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ABSTRACT

A Novel Geometric Theory of GMachine Tool Measurement and Practical, Optimal

Approaches to HighhAccurate and Efficient OiMachine Measurement

Zixi FangPhD.
Concordia University2022

Modern industrytrends to smart machininghat improves productivif at a low cost The
kernel technology of intelligent manufacturing is the automatic-machine measurement
(OMM). When gplyingOMM technologyto computernumerical contro(CNCjnachinesin-situ
measurement takes plada the machining environmenwithout the need of unloading the tool
and the part However,adversemeasurement environmnt, limitations on the efficiency of data
capturing and processingnd diversified measured objects render efficient and accurate OMM
very difficult. Holistic solutions are needed to advance OMM technoéogl therefore many
scientific topics are involek This workprimarily focuses ongeometric modeling othe on-
machine cutting tool measurement and kinematic modeling for the calibration process of both

the probe and the machine.

Onmachine cutting tool measurement often takes place on a lasergetdér. However, he
geometry principles of thgaugingnechanism®f laser tool setterare complicated antiad not
been studied beforeThis dissertatiomodeled suchagaugingnechanism angresentedvirtual

simulations of the measurement processes aselr tool setterdoased ongeometry principles.



The virtual simulationscan predict and compensat the measurement errorsallowing for

accurate tool setter calibration processes in practical situations.

For cutting tool measurement, the tool lengithamcteristic curve for measurement of
round-insert mills is discovered@he derivation of the tool length characteristic curve was carried
out by modeling the geometries of tool length measurement processes on a laser tool setter.
Based on this characteristcurve, an accurate and efficient approach to measuring lengths of

mills with round inserts and bottom cutting edge wear is proposed.

Current techniques for nobe calibrationand machine calibratiorassume the impractical
situationswhereeither the madine is accurate or the location of the probe is accurately known.
To address tbsedrawbacksthe actual kinematic model of a sixis belt grinding CNC machine
with a customized addn probe is builtin this dissertation Using this model along with a
specially designed artifact can facilitate the simultaneous calibration of the probe position and

the machine geometry error.

Keywordson-machine tool settingcalibratior laser tool setteygauging mechanismulti-axis

CNC machine topérror identification
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Chapter 1

Introduction

1.1Background

Modern industry always directs manufacturers to effectivetgduce various compleparts
with tight tolerance at a low cost In the context of Industry 4.0, different intelligent
manufacturing saltions have beersoughtfor production optimization by manufacturing firms
to remain competitive[1l]. Intelligent manufacturing distinguishes itself in its ability of-self
awareness and setforrectiori2]. Onekernel technolog of intelligent manufacturing ishe
automaticon-machinemeasurement, which is a synergy between measurement operations and
manufacturingprocessesSpecifically, sensors are used to monitor and capture manufacturing
systems parameters, simultaneously with the manufacturing processes. The collected
information is used in two folds: 1) serve as verification of the current product qualityced
status; 2) provide a basis for immediate saffjustment on the manufacturing processes. As a
result, it creates a closeldop process control paradigm that enables justime quality controls
over the manufacturing processes, promoting manufactgrzero defects products. In addition,
it boosts productivityby reducing cycle timeand eliminating nonvalueadding activities and

resourceq3].



Computer numerical controlGQNG machining remains amajor means of fabricating
mechanical components ithe aerospace and automotive industries. Duri@§Cmachining
processesmnachine geometry errors, tool dimensional errazsntinuous toowearandpart/tool
deflections etc., ae reflected on the machined workpiecApplying ormachine measurement
(OMM) technology to facilitate intelligentautomatic and nondisruptive workflowis now
indispensable and inevitable. In OMM, smart and autamatsitu measurement takes place on
the CNC machines without the need of unloading the tool and the parit, is convenient to
perform periodic checks of cutting tools and part status for corrective actiigarel.1(a)shows
a cutting tool is measured by a laser tool setter installed on the machine saol&igurel.1(b)
shows a touch trigger probe that is driven by a CNC machine tool to measure a part surface.
Applications for machine tool calibration using OMM technology are also studied in recent
reseach. The tight measurement and manufacturing integration offered by OMM is defined as
2yS AaGKS FdzidzZNE 2F Y| y @#F EndploydayIONVM as YiSkerNe, the 3 & ¢
O2y OSLII-READNIZXBSAKAYAY IET | Igisifategted base® onLthie /O Y I OFk
I Olj dzA NB R R G IfirstiieA YRSSEE A [B\SENR logedsidkdim ko sly being adopted by

giant manufacturers such as Pratt & Whitney, Safeartl RollsRoycd6-8].



Figurel.1l (a) Onmachine tool setters and (b) an amachine touchriggered probe.

