 —={ |+ t: 0.40 mm
F=0.50 N

Figure 4.21Designed model for verification purpose

As can be seen from Figure 4.21, applied force.5sNd The boundary condition
adopted for the test is similar to the other tgstidormed previously. Spring steel
plate is fixed around its peripherals. So, the netlgeometry can be thought as a

cantilever beam with an end moment.
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M

T

12

Figure 4.22Top view of the analyzed model

Through the cantilever beam assumption, simpleutations can be carried out to

find the Max stress in the beam.

7

-\I.
'/
E,
—

Figure 4.23Cantilever Beam with an end moment

Max. stress on the beam with this conditions caoadbeulated as follows;
C
Umax = ‘M ‘I_ 501

Where, omax IS the max. stress on the beam, M is the appliechemt, c is the

distance from neutral axis to extreme fibers aisdnhoment of inertia.

040 mm]/2

=|050 N].7 :

(4.2)

Where b = 2 mm, t = 0.40 mm respectively. As alteswax = 169.22 MPa Max.
stress result [Von Misses method] of the FEA sofenal67.9 MPa
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Figure 4.24Max. Stress result of the FEA software

Consequently, the results coming from two differemthods are close to each
other. So the correctness of the FEA software igfie¢ by a simple hand

calculation method.

4.12 Manufacturing Process

Designed probes are manufactured on conventionahima tools. Furthermore,

some other manufacturing techniques are utilizedtte spring steel plates and
magnet plate. Since, thickness of the spring gtie¢$s are too thin to manufacture,
they are manufactured via water jet method. Thrabghmethod spring steel plates
are manufactured in desired forms without encourdgeainy kind of manufacturing

related problems. Afterwards, those spring platesaashed via ultrasonic washing
machine in order to dissolve the dirts coming freater jet manufacturing process.
However, this method did not dissolve the dirtsatiya In that case, spring steel
plates are sanded via sand paper. Furthermorepfahe spring steel plate (having
thickness 0.20 mm) is put in to a sandblasting nm&cto see how it will affect the

spring steel. As a result, sandblasting operagaaéd up to significant deflection

on the spring steel plate. One of the importanthrigpe used during the
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manufacturing process was the laser cutting. Sisgeng steel has larger Elastic
Modulus (E) and the thickness of the magnet plat2 mm, it has seen that they
could nor be manufactured via conventional manufagg techniques. Due to the
stiffness of the spring steel material, they aredpced via laser cutting.

Furthermore, the hole of the magnet plate is erthrgia Electrical Discharge

Machine (EDM).

When it comes to the materials used in manufactyeabes, aluminium is
preferred mostly. The material of the main probeypdop lid and bottom lid is
7075 type aluminium. For the shafts (stylus shaft emagnet plate holder shaft) T-
304 and T-303 stainless steels are used. More tamty, holes and the grooves of
the main probe body are put on to a diffuser tdl ¢he holes and to form the

grooves at desired angles.

4.13 Conclusion

In this chapter, designed touch trigger / measunénpeobes are proposed and
divided into two groups; major designs and altemeatlesigns. Considering the
ease of the manufacturing process, major designdln@ajor design-2 is selected.
Furthermore, finite element analysis are presetmethis chapter. Those finite
element analyses play an important role becaussetlanalysis gave us an
opportunity to see the results before the manufexguprocess. Furthermore,
simple hand calculations are also performed inrot@l@erify the correctness of the
finite element analyses results. Among the tesesngtries, geometry-5 is picked
up and other geometries are derived from this smleoriginal geometry. The
geometry selected in here is vital because itlvdlthe reference plane for the probe
and it will be the basis of the mechanism. By \eraf the selected geometry, the
stylus tip will transfer the deflections to the magplate. Furthermore, Von Misses
Stress results are examined during the finite etérapalysis not to encounter any

kind of plastic deformation during the real tedtshe probe.
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CHAPTER 5

ANVIL GAUGE DESIGNS

5.1 Introduction

Anvil gauge apparatus is designed for the testhef designed probe. The main
purpose of this device is to deflect the stylusdifpthe probe along the desired
directions. In addition to the main task of the iagauge, it was also used during
the GMR sensor tests as can be seen from the $igareChapter 3 under the
headline GMR sensor tests. However, probe testscarged on a three-axis
computer controlled Electrical Discharge Machin®KB, anvil gauge is used at
the tests as a workpiece during the tests thapar®rmed at the equator of the
stylus tip. Furthermore, the designed probes atedeat different latitudes below
the equator through the angled parts (mounted ensttaft of the anvil gauge)

designed for this task; anvil gauge device is asad during those tests as well.

5.2 Major Design

As can be seen from Figure 5.1, major anvil gauggigth is formed via simple
parts. Through the designed mechanism, by turtiaegtljusting cylinder clockwise
or counter clockwise, magnet cylinder will move @ds or downwards without
any rotational movement. Trough the flat area fatroa the magnet cylinder lets
the shaft to move only up and down without anytrota Therefore, shaft guide is
screwed on to the upper part of the device. Consigethe ease of the
manufacturing process, hole is drilled on the upggset of the device. By virtue of

the compression spring, magnet shaft and the aagusylinder will maintain their
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positions. Through the grooves on the magnet sbaft,magnets can be located
precisely.

ANVIL GAUGE MAJOR DESIGN
| — 3 ITEM | QTY | PART NUMBER DESCRIPTION
&= @' 1 1 |Adjusting Cylinder Stainless Steel
2 1 |Magnet Cylinder Stainless Steel
7 3 1 |Device Upper Part Aluminium 6010
4 2 |Device Side Part Aluminium 8010
6 B 1 |Device Bottom Part  |Aluminium 6010
6 1 |Compression Spring |Stainless Steel
7 1 |Shaft Guide Aluminium 8010
8 2 |GMRSenspr PCB
*] 2 |NVE AAD0B-02E
GMR sensor
8 10 2 |Bar Magnet

w

&

Figure 5.1 Major Anvil Gauge Design

Furthermore, in order to test the probe at diffefatitudes below the equator of the
stylus tip, different parts are manufactured afedént angles. Thus, via those
manufactured parts the probe will be tested aeuwhfit latitudes; 22.5 ©, 45 © and
67.5 ° below the equator. Those parts are moumetietop region of the magnet
shaft and they are fixed via a setscrew.

Figure 5.2 Anvil gauge design with an angled part
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Figure 5.3 Anvil Gauge Device

5.3 Alternative Design

Another model is designed for the anvil gauge agipar This design differs from
the major design in many ways dramatically. Attfithis design is extremely huge
when it is compared with the major design. Throtlgd screw at the middle, part
containing too many holes is moved on a guide akbregaxis of the screw. It is
assumed that, those holes will scatter the magfietitlines in a different fashion

and through this way; GMR sensor will sense theldcement amount of the part.
Thus, displacement amount of the shaft that istémtan to this part can be known.
However, the difficulty of the manufacturing prosesnd the size of this design

made the design as an alternative design.
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Figure 5.4 Alternative anvil gauge design

5.4 Calibration Results of the Major Anvil Gauge Dsign

Calibration process is carried out via a comparatach 0.25 mm displacement
amount of the magnet shaft is verified via a corafmar and the corresponding
voltage values are read from the NVE AA006-02 GMRs®r respectively. In the
total 10 tests are performed via the anvil gaugeaegius; 5 upward movement of
the magnet shaft (0 mm to 5.5 mm) and 5 downwardement of the magnet shaft
(5.5 mm to 0 mm. ). During the calibration testatadacquired from GMR sensor
tests (Chapter 3, Figure 3.7) is used as a guiddbanmagnet and the GMR sensor
IS located in accordance with those obtained reswlorder to stay in the operation
zone. For that reason the data acquired from thileraton test of the anvil gauge
and the data coming from the GMR sensor tests athmagnet are plotted in the
same figure just to verify that the bar magnet #@mel GMR sensor are located

correctly.
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I I
GMR Sensor Output Data
————— Anvil Gauge Calibration Data

Region of
Operation

45

Figure 5.5Calibration data and GMR sensor-bar magnet data plo

In accordance with the obtained data, as can befse® Figure 5.5, results of the
calibration test stay in the linear zone. Furtheenacquired data points are fitted

to a curve via least squares method using regressoalel that is;

V(X) = Pg + PuX + P+t Px” (5.1)

Where p values are the constants of the polynomial fittedve, V(x) is the
voltages values, n is the degree of the polynoamdl x values are the displacement
amounts respectively. Through this method, fittedse is plotted in Figure 5.6 and
5.7. Since there are 23 data points, the bestHfitecis determined not to encounter
any kind of higher uncertainty amounts or ovelrfgtcases. As a result best fit
curve is obtained when the degree of the polynomsial(n=>5).
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5.5 Manufacturing Process

The anvil gauge apparatus is designed in orderesd the probe during the
experiments. Since, it will be used during the expents, the form tolerances of
the parts carries vital roles. Furthermore, thetesysitself comprises too many
parts, in order to avoid the failure of the manoieworking of the system; all parts
have to be manufactured precisely. Therefore,eab#ginning of the manufacturing
process side, top and bottom walls, and guide peat grinded. In order to
manufacture the parts precisely, low feed ratessandll cutting depth values are
given to the machine tool. The flatness of the sidd bottom walls is important.
The main reason of the desired flatness of theeafmentioned surfaces will be a
key parameter during the test of the probe. Fumbeg, the hole on the top wall
and the diameter of the magnet shaft are impoparagmeters for the whole system.
They have to be manufactured in a proper fashioorder to lead the magnet
shaft’'s motion inside the hole conveniently. Theref the flatness of the surface of
the guide part where it leads the magnet shaftliteear motion is vital indeed. As a
result, the components building the anvil gaugeaggips is manufactured in order
to avoid the improper functioning of the devicen, the parts are working all
together, they are greased via engine oil. Themaéteised for this device are 6010
type aluminium and T-303 stainless steel. Side, aod bottom wall and guide part
material is 6010 type aluminium. The material &f thagnet shaft, adjusting shaft

and angled parts is T-303 stainless steel.

5.6 Conclusion

In this chapter, major and alternative anvil gautpsigns are presented. First
introduced design was manufactured because ofaimpact design and ease of the
manufacturing process. Furthermore, this designoalisrated via NVE AA006-02
GMR sensor through an instrumentation amplifiecwdit By moving the magnet
shaft 0.25 mm, (displacement amount is checkedcemaparator) each time via

rotating the adjusting cylinder, generated outpuésread from the GMR sensor. In
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accordance with the obtained data, hysteresis Isaobtained in all five performed
tests. As can be seen from the figures obtainead thee calibration tests, generated

outputs are laying in the operation zone as definéhapter 3, Figure 3.7.
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CHAPTER 6

KINEMATIC MODEL

6.1 Kinematical Model of the Probe

When the relevant probe elements including housmagnet-support plate, and
shafts are assumed to behave like rigid objedtsyematic model of the system can
be developed using Homogeneous Transformation &&str(HTMs). Figure 6.1
illustrates the simplified schematic of the desdympobe along with its critical

geometric parameters.

1
i Centerline L GMR B
Certerline Magnet | of magnets m SeHsOT
of GhR= I | : .
S GMR i » C
Al of !
se Nty 1
h i L1 ark ot B0”
i EH L
I . }
- 1 I| Baszepbte i Y GMR C IE
[ : I 1 & Sensor
! | b - B0

I
i v’
1
| ,
! Upperiew GMR A
I SEnsor
]

Figure 6.1 Simplified schematic of the measurement probe
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When the center of the stylus ball is displacedMxy Ay, and Az along the
fundamental axes; Figure 6.2 shows both the reguftosition and the reference
coordinate frames to be used in the analysis. Natiesince the stylus displacement
is to be small (e.g. less than a few millimetetsg motion shown in the figure is
deliberately exaggerated to make distinction amweagous reference frames as
well as their corresponding parameters. As casele@, three coordinate frames are
defined to simplify the ongoing analysis. For imeta, the fixed frame {¥ Yo, Zo},
which appears to be on the base plate, is esdgra@inected to the body of the
probe and is used as a global reference. Likewhseframe {X, Y1, Zi} is the
attached to the probe shaft. When the probe isinautral position, its origin (O’)
coincides with that of the global coordinate fraf@g. Finally, the extra coordinate
frame {Xz, Y2, Z5}, which is solely defined for the sake of simpligiis a translated
reference frame along the probe shaft and coulappended to the previous frame

if desired.

Figure 6.2 Reference frames for kinematic analysis
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Armed with this information, one can express thensformations (i.e. HTMS)
among these reference frames. To be specific, dbatibn of a point in the
Cartesian coordinate frame {j} (namelp) can be conveniently converted to its
corresponding position (vector) in {i}K). Under the assumption that all relative
motions are very small in magnitude; the HTM impégting this coordinate
transformation could be given as;

1 -¢ &, 9
, £ 1 -& 0
r=| - Y (6.1)
&, & 1 9,
0 0 0o 1
Thus,
'P=TOP (6.2)

Note that in (1)&y, &, ande, are small angles representing the orientationjjof {
wrt. {i} while 9, d,, andd, denote minute displacements about the correspgndin
origins. For detailed derivations, reader is enagad to refer [Slocum].
Consequently, the HTM relating {0} to {1} takes tfalowing form:

O X
M= (6.3)

where the (small) angular motions demonstratedgarg 6.2 can be expressed as

gxzﬂ; £, =—— (6.4)
Lo

y Lo

It is critical to notice that by design; the helit®ams in the probe’s base plate

allow the stylus to rotate about the origin (O)herit any considerable translation
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of O’ in the XY plane. Similarly, when the stylusin contact with the part, the roll
motion of the probe shatft is also insignificant@mpared to its counterparts:[10.

Eventually, the HTM relating the coordinate franig {o {2} is

(6.5)

O o r o
O, OO
IO o o

Hence, the centerline coordinates of the magnatddlse various GMR sensors can

be calculated wrt. global coordinate system {0}:
°PM (Ax,Ay, Az)=5T (Ax, Ay, Az) T BPM (6.6)
Here, * is a wildcard for letters A, B, and C ingdlimg the location of a particular

magnet on the circular support plate. Positionamscin frame {2} can be directly

written:

2pM = ] (6.7a)

R, cos(60°) iR,

. - 0 _ﬁ
ZPBM - RmSIn( 60) — 2 Rm (67b)
L, L.,
1 1
R,cos60%) | | 2R,
. 0 ﬁ
ZPCM - anSIn(60 ) = 2 Rm (670)
L, L.,
1 1
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Substituting (6.3), (6.4), (6.5), and (6.7) intog)Byields

- R, —CcAX
_CAy

OPM —
b el -2 X+ Az

(6.8a)

(6.8b)

OpM _
pM =

6.8c
cLO+%Ax+*§3—:’“Ay+Az (6.8¢)

1

where c= (Lyn+L1)/Lo. Recall that the first three components of (6.83eatially
yield the Cartesian coordinates of each magnetsecet the rim wrt. the global
frame. Likewise, the global coordinates of the edirte for the GMR sensors could
be directly obtained:

-R
0
OPS = 6
i %)
1
Rcos60°) iR
; 0 V3
— -2R
ops = Rsin(-60") | _| = (6.9b)
h h
1 1
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RcosE0°) iR
: 0 V3
>R
0ps = Rsin@07) | _| (6.9¢0)
h h
1 1

The following (vector) difference equation gives tielative motion of the magnetic
field vector (as generated by the permanent mapgméth respect to the center
point along the sensitivity axis of the GMR sensor:

°E.="R>-°R" (6.10)

Three fundamental components of (6.10) could beesged as;

X, — AR+ CAX
E,=|,|= cAy (6.11a)
&,| |h-cl,+E0x-Az

Kg £8 + cAX
E, =, |= — J2R + cAy (6.11b)
o, h—cLo—%Ax+f—:mAy—Az

XK LR+ cAX
E.=|dy. |= LR 1 cpy (6.11c)
& | |h—cl, - Ax— 2 Ay - Az

where AR = R - R,. Note that the GMR sensor is insensitive to thdionoof

magnetic field along the tangential direction. Othilg relative displacements of the
permanent magnet wrt the center of the GMR semstira radial (i.e. normal to the
surface of GMR) and axial (i.e. along the axis @fstivity) directions are needed
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for all intensive purposes. Hence, taking the mtige of (6.11) along the
aforementioned (i.e. A, B, C) axes yields these moments:

Ma -1 0 Ax o

r,|=c i -8B +r (6.12a)

B 2 2 A 0

PR R

e 2 2 f'o
a, = 0 -1fax] [a,
8y [=| - P 1) Ay|+|a, (6.12b)
aC _ Ry _ «/ng 1 JAVA aO

where R, I, Ic (= 0, by definition) denote the radial displacemenksle a., as,
and @ represent the axial displacements along diredNpB, and C respectively.
Figure 6.3 shows the axial and radial distance eotion used in this study. The
next section concentrates on the calculation olustylisplacements employing
GMR readings.