Despite itsbenefits,developingefficient and accurate omachine measurement systems is
not trivial. The rather adversavorking environmentis the major concerrof OMM and it
distinguishes OMM systemsfrom the offline measurement systemsTraditional offline
measurement systems, such as coordinate measurement machines for part coordinate
measurement and optical tool preetters for tool geometries measuremenbperate in a
temperature, humiditycontrolled environment.The machines that drive thse traditional
measurement sensors (such as toddlyger probes or laser scanning probes) aesigned
specifically for measurement taskSinceno cutting forces would exednthe machine structure
the machines can be specidilly designedUnder these special conditions, traditional offline
measurement systems can achieve high accuracies. HoweWN is performed on a CNC
machine where machining takes plaaed the delicate ideal measurement environment cannot
be guaranteedA CNC machine is desigrtedvithstand large cutting forces. Thus, it is more rigid

but less accurate and it tends to suffer from thermal deformations and geometry deformations



due to machining task$n addition, OMM calls for efficient measurement preses, quick data
processing and data transmission because-process measurement tasks should improve,
instead of hampering, productiyit Easy integration between the measurement device and the
CNC machine should also be considered so that OMM can belywaghplied. Under this
requirement, the mostwidely accepted devices are -onachine probes and tool setterand

their accompanied controlling and data processing programs are writtdreiMACRO language

of the CNC machine, which has limited functiaiedi However, the objects being measured by
these devices are complicated. This dilemma calls for careful studies and modeling of the
measurement process to find a smart way for the given measurement tasksmmary, he
studies of OMM systemeequire aholistic solutionto provide accurate measurement results

efficiently in a general manufacturing environment.

1.2 Literature review

1.2.1Fundamenta$ d on-machine measurementechnologes

Onmachine measurement integrates measurement desme the machineto allow insitu
measurement task$o take place without the need of unloading the measured object off the
machine.One typical setup of emachine measurement systems is showrkigurel.2, which
facilitatesthe on-machine measurement of pat In this casea measurement device called a
touch trigger probe is loaded on the CNC machine spindle. A wireless receiver is alsatet
the corner of the machine. The receiver is connected to the CNC control. During the

measurement task, the CNC machine drives the probe to touch the part surface and when the

4



probe is triggered, a signal will be sent from the probe to the receiveethe receiver acquires
the signal, it will send issuedsggnal to the CNC control and the CNC control capture the location
of the sensor in the machine coordinate system. Eventually, the system can calculate the location

of the surface point being meased.

Machine spindle

jRimted probe Wireless interface

CNC control

I Component

| g——x=10.100
|
Encoder =

Figurel.2 On-machine measurement systefar part measuremerjd]

Another typical setup is shown Figurel.3, where it facilitates the measurement of a cutting
tool onamachine. The measurement device is a laser tool seltés mountedon the machine
table and is connected to the CNC controluriBg the tool measurement, the tool is driven by
the CNC machine to block the laser be&nce the threshold valuef the laser beam is reached,
a signal is sent to the CNC conjrahd the tool position in the machine coordinate system is

recorded. Therhe tool dimensions are calculated.



. - )
H Tool (driven by the machine) CNC control
| -

Receiver

Tool setter

Figurel.3 Onmachine measurement system ftwol measuremeni9]

Over the years,numerous researches havbeen developed to advance enachine
measurement technologies. ISX3(10] lists influences on the performance of -emachine
measurement systas, whichinclude:

a) Repeatability of the machine tool

b) Geometric accuracy of the machine tpol

c) Contamination of objects being measured (detected)

d) Probing error and repeatability of the probing system;

e) Probing system qualification;

f) Thermal effects on the nthine tool, probing system, aféct, and workpiece/tool;

g) Feed speeds and accelerations during measurement;

h) Standoff and overtravel distances;

i) Time delay and time delay variation betweenobing signal and readut machine tool

position transducers;



J) The sirface ofthe workpiece/tool probed.

With the advancen manufacturing technologyyumerous products and solutions have been
provided to address these factors. Currentlypadern machine shopsre operating in a
temperature-controlled environment Thenewer generations of CNC machines have advénce
functions such as thermal error compensatifiifd and can position as accurately as 1 micron
even when they are performing machining tasksth& same timefor exsting convention CNC
machinesmachine tool error detection devices and solutions, such as laser interferometers, R
test, and balbar systems are now commercially availableptovide accurate machinesrror
measurement. Therefore, proper adjustments da@made. In addition, the measuring devices
have become more accurate over the years. A typicahachine toucHriggered probe now can
achievelobbing erors of less than 2nicronsand 0.Etmicron repeatabilityf9]. While typical tool
setters can detect the tool immediately when the laser beam is blocked, withm@zifon

repeatability.

1.2.2 Literature review on the research and development of @nachine measurement.

Over the years, numerous ap@oches and research have been developed that can help
improvethe performance othe on-machine measuremen®he objectives of theeapproaches
are to measure, predict and compensdtg measurement process errorxiginating from the

relatively adverse opating environment.Research and methods are usually grouped by



addressing issues from the measurement devices and their associated measurement processes.