6.2 Calculation of Stylus Displacements

In the previous section, a kinematic model of thebp has been developed for the
purpose of relating the motion of the stylus to tiedative displacements of

permanent magnets wrt the GMR sensors.

In fact, GMR sensor along with its interface (arfgli+ filter) circuitry used in this

study generates a linear unipolar voltage (ranffimg O to 5 Volts) as a function of
the magnetic field’s displacement (or change inntsnsity) along its principal axis
(i.e. axis of sensitivity). Figure 6.4 illustratéise characteristic output of this
system. Hence, the quasi-static behavior of themen the linear region could be

represented by;
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v =k,a—-k,ar (a,r>0 (6.13)

where a and r are the axial- and radial displacésneinthe sensor with respect to
mmf (magneto-motive-force) source (i.e. permaneagmet) while k[V/m] and k

[V/m?] are two known constants of this system. As aaséen from Figure 6.4; the
generated voltage, v, can be regarded as the absa@llwe of the displacement and
thus determining the direction of motion is a magballenge when operating the
sensor about its center point. Hence, it must bsdal by moving the mmf source

above or below the sensor’s centerline to deterrtmaalirection.

r(>0) Ay
s <7~ Magnet”” N g IncreasinV "
8 1 3

2 § ; Radial Direction ? g //:-
8 a(<0) 5 z gdak
& 5 o 5
Axial Direction E zg

(Sensitive) _

Axial distance a'

Figure 6.3 Axis convention Figure 6.4 Quasi-static behavior of GMR

sensor

When the stylus is free (e.g. not in contact wité part), let the generated voltage
be;
v, = ka, —k,a,r, (6.14)

where g and p are the initial axial- and radial proximity at $hmeutral point. The
geometric parameters defined in the previous sedictate that @= h—L;—L,, and

ro = R—Ry. Note that this choice implies that the operatiagion of the sensor is
restricted to 0O< a < 2a. Likewise, subtracting (6.14) from (6.13) yieldset

incremental sensor voltage:
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Av=v-v, =k, (a—a,)-k,(ar —ayr,) (6.15)

Unfortunately, since this voltage, which dependstwa arguments (a and r), is

nonlinear (or“bilinear” to be exact) by nature, an iterative proceduretrbes

adapted to solvAx, Ay, andAz. That is, with an estimaté,) at hand; the axial

displacement at a specific location can be detexthin

O\l (s k’\zro)ao (6.16)
K, —K,f.

wheref. =r, =R - R, is usually a good initial choice. Solving (6.129ds to the

displacements of the stylus end-point:

Ay L L ] Ave + kz(fA: r'0)3p
Ax] |3R, 3R, 3R, kp —kofa
ay|=| o L __L |Ava+tky(rg —To)ag
~ VR Ry| k-kefe (6.17)
_1 _1 -1 | Avg +ky(fic —Tp)ag
3 3 3 =
ol kp —karc

Notice that wherr, Of, Of. Or, this equations boils down to;

AX a,; a, ay,|Av,
Ay |=la, 8y, a8y, Avg (6.18)
Az 8y 8 Ay | AV

Consequently, (12a) is employed to get a betteimatd on the radial
displacements. Since, Equation 6.17 is directlyedepnt to the geometrical
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parameters of the probe, another model is develefged east Squares Method
(LSM) in order to acquire more better estimate & tmeasured data. This
procedure could be repeated several times unfilfjéconverges to an acceptable
solution. To study the convergence (and stabibfythe proposed method, a Monte-
Carlo simulation (with 20000 instances) has beemduoted with the following

random variables:

* AxandAy: uniform probability density between -1 and 1 mm
* Az: uniform probability density between 0 and 1 mm;

* Kko/ks: uniform probability density between 0 and 20%.

It is critical to note that Xk; ratio here serves as a measure for the dominance o
radial proximity on the dynamic behavior of the sem In the simulation, the
nominal values of the actual-system parametere@oyed. As a metric for the

estimation error, a vector norm is defined:

AX — AKX
e=|Ay - Ay (6.19)
AVAVAV.

An error threshold of um is utilized to terminate the iterations while theaximum
allowable iteration number in the simulation isited to 100. It has been observed
that the algorithm is stable and quickly convergethe true values in usually one
or two iteration steps. The source code (CCS Cthefprobe’s firmware, which
essentially implements this algorithm on an 8-bitrocontroller (PIC16F88@20
Mhz), is given in the Appendix A.1.

6.3 Conclusion

In this chapter, a kinematic model of the probedé&veloped using HTMs. In

accordance with that, reference frames for kinematialysis is defined. So by
virtue of this information, the transformationse(iHTMs) among these reference
frames can be expressed. In brief, a kinematic mmoflehe probe has been
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developed in order to relate the motion of theustyb the relative displacements of
permanent magnets wrt the GMR sensors. Furthernmmomader to determine the

displacement of the stylus tip, a model (6.17)asadoped. Since this equation is
dependent to the various parameters suchpaf}, and they cannot be known

exactly, the constants of the model are to be oeted via Least Squares Method
(LSM) for a better estimate.
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CHAPTER 7

PROBE INTERFACING

7.1 GMR Signal Processor

As indicated in Chapter 3, the GMR sensors arengisflg used in Wheatstone
bridge configuration where the GMR changes itsstasice dramatically when
subjected to even small magnetic fields along itscpal (axial) axis. Thus, the
output of the sensor is a small differential votagshich must be conditioned (i.e.
buffered, amplified, and filtered), for all praaicpurposes. In this study, a three-
channel GMR processor has been designed as sholigure 7.1 a schematic of
the card has been given in Figures 7.2, 7.3, 7d47am As can be seen, the card has
two main stages: i) Signal conditioner and ii) r@cessor. At the first stage; a
bunch of general purpose op-amps (TL084) are usembndition the differential
voltages generated by the sensors. Three instram@mtamplifiers, whose gains
are adjusted by the multi-turn pots RV2, RV4, andbR50kQ), are used to amplify

the signal. The corresponding gain (K) can be daled as

K =1+ 20000
R, (7.2)

where R refers to the resistance of the aforementioned aba particular instant.
Theoretically, this gain could be adjusted in betwé.8 ando. After this stage, the
differential amplifier is utilized to bias the anf@d GMR voltages while
referencing them to the ground potential. Notica #il the resistors (20K of this

amplifier must be matched manually to reject commaode voltage since the
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calculation of stylus displacements are very semsito noise as well drift
introduced along the way. Likewise, the offsettagé of this circuit could be
adjusted from -12V (¥9 to 12V (Vcc) using the multi-turn pots RV1, RV3, and
RV5 (50KQ). Thus, not only the amplitude of the signal bisbats offset could be
set precisely so that the processed voltage lifsnwihe prescribed range (unipolar

5V) for the A/D converter of the proceeding stages.

Figure 7.2 GMR signal processor board and the probe
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Then, the voltage is passed through a low-pass fithose cut-off () frequency is
calculated by

f=— - (7.2)

where Rand G corresponds to the elements of the passive R@ic{for instance,
see R7 and C3 of Figure 7.2). Usually, a bandwidtuency of a few Hertz is
more than adequate for all practical purposes. eNbat to protect the A/D
converter; the Schottky diodes of the circuit clattng output voltage to 5V and 0V
whenever the processed voltage exceeds these.levels

u2.c

TLOES

Instrumentation Amplifier Voltage Limiter and Low-pass Filter

Figure 7.3 Signal conditioner for GMR A
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Figure 7.5Signal conditioner for GMR C
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Figure 7.6 Signal processor
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Finally, as can be seen in Figure 7.6; a PIC18RBBit( RISC) microcontroller

running at 20MHz is utilized to calculate the ssyldisplacements by taking into
account these processed GMR voltages. For thisoparpall three signals are
connected to the low three pins of Port A (a.krsal@g port) that incorporates a
(multiplexed) 10-bit A/D converter. Similarly, thee LEDs driven by this

microcontroller indicate a probe triggering evemt éach principal axis. Note that,
a MAX 232 (voltage level) converter is also inclddm this circuitry so as to

provide a communication means with a host PC vie2B& serial port. Hence, the
calculated displacements might be transferred eoctimtroller of the CMM in real

time right after a triggering event occurs. Noteatththe firmware of the

microcontroller, which is developed by CCS C), glaykey role in the function of
this card. The C source code of the probe firmwargiven in Table A.1 in

Appendix A.1
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7.2 Conclusion

In this chapter, a three-channel GMR processorbleas designed which has two
main stages; signal conditioner and the procegsothe first stage, a bunch of
general-purpose op-amps (TL084) are used to conditie differential voltages
generated by the sensors. Three instrumentationlifeargy whose gains are
adjusted by the multi-turn pots RV2, RV4, and RB6KQ), are used to amplify the
signal. As a second stage, the differential angli utilized to bias the amplified
GMR voltages while referencing them to the grounteptial. Finally, a PIC18F88
(8-bit RISC) microcontroller running at 20MHz isilizted to calculate the stylus

displacements by taking into account these prodeG$4R voltages.
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CHAPTER 8

EXPERIMENTS and RESULTS

8.1 Introduction

Probe tests are performed on a 3-axis CNC eletttisaharge machine (EDM) at
Makim Machinery Industry Ltd. Co (Ankara). The peols mounted on the EDM
via the two adapters, which are located on to tipelid of the probe. After fixing

the probe to the EDM’s body through the adapters observed that the overall
length of the probe was not long enough to contdttt the table of the EDM.

Therefore, an elevator mechanism has to be comsider

At first, as an elevator mechanism a granite tal@ 4 rectangular shaped marble
blocks are preferred. Granite is selected for diséetdue to its great surface flatness
in all directions. Granite table is put on to tharbles and surface flatness is
checked via a comparator. During this procedurepparator is fixed on to the
EDM body, and the whole system is driven alongXhand Y axes of the granite
table. However, during those tests, it has seenvidry huge amount of deviations
are encountered in both X and Y axes (approxima&ehm. deviations). In order to
eliminate this problem, the marbles are sanded\sand paper, but unfortunately,
it is observed that it was a time consuming procélss, elevator mechanism with
the marbles did not serve as it was thought at lbginning. The elevator

mechanism with the marbles can be seen in Figdre 8.
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Figure 8.1 Granite table and the marbles used for the elevagzhanism

Later on, granite table is put on to a metal (3tielelck that has fine form tolerances
on its surfaces. After the tests performed viamamarator in order to determine the
surface deviations, it is observed that the maxind@wiation is 10 um. in both X

and Y-axes. As a result, the granite table withrtietal block is used during the

probe tests.

Figure 8.2 Granite is put on to a metal block
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After setting the granite table precisely, the grdbsts can be performed more
accurately. At first, the magnets are put on torttagnet plate in accordance with
the result obtained during the GMR sensor testerAairds the probe is mounted
on to the EDM body through two adapters of the EBWithe beginning, the length
of the top portion of the probe shaft or in otheres magnet plate holder shaft is
30.00 mm respectively. However, the performed teath this shaft were not
relevant with the acquired data coming from the GBHRsor tests. The thing is
that, when the stylus tip is moved by 1mm there tbae a change in the GMR
voltage like 0.40 V or 0.50 V respectively. Unfaraidely, with this length of
magnet plate holder shaft the change in the GMRagelis 0.10 V at most. So,
undesired outputs are generated at the beginnirteofests. After the intensive
works in order to solve the problem, it has seet the magnet plate is moving
very close to the boundaries of the defined opamategion of the GMR sensors
(Figure 3.7 in Chapter 3). So, the length of thegned plate holder shaft is reduced
and 3 different shafts are manufactured in ordeadqguire the best results. As a
magnet plate holder shaft length, 28.00 mm, 28.50 amd 29.00 mm shafts are
manufactured and by those shafts calibration @stperformed. After evaluating
the results of the calibration tests with differehaft lengths, one shaft will be
selected for the overall tests. In Figure 8.3, fioraof the sensors and the test axes

can be seen obviously.

During the calibration tests, probe’s stylus tiprisved along the directions shown
in Figure 8.3 by 0.10 mm displacements including Zn—direction. In other words,
stylus tip has given displacements inside the eied shown in Figure 8.3. So the
probe is evaluated in 9 axes respectively. In ea@s the voltage values are read
from the instrumentation amplifier circuit at 0 pas and afterwards
displacements are given by 0.10 mm and the cornelpg voltage values are read
from the circuit. When the tip is moved 1 mm. irialp the same procedure is
repeated but in the opposite direction (backwardation). In other words, in all
evaluation axes the stylus tip is given a displaa@nby 0.10 mm, starting from 0 —
1 mm (forward direction) and 1 — 0 mm (backwardediion) respectively.
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Furthermore, the probe’s tip is moved along the G8#&Rsor axes by 1 mm. Thus

the probe is evaluated in 15 axes totally.

GMR A Sensorat 120"

+Y

135

@2

..

GMR C Sensorat 0’

225 315
-Y
GMR B Sensor at 240"

Figure 8.3Sensor locations and test axes of the probe

Calibration tests; minimum step is 0.10 mm; is iearrout via 3 different shaft
lengths. In accordance with the acquired data,tsléh 28.50 mm length is

preferred.

After defining the magnet plate holder shaft lengifobe tests can be performed.
Similarly, to the calibration tests, probe tests performed in similar fashion, but
the displacement amount of the tip of the prob8.20 mm at this time. Forward

and backward operation is valid for those testwels
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8.2 First Probe Tests

Probe tests are performed using a number of gem®eicting as the spring plates.
The thicknesses of those materials are 0.20, 0@,0640 mm respectively. Note
that, at the beginning it was thought that, testsilal be performed with 12 spring
steel geometries with different thicknesses angeahaUnfortunately, during the
tests, it was observed that materials having 0.80thmckness experienced plastic
deformation during the installation of the probeorigbver, the weight of the stylus
assembly affected the geometry. One of the spriegl syjeometry plastically
deformed during the probe tests and one of them lvegd during the sanding
process. So, in total 7 different spring steel gewms are used during the probe

tests. Figure 8.4 shows spring steel geometries.

a) SS-1: Spring steel-1 (thickness: 0.40 mm.),

b) SS-2: Spring steel-2 (thickness: 0.30 mm. and th#A0),
c) SS-3: Spring steel-3 (thickness: 0.30 mm. and thA0),
d) SS-4: Spring steel-4 (thickness: 0.30 mm. and hA0).

a) SS-1 b) SS-2 c) SS-3 d) SS-4

Figure 8.4 Spring Steel plates used in the experiments

During those tests, the magnets are placed oretmtgnet plate. In order to obtain

the maximum voltage difference in all directiortse tadial distance is different for
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all the magnets. By doing this method, outputs gerd from the GMR sensors
still stay in the operation zone as indicated img@thr 3 in Figure 3.7.