Themeasurement devicesften include the machine, the proband the tool setter.

1) Methodsto improve the accuracy of the machine

The machine tool motion inaccuracy in following planned paghene the most influential
factors that limit the performance of OMM systemAccording to 1SQ30(1), the term
@2t dzY SGNR O LISNF 2 N I ¢abifty ohadmaatiaeSdel tolperforR héitddnded S & 0 f
multi-axes functions anywhere within the entire machine working volume or a smaller volume as
FaINBSR 0SG6SSy KSIJ[10]I Thezdlun@iiicekd may yeRinddeadSiNie
imperfect machine structure components, errors from the control system, the thermal
deformationduring operating tasks, vibration, cutting loa@s$c. With the machine volumetric
errors, the actual machine positions do not accondth the command positiong10, 12]
Consequently, diffenat positionsof the part d the cutterwill be measured by the measurement
device, resulting in measurement erroin the field of onrmachine measurement, due to the
absence of cutting forces, the most influential factors are imperfect machine structure
components(quaststatic ggometric errory and thermaldeformation errors. Nevertheless, the

volumetric error of the machine should be calibrated and compensated frequently.

Hsu and WanfL3] summarizedhat the technical route of machine volumetric compensation

techniguesgenerally comprisgthree steps: (1) developing amror model for machine tools, (2)



using a measuring device tbtain data and slwe the error modelsand (3) conducting error

compensation using therror model The following presents the current techniques and research.

Volumetric modelling

Schultschif14] in 1977 first described the volumetric model to repent the errors of
machine components mathematicallyResearchers employ homogeneous transformation
matricesthat incorporate geometry errors to develop machine kinematiedels[15-17] since

1986 Srew theorieqd18, 19]were favored by other researchers.

By far, building machine kinematic models with homogauns transformation matdges(HTM)
is the most widely accepted method. With the advamt€NC machine technologies, kinematic
models for various machines were studied. For example, Kirigem developed kinematics
models for commonly seen fivexiSCNC maching¢s6]. Srivastavaet al.,used HTM to model the
angular errors and linear errorsf a fiveaxis CNC machine. Their model also incorporated

thermal errorg17].

Lee proposed a multiegreeof-freedom piezoelectric sensdior machine volumetric error
measurement based oarigid multtbody systenj20]. Zhu et al. presented genericgeometric
error model for machine tools using rigid multrtbody system and theory19]. Yang et al.

established the geometric errors identification model fbe five-axis machine based on screw
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theory so the forward and inverse kinematics modais explicit andcan be solved efficiently

[21].

Geometric error measurement

The techniquesfor geometric error measurementan be categorized as direct
measurements and indirect measurementsdirect measurements, efforts are made to isolate
a single machine axis so that the measurement of the mechanical errors would not be interfered
with by other axeq§22]. Some of the direct measurement methods, which involve the usage of
special gages, are standardized in ISO 10221 2325]. The most widely accepted technique in
RANBOG YSIFadaNBYSyida Aa GKS | LILX AOKdABWite ¥ f I &
supporting lens and software, laser interferometers can calibrate the positional accuracy and the
pitch and yaw errors ahg a linear axis, straightness of linear axes, and positional accuracy of
rotary axeqd26, 27] The lack of efficiencgften hingeson direct measurement techniques to be

applied frequently.

LY AYRANBOG YSIadaNBYSyidas lylfteasSa | NBE LISNF
machine, since these motions are the superposition of all single error param@@jsThe
indirect measurements are usually used for machines with rotary axes. The schemes often
involve developing kinematic models for the machiiee RS&ONA 06 S (G KS NBf I (A2

position, machine command values (coordinates data input-coes to control the machine
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movement), and geometric errors [4, 6, 19]. To track the tooltip position and obtain the
aforementioned relation, many dées and methods have been invented over the years, for
example, double ball bar tests [2B], Rtest [24, 25], machining tests [5, 26], and-orachine

measurement artifacts [B, 27].

Particularly, in recent years, OMM techniques for machine geomextras have been a focus
for researchers. @mpared with other indirect methods, OMM techniques are the least
demanding in technicians' experience and more efficiéivdraki et alfirst proposed a scheme
to evaluate the machine error by emachine probing cub€g[28]. Givi and Mayej29]performed
OMM tasks on a workpiedbat is produced by a set of machining testhe measurement results
are used to identify the machine errors. Chen et al. presented a method to identify the machine
rotary axes location errors by probing a sphereamachine[30]. Renishaw provides AxiSet
CheckUp commercial software, in which a sphere is probed by a toggered probe, to
facilitate the verification of rotary axeknear location error®]. However, the software does not
detect squareness errordVlajor CNC control brands such as FANBL], SIEMENS?2], etc.
provide compatibility for these OMM systems, making these systems widely available and very
convenient for periodic machine checkupievertheless, the OMMystems provide tremendous
conveniencdor periodic machine checkups and compensafarthe machine geometric errors

Therefore, this dissertation aims to contribut@the field of OMM machine calibration.