8.3 First Probe Test Results

In accordance with the created model in Chaptéetiginal and the model values
are plotted in this section. From the acquiredag#t values, model displacement
values are obtained and model displacement and displacement values are
plotted. Furthermore, the error values estimatadet mean square method is also
plotted for all of the spring steel geometries. iDgithe model estimations, acquired
data at x, y and z directions are evaluated togellests can be classified in to two

groups;

1) tests at the equator,
2) tests below the equator at different latitudesjragathose latitudes probe is
tested according to the Figure 8.3 (22.5 °, 45d°G¥.5 ©).

—» Stylus
shaft

Stylus
tip

Equator 2z
22.5
45
67.5
90

Figure 8.5 Test latitudes
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In order to find the model displacement values nmaweurately, during the model
estimations, Least Squares Method (LSM) is usedcaksbe seen from the below

equations, model displacement values are obtainéallaws;

3= AV (8.1)
O,
5=|5, (8.2)
o,
AV,
V =|av, (8.3)
AV,
A= laij ]3x3 (8.4)
A=(VTV)IVTS ®.5

Wheres is the displacement amount of the stylus tip, this voltage values read
from related GMR sensors and A is the constant imatirough this method,
matrix A can be found easily and after defining thatrix A, by virtue of the
voltage values in Equation 8.1, model displacemvaihies are obtained. As can be
seen in Chapter 6, Equation 6.17 is employed t@ioba model displacement
matrix. However, this model is dependent to thengetoy of the probe (i.e: length
of the stylus shaft etc.). Since, it is hard toanithe exact values of the Bnd R,,
another model is created. By virtue of this new slpdlSM model, the constant
matrix A is obtained through the acquired data ecapfrom the tests. Furthermore,
through the LSM model, the error amount betweennieasured and estimated
value is reduced dramatically. More importantly M.&odel is directly dependent
on the acquired test data, in other words consteattix A is derived only from the
acquired test data. The MatLab code is given ind &bl at Appendix C.
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Test numbers indicated in the plots can be detexththrough the directions. 0 © -
180°,45°-225° 90° - 270 °, and 135 ° -BXEnce there are 4 major directions
and 11 measurements were acquired from each of, tlesmulting 44 measurements
in XY plane and adding the measurements coming férdirection, total test

number is 50.

1st direction Z direction

1A _ 500
n
0.5 s
E g
E o =y E o
5 o5 2nd ath | o
’ / direction direction N o
1 / 1 N I 1 Q 500 . . , 1
0 10 20 30 40 50 0 10 20 30 40 50
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n
S
E O 5 °
£ £
2 -1t > -100+
o
2 I . I . D 00 . . . .
0 10 20 30 40 50 0 10 20 30 40 50
1 : __ 500
Estimated / m
Measured / g
— 0.5} , 2 ot
£ / o
£ / €
& or B N 500
o
05 . . . . S 1000 . . . .
0 10 20 30 40 50 0 10 20 30 40 50
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Figure 8.6 SS-1 (thickness: 0.40 mm) results
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Figure 8.7 SS-2 (thickness: 0.30 mm) results
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Figure 8.8SS-2 (thickness: 0.40 mm) results
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Figure 8.9SS-3 (thickness: 0.30 mm) results
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Figure 8.10SS-3 (thickness: 0.40 mm) results
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Figure 8.11SS-4 (thickness: 0.30 mm) results
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Figure 8.12SS-4 (thickness: 0.40 mm) results
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Results of the probe tests at different latitudel®w equator are plotted as follows,
SS-1 (thickness: 0.40 mm) is picked up;
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Figure 8.13SS-1 (thickness: 0.40 mm) results at latitude 2h&low equator
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Figure 8.14SS-1 (thickness: 0.40 mm) results at latitude B&l8w equator
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Figure 8.15SS-1 (thickness: 0.40 mm) results at latitude 8 h&low equator

According to the results obtained from the testdogpmed at the equator of the

stylus tip, SS-4 (thickness: 0.30 mm) gave readendhta, so evaluation of the

probe with more axes (30°, 60°, 120 °, 150%X0,°, 240 °, 300 ° and 330 °) is
going to be carried out via this spring steel. AB8-1 (thickness: 0.40 mm) is

going to be tested with those angles to see whétiemethod will reduce the error

in Z direction or not. In Figure 8.16, the evaloatiangles can be seen obviously.
Furthermore, during the tests performed at the tequd the stylus tip of the probe,

it is observed that when the tip contacted withaa mlong the X —axis, tip also

moved in Y-direction as well. So in order to tdst probe more accurately and in
order reflect the probe’s performance more trulyrimy the tests performed at
different latitudes; stylus tip is placed in a hdd® by virtue of this method, stylus

tip will only move along the direction that it heismove.

132



GMR A Sensor at 120

+Y 60

150°

.

GMR C Sensor at 0"

210 330°

-Y
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Figure 8.16Newly defined test axes

In those tests, the minimum step in XY plane i9D01#n, and the minimum step in
Z direction is 0.10 mm respectively. In order taale the best result, more axes are
added to the test procedure.
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Figure 8.17SS-4 (thickness: 0.30 mm) test results after dyndefined test axes
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Figure 8.18SS-1 (thickness: 0.40 mm) test results after dyndefined test axes

Results of the probe tests at different latitudelsw equator for newly defined axes

are plotted as follows, SS-4 (thickness: 0.30 nepicked up;
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Figure 8.19SS-4 (thickness: 0.30 mm) results at latitude 2h&low equator
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Figure 8.20SS-4 (thickness: 0.30 mm) results at latitude B&l8w equator
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Figure 8.21SS-4 (thickness: 0.30 mm) results at latitude 8 h&low equator
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When the results are compared for SS-4 (thickr@88 mm) and SS-1 (thickness:
0.40 mm); fixing the stylus tip via a hole reducesor in z direction in a
considerable amount. In Figures 8.22, 8.23 and, 824 different test methods can

be seen obviously.

Figure 8.22Tests with metal block and anvil gauge apparatus

=
=
=8
E
E
==
K 3
TaEE
i
-

Figure 8.23Arrangement of the steel block and the anvil gaajggaratus on the

granite table
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Figure 8.24 Stylus tip is fit inside a hole on the steel block

The magnitude of the error values are calculateautih Root Mean Square (RMS)
method, which is the statistical measure of the mitade of a varying quantity.
RMS values for the first probe obtained from diéier spring steel geometries are

given in Tables 8.1 and 8.2.

RMSzJﬁZ(xi -%)? (8.6)

Where X is the estimated displacement value of the styilusof the probe in
accordance with the Least Squares Method (LSM) ioxre is the measured

displacement amount of the stylus tip of the probe.

During the tests, it is observed that, using angpsteel material as a magnet plate
affected the voltage values read from GMR sensdrgeating position. In
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accordance with Figure 3.7 in Chapter 3, adjudtivegradial distance between 2.5 —
4 mm was reasonable. However, setting all magngtstive same radial distances
did not result in the same voltage values read fitbm sensors. Furthermore,
changing the polarity of the magnets on the magtege affects the voltage values
as well. Thus, another material is selected in otdesee the reason of this failure.
Instead of using a spring steel material, staindéss| is preferred as a magnet plate.
By virtue of the stainless steel’s non-magnetiqprty, all GMR sensors generated
approximately same voltage values when all the mi@gare put in to the same
radial distances. So spring steel’s magnetic ptgmEmehow scatters the magnetic
field lines or concentrates them and therefore dbgut voltages are affected
dramatically. However, performed tests with stagalsteel as a magnet plate told us
that, GMR sensors generated the output in a differeanner. Since the GMR
sensors test are performed via spring steel mitéeace the tests are performed
again with the spring steel.

Table 8.1Table of results at equator

Spring Steel At the equator
Geometries

SS-1 (thickness: | RMS Error (x): 84.90 um
0.40 mm) RMS Error (y): 40.20 pm
RMS Error (2): 186.10 pm
SS-2 (thickness: | RMS Error (x): 42.87 pm
0.30 mm) RMS Error (y): 40.54 pm
RMS Error (2): 172.15 pm
SS-2 (thickness: | RMS Error (x): 35.79 um
0.40 mm) RMS Error (y): 33.07 um
RMS Error (2): 184.14 pm
SS-3 (thickness: | RMS Error (x): 58.84 um
0.30 mm) RMS Error (y): 53.41 pm
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Table 8.1(Continued)

RMS Error (2): 164.85 um

SS-3 (thickness: | RMS Error (x): 109.73 um
0.40 mm) RMS Error (y): 59.61 um
RMS Error (2): 163.33 um

SS-4 (thickness: | RMS Error (x): 39.02 um
0.30 mm) RMS Error (y): 35.77 um
RMS Error (2): 152.08 pm

SS-4 (thickness: | RMS Error (x): 32.58 um
0.40 mm) RMS Error (y): 68.35 um
RMS Error (2): 182.98um

SS-1 (thickness: | RMS Error (x): 31.83 um
0.40 mm) with RMS Error (y): 26.25 um
more axes RMS Error (2): 69.25 pm
SS-4 (thickness: | RMS Error (x): 23.15 um
0.30 mm) with RMS Error (y): 30.06 pm
more axes RMS Error (2): 56.88 pm

Table 8.2Table of results below equator

Below Equator SS-1 (thickness:| SS-4 (thickness:
0.40 mm) 0.30 mm)

At 22.5° | RMS Error (x): 29.65 um 25.20 pm
RMS Error (y): 28.83 um 27.29 pm

At45° | RMS Error (x): 28.55 um 64.84 um
RMS Error (y): 26.67 um 76.28 um

At 67.5 °| RMS Error (x): 25.79 um 121.21 ym
RMS Error (y): 26.26 um 162.25 um
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8.4 Second Probe Tests

After examining the results acquired from the fpsbbe tests, SS-4 (thickness: 0.30
mm) is used to test the second probe. As can befsam Figure 8.25, and Figure
8.28 GMR sensors are located at the bottom part ofdpdid. Due to the difficulty
of the settlement of the GMR sensors under thdithearings are used to raise
the top lid. The reason why bearing are used ferréising purpose is due to their
fine surface qualities at their ring rims. Therefoby virtue of those bearings, the

probe can be mounted to the EDM body without entaring any kind of obliquity.

Figure 8.25Second probe mounted on EDM

Figure 8.26Test Setup
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Figure 8.27Inside view of the second probe, bearings are feemising the top
lid

Figure 8.28GMR sensor locations under the top lid

8.5 Second Probe Test Results

According to the created model through Least Squitethod (LSM), the original

and the model values are plotted in this sectioamFthe acquired voltage values,
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model displacement values are obtained and modgplasiement and real
displacement values are plotted. Furthermore, thar #alues estimated via root
mean square method is also plotted for SS-4 (tleieg&n0.30 mm). During the
model estimations, acquired data at X, y and zctices are evaluated together.

Tests can be classified in to two groups;

1) tests at the equator stylus tip is fixed viaehol
2) tests below the equator at different latitudggin in those latitudes probe is
tested according to thiégure 8.3 (22.5°, 45 ° and 67.5 °).
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Figure 8.29SS-4 (thickness: 0.30 mm) results

Results of the second probe tests at differertuligs below equator are plotted as

follows;
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Figure 8.30SS-4 (thickness: 0.30 mm) results at latitude 22&low equator
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Figure 8.31SS-4 (thickness: 0.30 mm) results at latitude B&l8w equator

143



X [mm]

error X [microns]

0 10 20 30

40 50

Estimated
Measured

3y [mm]

errory [microns]

. . .
0 10 20 30

Test number

.
40 50

-100 -

-200
0

-100 -

-200

300

200+

100 -

200

100 -

. .
0 10 20

. .
30 40 50

Test number

Figure 8.32SS-4 (thickness: 0.30 mm) results at latitude 8 h&low equator

The magnitude of the error values are calculated Root Mean Square (RMS)

method and RMS values for the second probe is givéable 8.3.

Table 8.3Table of results

At equator SS-4 (thickness:
0.30 mm)
RMS Error (x): 72.97 um
RMS Error (y): 27.95 um
RMS Error (2): 110.54 pm

Below Equator

SS-4 (thickness:

0.30 mm)

At225°

RMS Error (X):

47.84 pm
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Table 8.3(Continued)

RMS Error (y): 16.32 pm

At45° | RMS Error (x): 89.44 pm
RMS Error (y): 24.85 pm

At 67.5 °| RMS Error (x): 65.65 um
RMS Error (y): 66.56 um

8.6 General Specification of EDM

Travel Span in XY plane: 430 mm x 315 mm.

Travel Span in Z direction: 400 mm.

Work table dimensions: 700 mm x 400 mm.

Work holder dimensions: 1050 mm x 650 mm x 450 mm.
Digital Reading Unit: 5 um resolutions.

Max. workpiece load: 1000 kg.

8.7 Conclusion

In this chapter, tests of the two different probes the results obtained from those
tests are presented. At the beginning of the depigitedure, anvil gauge is
designed as a test apparatus. By virtue of thiscdeyrobe’s stylus tip will be
displaced at certain amounts. Furthermore, viaatigded parts on the anvil gauge,
probe will be tested not only at the equator, asdlifferent latitudes below the
equator as well. Later on, probe is mounted ontEldaischarge Machine’s (EDM)
body and the displacement amounts are given via ntlaehine tool. So, in
accordance with that case, anvil gauge apparauges during the experiments as a
workpiece (as can be seen from Figures 8.22 arf) &Rile testing the probe at 45
©,135°,225°and 315 °.
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As a major probe, first probe is tested via seyamng steel geometries that have
different arm lengths respectively. After examinitige results, it has seen that
thickness and the length of the arms of the spstagls used during the experiments
were vital. In other words, for instance experinsgmérformed via SS-1 (thickness:
0.40 mm), it is observed that when the force isliaggo the stylus tip through X-
direction, due to the shape of the arms the tglse moved in Y — direction as well.
However, tests performed with other types of spsteel geometries, the above-
mentioned problem is not met. At the beginning e tests, calibration tests are
performed to determine the optimum magnet plat@droshaft length and from
those tests shaft with 28.50 mm length is pickedTigtally, 7146 experiments are
carried out, 7146 times displacement is given t® s$kylus tip and 7146 times

corresponding voltage values are read.

Additionally, in this chapter Least Squares Meth@$M) model is presented,
model displacement values acquired thorough theéagel values and the real
displacement values are compared. At first, expemis are performed with a steel
block and the anvil gauge setup; but after encoingesome undesired outputs, the
stylus tip is fixed via a hole. By virtue of thisethod, stylus tip is forced to move
only through the direction that force is appliedorfgover, via this method, error in
Z direction is reduced in a considerable amounadadition to that, it has seen that
using spring steel material as a magnet plate taftbe outputs generated from the
GMR sensors dramatically. In accordance with theumed results, SS-4
(thickness: 0.30 mm) is best choice for the firgthe during the CMM application.
Since, SS-4 (thickness: 0.30 mm) gave fine redattshe first probe, it is selected

as a reference plane for the second probe.
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CHAPTER 9

CONCLUSION AND FUTURE WORK

The contribution of this thesis to the dimensiomadtrology is to develop a novel
touch trigger / measurement (also be used as aniscpprobe) probe that has
different characteristics if compared to the otpeobes currently in use in the
industry. The developed touch trigger / measuremamibe for Coordinate
Measuring Machines takes the advantage of GMR se¢asbnology. In this thesis,
three different devices are proposed; two typgzrototype touch trigger probe, and

a measurement device; anvil gauge.