Thermal error measurement

11



The motions of mehine components and environment heat sources often contriliatdhe
temperature changes in the machine structures and thus lead tod#fermation of machine
motions. The ideal relative position and orientation between the tool and themachine
measurenent tool setter (or the probe and the workpiece) might be altered due to machine
thermal error. As an important topic in machine volumetric error measurement and

compensation, various research and techniques have been published.

Fraser et al. establigld a generalized model for CNC machine thermal deformatiod,
generalized heat transfer functions and verifigdwith finite element methods (FEMB3].
Subsequently, they proposed a generalized modeling technique for-tineal thermal
deformaton compensatiorf34]. Zou investigated the thermal effects generated by the friction
linear rolling guidesusing FEMmethods [35]. GomezAcedoet al. proposed a method for
compensating thermal errors of large gantgpe machine tools by verifying their FEM models
with data obtained fromresistance temperaturedetectord36]. Nowadays, advanced CNC
machines are equipped with temperature sensors to detect temperature chamgde key
components of the machine. Artificial intglent methodsareincorporated iio the CNC control
for reaHime temperature control[11]. In this research, the machines used in the experiment
were placed in a temperatureontrolled room and it was assumed that the temperature factors

are negligible to the obtained data.

2) Methods to improvethe accuracy of the probe
12



For part onmachine measurement, touetnigger probes are often used. Traditionally,
touchtrigger probesare used frequently for CMM jobs and are considerasty accurateonce
their effective probe tip radiare calibrated[37, 38] The process usually involves sampling a
standard artifact from different directions and applying leaguare fit methods to the sampled
data to calculate a value for the probe tip radius. This compensation method is knothe as
probe calibratbn method[38]. The research work published by Jarman and Tr§g8identifies
probing errorsthat exist mainly due to the probe pretravel behavior and blending deflections of
the probe stylus being the reason for this behavior. Cauehidk3 dzSt S I f ®Q&a RSG I A
measuring a Taylddobson hemisphere, demonstrated that the preted distance show
FYGAZGONRLIKAO OKI NI OGSNRaiGAOaA RdzS (0 2obpdtd&n LINR 6 S
[40] and suggesd the probepretravel distance errors need to be compensated depending on
the probing directions. To facilitate the compensation depending on probing directions, error
mapping methods are frequently used in the indusit]. However, error mapping methods
cannot accurately compensafer errors in the noarecorded probing directions. It is also time
and memoryconsuming. Shen and Moon proposed using neural network methods to find-a best
fit curvefor the relatively smaller experiment data set. The curve can be used to find the pretravel
distance of any given probing directipfi2]. Mayer et al. surveyed the probe stylus deflection
behaviorusing a 3D camerand thar experiment dataand presented a model for probing
pretravel distance predictiofd3]. These methods are datdriven. Estler et al[44], Shen and
Springer[45], Wozniak et a37], Jankowski and Woznidk6] investigated and modeled the
probe pretravel behavior by analyzing the force distribution of the pringernal structure and

the probe stylus deflection duringrobing procedures. Their works describe parametric
13



mechanistic models useful for the pretravel distance prediction at any given probing direction.
When using these models for coordinate measurement machine probes errors compensation,

they usually generat satisfactory results.

3) Methods to improve the accuracy of thol setters

Laser tool setters are often used for OMM tool measurement prodesser tool setters
employ noncontact laser technology and have been widely used on CNC maciieese{47]
described adsersystem with gohoto-electricsensor for tool setting and tool breakage detection.
When the voltage of the photoelectric sensor on the receiver identifiasthe tool blocking 50%
of the laser beam, the system triggers ansily It can gauge tool size on CNC machines. Ryabov
et al. [48] developed a prototype of omachine tool condition monitoring. It projected the laser
beam onto a cutr, and the reflected laser is in different signal patterns under different
circumstances, such as tool rotation, tool vibration, and tool chippifanartet al. [49]
presented a method to track the strhicrometergap between the cuttetip and the workpiece
surface using theaf-field laser diffractiorprinciple. Chenand Aang[50] reported a machine
vision systento monitor onrmachine tool wear. Their work was mostly focused on assessing tool
wear and predicting tool life.Shi et al. [51] concentrated onthe ultra-precision machining
process. Based on the Fraunhofer diffraction theory, they set up an experiment to gauge the
sharp diamond tool size. Thd$2] also studied the effects of the measurement device