The tests are performed on a 3-axis CNC Electrelaiggye Machine (EDM). The
most significant conclusion from this work is thiais possible to design a GMR
sensor based probe for use on CMMs. The perforemsd tan be categorized in to
two groups; tests carried out in order to deterntimedirectional sensitivity of the
GMR sensor which is the basic design parametathfofocation of the sensors, and
the tests carried out for the proposed probe oragiS CNC EDM. Two different
probes were tested during the experiments. In @itdb; for the first probe 5958
experiments [(9 directions x 12 measurements Xxrd@s x 7 geometry) + (13
directions x 12 measurements x 3 sensors x 2 gepmet(5 directions x 22
measurements x 3 sensors x 3 shafts) + 36 diractioough the GMR sensor axes
+ (8 direction x 12 measurement x 3 sensors xigitws x 2 geometry)], for the
second probe 1188 experiments [(9 directions x #asurements x 3 sensors) + (8
directions x 12 measurements x 3 sensors x 3 dia#} were performed, in other
words 7146 times output values are read from GMB@es. In accordance with the

obtained data from the model, using the first proli a spring steel geometries
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having the longest arm lengths also fixing theustyip gave fine results. Moreover,
the installation process of the second probe playsimportant role for the
performance of this probe. Since, GMR sensors Veemted under the top lid of the

probe; there was a handicap to adjust the magrsitiggoprecisely.

The work presented here proves the capabilitie€MR based probe for use on
CMNMs. Since the proposed probe is the first prgietyt can be developed in future
in order to reach a resolution in the micrometaigea This is due to the application
of GMR technology, proper mechanical design, aneplkeg proper metrological

feasibilities. This result will encourage furtheseuof GMR sensor technology in

dimensional metrology.

In order to avoid the ambiguities that will affabe probe’s measurement quality
and accuracy, the tests are going to be performadcbntrolled environment and in
order to reach the best performance, at first tieeeeneed for a magnetic shield for
the whole system. In accordance with that, as anetggate material, stainless steel
has to be used for isolating the system from thgnatic effects. Another option is

to model the magnetic specifications of the spstegl with the magnets on it. So
doing this simulation will lead us a better knowgedon the magnetic associated
issues. As a result, in brief a magnetic circutigs to be designed to avid the

magnetic biasing dramatically.

Moreover, in order to reduce the vibration of thus shaft during forward and

backward probing task, there is a need for dampieghanism to reduce those
vibrations especially in thinner spring steel pat&nother option for the damping
issue, an additional spring steel plate can be usdbe probe. By virtue of this

additional spring plate, damping problem can bgesbdramatically.

Another point is the improvements of the currergigie. First of all, the length of

the magnet plate holder shaft can be reduced iardalreduce the magnet plate
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deviations during the tests performed along their@etion. By virtue of this

modification, magnet plate will come near to théerence plane. Besides this, in
order to avoid the rotational motion of the magplete, magnet plate can be fixed
to the reference plane or to the probe body, ierotords, there is a need for a lock

mechanism. However, an additional spring plate wdlve this problem more

properly.
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APPENDIX A

SOURCE CODE OF THE PROBE’S FIRMWARE

Firmware of the microcontroller is developed by CESPIC18F88 (8-bit RISC)
microcontroller running at 20 MHz is used to ca#talthe stylus displacements.

Table A.1 C source code of the probe’s firmware.

#include <16F88.h>
#device ADC=10
#fuses HS,NOWDT,NOPROTECT,NOLVP
#use delay(clock=20000000)
#use rs232(baud=19200,xmit=PIN_B5,rcv=PIN_B2)
#use fast_io(B)
#opt 9
I
I/l Constants: ¢ = (L1+Lm)/LO, d = LO/(3*Rm), a0 =
I
const floata0 =2,r0=2.5,¢c=0.9,d =1.037037
float k1 = 2, k2 = 0.02;
float dx, dy, dz, vaO0, vbO0, vcO;
floataa=0,ab =0, ac = 0;
intl iflag = O;
I
[/l External interrupt service routine
I
#INT_EXT
void isr(void) {
iflag = 1;
delay_ms(200); /* Debounce */
}
I
I/l Function to read GMR voltages
1
float GMR_out(char ch) {
float adc = 0;
switch(ch) {
case 'a": set_adc_channel(2); break;
case 'b": set_adc_channel(0); break;
case 'c": set_adc_channel(1); break;
}
delay_us(50);

h - c*LO
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adc = read_ADC()*0.004888;
delay_us(50);
return(adc);

void main() {
1
I/ Setup 1/O ports
1
set_tris_a(OxFF);
set_tris_b(0x0F);
1
I/l Configure A/D converter
1
setup_adc_ports(SANO|SAN1|SAN2);
setup_adc(ADC_CLOCK_DIV_2);
1
// Enable external interrupt (RBO)
1
enable_interrupts(GLOBAL);
enable_interrupts(INT_EXT);
ext_int_edge(H_TO_L);
1
// Read the voltages at the neutral point
1
va0 = GMR_out('a";
vb0 = GMR_out('b";
vc0 = GMR_out('c");
k1 -= k2*r0;
k2 *=c;
while(TRUE) {
1
/I Axial displacements of GMR sensors
1

aa = (GMR_out('a") - va0 + aa*a0)/(k1-aa);
ab = (GMR_out('b") - vb0 + ab*a0)/(k1-ab);

ac = (GMR_out('c") - vc0 + ac*a0)/(k1-ac);
1
/I Stylus displacements
1
dx = d*(2*aa-ab-ac);
dy = d*1.732051*(ab-ac);
dz = -0.333333*(aa+ab+ac);
1
/l Radial displacements
1
aa = 0.5*k2*dx; ac = 0.866*k2*dy;
ab = aa - ac;
ac += aa;
aa *=-2;
1
/I Generate trigger signals
1
if ((dx>0.05) || (dx<-0.05))
output_high(PIN_B7);
else
output_low(PIN_B7);
if ((dy>0.05) || (dy<-0.05))
output_high(PIN_B6);
else
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output_low(PIN_B6);
if (dz>0.05)
output_high(PIN_B4);
else
output_low(PIN_B4);
1
/I On interrupt, send out all estimates (in micro
1
if (iflag) {
printf("DX = %ld\n\r",dx*1000);
printf("DY = %Id\n\r",dy*1000);
printf("DZ = %ld\n\n\r",dz*1000);
iflag = 0;
}
}

ns)
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APPENDIX B

DATA SHEET OF GMR SENSORS

B.1 Characteristics of AA type GMR Sensors

Nonvolatile Electronics Corporation’s (NVE Corpocast) GMR sensors are used
during building the sensing stage of the desigmethga AA type magnetic sensors
are used for the designed probe. Part number iSOBAR as per GMR sensors data

book of NVE Corporation.

The basic AA series GMR sensors are general punpaggmetometers for use in a
wide variety of applications. They exhibit excelldimearity, a large output signal
with applied magnetic fields, stable and linear pemature characteristics, and a

purely ratiometric output [30].

Pin-out Functional Block Diagram
W+ (supply) ouT+ Gin g,
l”? r)_f ’J? IJ? \L W+ supply)
NVE AN GMR
Alxxx Ll Ly
-02
Crientation )
chamfer —— "Ih LSRN '15
ouT - - (ground)
- Axis of Sensitivity o iground)

Figure B.1 NVE’s AAxxx-02 type GMR sensors [30]
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Table B.1Magnetic Characteristics [30]

Part Saturation Linear Sensitivity | Resistance | Fackage Die Size
NMumber Field (Oe ) Range (mVV-0e | (Ohms) {um)
{1Oe )
Min Max | Min Max
AADDZ-02 15 15 [ 106 | 30 | 42 B £ 20% SOICa 436x3370
AADD3-02 20 20 14 2 3.2 BK + 20% SQICs 4363370
AADD4-00 50 5 35 09 1.3 LK + 20% MSOPS 411x1458
AADD4-02 50 5 35 0.4 1.3 5K + 20% S0IC8 411x1458
AADDS-02 100 10 70 | 045 | 065 | 5K+ 20% SOIC8 d411x1458
AADDE-00 50 5 35 09 1.3 | 30K +20% MSOFP8 826x1996
AADDE-02 al 3 35 IR 1.3 30K + 20% S0ICE A36x1586
Table B.2General Characteristics [30]
Property Min Typical Max Unit
Input Voltage Rangs =1 +25 Volts
Operating Frequency DC =1 MHz
Operating Temperature Range -50 125 °C
Bridge Electrical Offset -4 +4 mv
Signal Qutput at Max. Field 60 mV
Nonlinearity 2 % (unipolar)
Hysteresis 4 % (unipolar)
TCR +0 14 %/ °C
TCOI +0.03 %/ °C
TCOV -0.1 %/ °C
Off Axis Characteristic Cosp
ESD Tolerance 400 V pin to pin HBM

In these tables;

- 1 Oersted (Oe) = 1 Gauss in air

-  GMR AA Series sensors are pure ratiometric devigesgning that they will
operate properly at extremely low supply voltagese output signal will be
proportional to the supply voltage. Maximum voltagage is limited by the
power dissipation in the package and the maximueraipg temperature of
the sensor.

- Unipolar operation means exposure to magneticdiefcdbne polaritye.g., 0
to 30 Gauss, or -2 to -50 Gauss, but not -20 to &#uss (bipolar
operation). Bipolar operation will increase nontngy and hysteresis.

- TCR is resistance change with temperature with pied field. TCOI is

the output change with temperature using a constanént source to power
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the sensor. TCOV is the output change with tempesatising a constant
voltage source to power the sensor.

Beta @) is any angle from the sensitive axis.

400
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300 A
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200 7

Output (mv)

150 1
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30 A

':l T T T T
-150 -100 -0 0 50 100 150
Applied Magnetic Field (Gauss)

Figure B.2 GMR Voltage vs. Applied Magnetic Field Graph [30]
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APPENDIX C

MATLAB DOCUMENTS OF THE KINEMATIC
MODELS OF THE PROBES

C.1 M-File Program of the Kinematic Models of the

Probes

In accordance with the acquired voltage data, east Squares Method (LSM),
constant matrix A is found. Afterwards, using tlesnstant matrix A, estimated
displacement values are found. By virtue of thislsgomeasured and estimated
displacement values and the error amounts aresglotoreover, the magnitude of

the error is calculated via Root Mean Square (RmM&thod.

Table C.1MatLab source code of the kinematical model

GMR_A_sensor; GMR_B_sensor; GMR_C_sensor; close all

d = linspace(-1,1,11)';dz=[00000000000 000000000000
00000000000000000000000.20.4 0.6 0.8 1]

VA 0 =[[flipud(Af_0(2:6)); Af_180]-Af_O(1) [flipud( Ab_0(2:6)); Ab_180]-
Ab_O(1)]*[.5 .51}

VA_45 = [[flipud(Af_45(2:6)); Af _225]-Af_45(1) [fli pud(Ab_45(2:6));
Ab_225]-Ab_45(1)]*[.5 .5];

VA_90 = [[flipud(Af_90(2:6)); Af _270]-Af_90(1) [fli pud(Ab_90(2:6));
Ab_270]-Ab_90(1)]*[.5 .5];

VA_135 = [[flipud(Af_135(2:6)); Af_315]-Af_135(1) [ flipud(Ab_135(2:6));

Ab_315]-Af_135(1)][.5 .5];
VA_Z =[Af_Z Ab_ZJ*[.5 .5]';

VB_0 = [[flipud(Bf_0(2:6)); Bf_180]-Bf_0(1) [flipud (Bb_0(2:6)); Bb_180]-
Bb_O(L)][.5 .5]";

VB_45 = [[flipud(Bf_45(2:6)); Bf_225]-Bf 45(1) [fli pud(Bb_45(2:6));
Bb_225]-Bb_45(1)]*[.5 .5]";

VB_90 = [[flipud(Bf_90(2:6)); Bf_270]-Bf 90(1) [fli pud(Bb_90(2:6));

Bb_270]-Bb_90(1)][.5 .5];
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VB_135 = [[flipud(Bf_135(2:6)); Bf 315]-Bf 135(1) [
Bb_315]-Bf_135(1)][.5 .5];

VB_Z = [Bf _Z Bb_ZJ*[.5 .5];

VC_0 = [[flipud(Cf_0(2:6)); Cf_180]-Cf_0(1) [flipud
Cb_O(1)[.5 .5];

VC_45 = [[flipud(Cf_45(2:6)); Cf 225]-Cf_45(1) [fli
Cb_225]-Cb_45(1)J*[.5 .5]"
VC_ 90 = [[flipud(Cf_90(2:6)); Cf _270]-Cf_90(1) [fli

Cb_270]-Cb_90(1)]*[.5 .51

VC_135 = [[flipud(Cf_135(2:6)); Cf_315]-Cf _135(1) [
Cb_315]-Cf_135(1)]*[.5 .51

VC_Z =[Cf_Z Cb_Z]*[.5 .5]}

Vxyz = [[VA_O; VA_45; VA _90; VA_135; VA Z] [VB_O; V
VB_Z] [VC_0; VC_45; VC_90; VC_135; VC_Z]];

dx = [d*cos(0); d*cos(pi/4); d*cos(pi/2); d*cos(3*p

dy = [d*sin(0); d*sin(pi/4); d*sin(pi/2); d*sin(3*p

Kxyz = inv(Vxyz'*Vxyz)*Vxyz'

A = [(Kxyz*[d*cos(0); d*cos(pi/4); d*cos(pi/2); d*c

0; 0])'; (Kxyz*dy)'; (Kxyz*dz)T;

error_x = sqgrt(mean((Vxyz*A(1,:)'-[d*cos(0); d*cos(
d*cos(3*pi/4);0; 0 ; 0; 0; 0; 0]).72))*1000;

error_y = sqrt(mean((Vxyz*A(2,:)'-dy).*2))*1000;

error_z = sqrt(mean((Vxyz*A(3,:)'-dz).*2))*1000;

disp([ 'RMS Error (x) =" num2str(error_x) " microns'
disp([ 'RMS Error (y) ="' num2str(error_y) " microns'
disp([ 'RMS Error (z) ="' num2str(error_z) " microns'
subplot(321)

plot([Vxyz*A(1,:)' [d*cos(0); d*cos(pi/4); d*cos(
0 0; 0; 0; 0))

ylabel( ‘\deltax [mm]' );

subplot(322); plot((Vxyz*A(1,:)'-[d*cos(0); d*cos
d*cos(3*pi/4);0; 0 ; 0; 0; 0; 0]).*1000);

hold on;
subplot(323)

plot([Vxyz*A(2,:)"' dy])

ylabel( ‘\deltay [mm]' );

subplot(324); plot((Vxyz*A(2,:)'-dy).*1000);

hold on;
subplot(325)

plot([Vxyz*A(3,:)' dz])

ylabel( ‘\deltaz [mm]' );

xlabel( "Test number'  );

legend( ‘'Estimated’ , 'Measured' )

subplot(326); plot((Vxyz*A(3,:)'-dz).*1000);

flipud(Bb_135(2:6));

(Cb_0(2:6)); Cb_180]-

pud(Cb_45(2:6));

pud(Cb_90(2:6));

flipud(Cb_135(2:6));

B_45; VB_90; VB_135;

i/4);0;0; 0; 0; O;
. 0. O.

0l;
i/4);0; 0 ; 0; 0; O; O];

0s(3*pi/4);0; 0 ; O; O;

pi/4); d*cos(pi/2);

D
D:
D

pi/2); d*cos(3*pi/4);0;

(pi/4); d*cos(pi/2);
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APPENDIX D

FIRST PROBE TEST RESULTS

The data obtained from tests are plotted in thitiee As can be seen from the
figures, solid lines indicate the voltage valueotigh 0 © and 180 °, dashed lines
indicate the voltage values through 45 ° and 22lo®ed lines indicate the voltage

values through 90 ° and 270 ° and dash-dotted lim#isate the voltage values

through 135 ° and 315 °.
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APPENDIX E

SECOND PROBE TEST RESULTS

The data obtained from tests are plotted in thitiee As can be seen from the
figures, solid lines indicate the voltage valueotigh 0 © and 180 °, dashed lines
indicate the voltage values through 45 ° and 22lo®ed lines indicate the voltage

values through 90 ° and 270 ° and dash-dotted lim#isate the voltage values

through 135 ° and 315 °.
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