misalignment with a machine axis tre tool setting.
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As a norcontact tool measurement systemwith high accuracy, laser tool setters are
commercially availabl¢9, 53, 54] Generally, a laser tool setter is equipped with a laser
transmitter and a receiver. A laser beam is emitted frora ttansmitter to the receiver. To
gauge a tool, it blocks the laser beam. When the signal intensity on the photodiode of the
receiver is at the threshold, the tool setter triggers a signal. Results of testing the tool setter in
the lab have demonstrates repeatability® 1/7m [53-55]. According to the worki$6, 57] the
working principles of the laser tool setter are debed as follows. The tool blocking the laser
beam reduces the light intensity on the photodiode in the receiver, and the intensity pattern
drops in measurement. The laser intensity determines the photodiode voltage, and it is
monitored by a dedicated cinit. The sampling rate in monitoring the voltage is higher than 96K
Hz. The intensity pattern is pgrogrammed and recognized by a dedicated circuit. This method
can reject false signal triggers due to coolant droplets and debris. Once the cirogibizss the
tool blocking the laser beam and the photodiode intensity dropping by 50%, the tool setter
triggers a signal. The photodiode property is studied in the resesiiearket al. [58] and Leest
al. [59]. The researchers have provirat if the tool diameter is significantly larger than the laser
beam, the receiver power is linearly related to the ratio of the shaded area to the unshaded area
on the receiver screen. However, if the tool size is comparable to the laser beam diameter

micro-machining, the light diffraction is significant ati linear relationship does not hald

Studies have shown that the laser tool setters suffer from several error sourpeactical
application, including their installation misalignment andlt@eometric difference Other

sources include the lowjuality measuring rods, the machine spindle +aurt [60, 61] and the
15



spindle speed and the feed rafé6]. Unfortunately, these error sourseare ignored by the
current applications of noigontact laser tool settey[62]. Renishaw56] and Leeet al. [63] have

made attempts to model the measurement errors in terms of the tool geometric error and setup
error of the laser tool ster. They modeled the tool as a true cylinder and the laser beam as an
inclined line. Then the measurement errors are calculated based on the front view and the top
view of the setup. Their method is approximated and cannot calculate the actual regaeur
error. Miltonet al. [64] designed a set of experiments based o¢atistical analyseso identify

the best feed rate and spindle speetbr referencing lasertool-setters Their method is
experimentally based and does not calculate the measurement error due to tle sources.

Unfortunately, there is no research on a completed tool setting model using laser tool setters.

1.3Research problems and objectives

1.3.1 Research problems
The literature review in the last section provides the general directions of theares
technologies in the figl of onmachine measurement
1) Mathematical nodeling of the physical and geometrical working principles of the
measurement device (probe) can predict the errorghat occur in the measurement
process, which can be compensatattordingly.
2) Based on the machine kinematic models, the geometric errors of the machine can be
identified and measured by using -anachine measurement devices. The CNC controls

often provide functionalities for rapid geometric error measurement and conspéan
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3) Modern CNC machines ammmercially availablen-machine measurement devices

provide very high accuracy and repeatabilityder ideal working conditions.

From the literature review, it can be seen thiaiw researchesemphasizedhe science irthe
measurement processes’he work focusing on the measurement process can Helgelop
advancel measurement strategies that improve both accuracy and efficiency by studying the
working measuring mechanism and the manufacturing procss final measuresnt accuracy
not only depends on the accuracy of the measurement device but also depends on how the
object is being measuredlnfortunately, his is generally neglected by the current reseaiah.
addition, although prior researchers hayeublished works o machine calibration using
kinematic modeling, this technique is still not perfect. This dissertation attempts to fektroeds
Specifically, three gaps in the current research can be identified and should be solved with this

dissertation.

Onmachire cutting tool measurement isrely discussed in the current researtlaser tool
setters are commonly used devicefor on-machinecutting tool measurementThe geometry
principles of the triggering mechanisms are complicased they affect the accuracyf the
measurement procesdHowever, tiesegeometry principles have not yet been studied and thus
the accuracy othe measurement process is estimated based on trial and elmdhe meantime,

the speed of the measurement process tends to be very conseeva
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Cutting tools have complex geometries and they are traditionally measured on a tool
presetter. When a cutter is measured on a laser tool setten@cthine, its complex geometries
reflect as measurement errorCurrent methods for ommachine cutting tools measurement
simplify the problem by rotating the tool at a very high speed and measuring with a very small
feed rate. These methods discard valuable tool geometry siath as thevear of each flutehat
can benefit the manufacturing process andSte | NB | f 42 @SNE AYySTFAO
knowledge, theras a lack of researcbn modeling the cutting tool ormachine measurement

process and thus there is a lackaofeffective and accuratevay of cutting tools

In the prior researchon calibraing the CNC machinessing onmachine measurement,
kinematic models were built witthe position ofthe probe in the machine coordinate system
known before the calibration. Howevelhe machine axes geometric errors deviate the probe
from its ideal positio. The simultaneous calibration of both the machine and probeplosed a

challenge to the current scheme of -@nachine calibration

1.3.2 Thesis objectives
This thesis sets the objectives to address ¢herent research gapasndto contribute to the
geometry modeling research fiel@hapter 2 and Chapter @3nd kinematic modeling research
field (Chapter 4pf on-machine measurement technologihe thesisis organizedas the follows:
1 In Chapter 2the geometry principles of the laser tool setten® investigated and are
modeled mathematically Subsequently, virtual simulatisrof the measurement

processes on laser tool settesise developed using geometry principles.€Bevirtual
18



simulatiors predict the measurement errors and compensatiog those errors
allowsfor accurate tool setter calibration processin practical situations.

1 In Chapter 3, theharacteristic curvéor length measurement of rourrthsert millsis
discovered, using both thikinematics and geometric fundamentals of measuting
length of a round insert millBased on this characteristic curve, an accurate and
efficient approach to measuring lengths of mills with round inserts and bottom cutting
edge wealis proposed an@ new scientific approach is established to accuraaely
efficiently measure the mill length on a laser tool setter

1 In Chapter 4the actualkinematic modebf a sixaxis belt grinding CNC machwvéh
a customized ad@n probeis built Using this model along with a specially designed
artifact can faciliate the simultaneous calibration of the probe position and the
machine geometrerror.

1 Chapter 5 conducts eonclusion.
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Chapter 2 Precise Mathematical Model for Computer
Simulation of Gaugingvith On-machinelaserTool Settersin
Practical Situations and Its Application in the Calibration

Process

2.1 Introduction to on-machine tool setting

On-machine tool setting with laser tool setters is a process of determining cutter size (e.g.,
cutter diameter and lengthin the part machining process. This emerging technique is crucial to
improving part accuracy, implementing unmanned machining, addeing production time. In
machining of metal pariutters wear down with smaller diameters and shorter lengths. Before
Y OKAYAY3AsS (GKS YIOKAYyAald Ylydztfte YSIFadaNBa (K
in their values to the machine ctml. After machining some parts, a cutter wears down. Then,
the machinist has to unclamp the cutter from the spindle, measure its size with the presetter,
key its offsets into the machine contraind put it baclon the spindle. It is very timeonsuming
and inconvenient for the machinist to set cutters with a presetter, so they often do not set the
Odzi 6 SNEQ 6SIFNJ 2FFasSda Ay YIOKAYyAy3aod | 2y &Sl
compensatedin part machining, resulting in large machining errorfieréfore, in the
manufacturing industry, it is in high demand that cutters are regularly gaogedachinein the

part machining process to cut parts accurately and precisely.
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At present, many CNC machining centers have laser tool setters installed. There are two
systems of laser tool setter: the fixed and the separated systemsKgpge2.1). The fixed
system has the transmitter and the receiver uritsused within a single assempbnd the units
are less than 400 mm apart (sdggure2.1(a)). The sepated systemhas an individual
transmitter and receiver assembliesnd they can be 2000 mm apart (degure2.1(b)). Under
the perfect lab conditions, the tool setting precision of the laser tool setters reaches 0.1 micro,
which is much better than what the industry requests. Thus, machinists désitahey can
quickly and accurately gauge cutters-orachine with laser tool setters, instead of manually

setting cutters with offline presetters.

(@)
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(b)

Figure2.1 (a) A fixed system of laser tool m' and (b) a separated system of laser tool

setters.

Due to the quality hardware of the laser tool setters, their physics mechanism can ensure
precise tool setting. However, the conventional geometric mechanism of the laser tool setters
hypothesizeshe ideal situation, such as the measuring i®d perfect cylinder, the axes of the
spindle and the cutter being concentric, and perfect alignment between the laser axis and the
machine coordinate system, in gauging the laser axis location and the siziter This geometric
mechanism includes (&hen the measuring rod blocks the laser beam by 50%, the shaded area
generated by the rod blocking the laser beam is half of the circular area of the laser beam
projection on the photodiode, the-Zoordinate ofthe laser axis reference point in the machine
coordinate system is determined; and (b) when a cutter blocks the laser beam by 50%, the shaded
area generated by the cutter blocking the laser beam is half of the circular area of the laser beam
projection onthe photodiode, the cutter length is determined. Unfortunately, in practice, the

conventional geometric mechanism cannot accurately determine the coordinates of the laser
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axis reference pointandthecuttés A T S&% F2NJ SEI YLIX Sracy (aigeBthan2 2 t & &
+0.02 mm) and long time (longer than 90 seconds) in tool settiigerefore, many laser tool

setters are seldom used by machinists.

The ideal situation assumed in the conventional geometric mechanism is unrealistic and
different from the practical situation. The practical situation refers to the aveigquggaity end
measuring rod, the concentric error between the axis of the spindle and that of the cutter,
misalignment of the laser beam, the coordinate error of the laser axis refereviog, prregular
shapes of the worn cutters, and long measuring time, etc. Thus, the geometric mechanism in the
practical situation should be developed. Few people have investigated the geometric mechanism
in the practical situation, and there is not atgchnical article about the geometric mechanism.
Since he geometric mechanismignificantly affects the accuracy of tool setting, it is necessary

to investigate the geometric mechanism in the practical situation.

Thissectiontakes the initiative tonvestigate the geometric mechanism of determining the
Z-coordinate of the laser axis reference point in the practical situation. In this work, first,
literature about ormachine tool setting is reviewed. Secoadew mechanisnfior gauging laser
axis refeence point is developed, and an approach to calculating the rod origin in the tool setter
coordinate system is proposed. Then, an applied mathematical model of calculating the area of
the shaded region on the receiver screen is established. The mdtlbeveipplied tahe newly

proposed calibration process fdetermining the coordinates of the laser axis reference point in
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the machine coordinate systentinally, thismathematicalmodeland the calibration methods

are verified withcomputer simulationgnd experiments

2.2 Comprehensiveeview on literature about on-machine tool setting

Laser tool setters have been usedhe industry for several years. A laser tool setter consists
of a transmitter and a receivg®, 53, 54] each has anicro-hole, andthey are aligned Thelaser
diodein the transmitteremits alaser beam fronthe micrahole through the micrehole inthe
receiverto the photodiode[55]. Generallythe parallel light source is usegdnd the laser beam
diameter is 0.2 mmThe optical poweof the laselis 1 mW andits wavelengths670 nm Sveral
companies guch asRenishaw, Heagon, and Heidenhain) produce laser tool setters, and they
focus on thereceiver photodiode quality and the mictwle design. The designs of the micro
holeswere patented; airflow is continuously ejectingith speedover 250 m/s from the micro
holesto prevent moisturérom coming inside, and the mic#oole in the transmitér narrows the
laser beam. Thus, this laser beam is very concentrated with high intensity, and it is insusceptible
to random environmental influencgs5]. The lab test results conducted by Renisliaé] and
many other lab test resultf3, 54]demonstraed that their laser tool settersvere very reliable
with 1M NB LIS G F 6 A £ A (& @ [57,88disalasd thegnieasuring mehghisma of
Renishawaser tool setters. A photodiode in the receiver detdbisintensity of thelaser beam.

In measuring, when a tool blocks the laser beam, the laser intensity on the photodiode drops
and the amount of drop is monitored with a circuit. The circuit samples the photodiode voltage

at a rate higher than 96 KHZAn algorithm continuosly ruming in the circuit identifes the
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pattern of voltage dropwhichenables the laser tool settdo reject erroneoudaserblockng by
coolant droplets or debris At the moment thelaser intensitydrops 50% of the original laser
intensity, the photodiode voltage increases to the threshold, ahd circuit immediately sends a
signal to themachine contral Parket al. [58] studied a photodiode propertyWhen an object
occludes the lasdseam the kserintensity on the photodiode imverseproportional to the ratio

of the shaded areaverthe original laser area on the photodioddhe kserdiffraction could
slightly influencethe laser intensity on the photodiode §%. In addition, the photodiode
voltage is linearly related to itaserintensity. Leeet al. [59] developed a lasemicro-tool setter
based onthe laser Fresnel diffraction. Their research studied the relationship among the
photodiode laser intensity, the photodiode voltageand the microtool shadow on the
photodiode. They found that thelaser intensity reduction due to the lasdiffraction could be
neglected when théool was significantly larger than the laser beam and the photodiode voltage
was linearly related to the dser intensity. If the tool diameterwas less han 1 mm, this

relationshipwas not linear and the nonlinearity increaskas the tool diameter decreade

Gonventional thought is that the hardware of laser tool setters determines accumady
precision while thereal measuring situationdo not affe¢ them. Up to now, little research has
been conducted and published on how the real measuring situations affect accuracy. a@enish
[66] assumedhe ideal measuringituations: (a) the geometishape®f the end measuring rod
and the tools are cylinders and (b) the laser tool setter is perfectly aligned. Then, Be&nish
noticed that this assumptionouldcausetool measuementerror, and Renisha\\b6] and Leeet
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al. [63] calculated tool measuement error due to misalignment ofa laser tool setter.
Unfortunately, they did not consider the geometric errors of thels, the end measuring rad
and thdr concentricityaboutthe spindleaxis Liet al. [60, 67]established the geometric model
of rotating tools with the spindle runout and predictéide mechanicsf cutting with the tools

In practice,an end measuring roar a tool has arounded edgeat the bottom Hoffmann and
Hopcroft[68] modeled the fillet surface of the edgevith implicit equations Theygenerated a
fillet surface bysweeping aamily of curves. Chiyokura[69] proposd a methodof blending
polyhedron sirfaces. Choi and J{i70] used the rolling ball methodo model a fillet surfacef a
rounded edge.They construetd a blending surfaceby sweeping rational quadratic curves along
the intersectionsof the offset surfaces of parametticectangular patches.Their method is

effective forconstructing blending surfaces

The measuring mechanism thatoolor an end measuring rodlocking the laser bearand
forming a shaded region on the photodiodan berepresened geometrically byprojecting the
tool along the laser directioonto the photodiode. The literature about calculating the object
projectionandthe boundary and the area of the projection regisneviewedhere. Tokuyama
and Bag71] and Elbef72] proposed methods of computing the silhouette curve of an object
alongaprojection direction. Tokuyama and B@éd] defined the isocline curves of a surface with
a draft angle, and Elbd72] specified that when the draft anglas zero, the isocline curves
became a silhouette curve. Some silhouette curvesare highly nonlinearand should be
represented with advanced methodsTo display algebraic curggArnon [73] employed the
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cylindrical algebraic decomposition algorithm to determine the topological structure of an
algebraic curve. Sutcliffé4]traced the curve in a region by connectihg positive and negative
valuesof the curve functionwith lines. Chandlef75] proposed a pixebased curve tracing
algorithm without calculahg partial derivatives of the curveTokuyama and Bg&1] proposed

a curve tracing algorithray compuing points ona silhoudte curvewith the gradient methods.

To findthe boundary of an object's normal projection region on a plahe homogeneous
transformationsfor points on the silhouette curves of the objeatere derived in[76]. The
boundaries of the shade regions could intersect with each otlsertherland and Hodgmdii7],
Vatti [78], and Greiner and Hormanfv9] proposed three polygon clipping methods. In
{ dz0 KSNI | YR I[Af]Rethod fRedckplpgly@dris traversed, and each side of the clip
polygonis extended infinitely. Tests for the vertices of the subject polygon to the extended line
are carried outand only those vertices on the visible side fd subject polygon are kepiTheir
methods are suitable for convex polygons.| (i [f8] @ridereda scanline methodo handle
concave polygonshowever, itis complicated79]. Greiner and Hormanii79] simplified the
processof finding polygon interseabns Their method gathers the portions of sides of each
polygon lying inside the other polygoithis method outperform+ I G G A Q& YS{i K2R | ¥R
concave polygons. However, it fails in degexte cass. These techniques are needed to test if
the projected end measuring rod intersects with the laser beam esesion. Besides, a paper

about computing the area of a region with a polygon boundary is reviewBeyer [80]
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documented the expression for calculating the area of a closed polygon without holes and self

intersection, given its vertices along the contour.

Studies have shown that the las®ol setters suffer from several error sourcespractical
application, including their installation misalignment and tool geometric difference. Other
sources include the lowuality measuring rods, the machine spindle Haut [60, 61] and the
spindle sped and the feed ratg56]. Unfortunately, these error sources are ignored by the
current applications of nowwontact laser tool settef62]. Milton et al. [64] designed a set of
experiments based ontatistical analyses$o identify the bestfeed rate and spindle speefr
referencing lasetool-setters Their method is experimentally based and does not calculate the
measurenent error due to the error sources. Unfortunately, there is no research on a completed

tool setting model using laser tool setters.

2.3 Development of new mechanism of determiningcordinate of laser axis
reference point in practical situations

2.3.1 Introduction to the conventional mechanism of gauging with laser tool setterndeal
situations
The conventional mechanism of gauging with laser tool setter is based on a premise that its

setup and the gauging process are in the ideal situation. Rilsser tool setter is set up on a
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CNC machining center in the ideal situation, which is showfrignre 2.2. The machine

coordinate system XY, Z, Q,, m for machine) is illustrated in this figure (not at the correct

location). The transmitter emits a laser beam to the photodiode inside the receiver, generating
a red circular region on the photodiode. According to the specification of the laseretter,s
the laser beam diameter is 0.2 mm. So, the diameter of the red circular region of the laser beam

projection is 0.2 mm. The axis of the laser beam is perfectly aligned witK jheaxis(in special

cases, the laser beam car mstalled to align with th&/_ -axis).
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Figure2.2 Alaser tool setter iperfectly set uppn a CNGnachiring center.

Second, the gauging process is in the ideal situationKgpee2.3(a)). The end measuring

rod is in the shape of a true cylinder. Its lendgthrefers to the distance between the spindle
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reference pant and the rod (bottom) center, which is gauged otoal presetter. The measuring

rod is clamped in the machine spindle and the machine spindle does not rotate in measurement.

The z-coordinate of I 4 |
the laser axis
inthe machine

coordinate system

(a)
7 The rod axis coincides
" 1with the spindle axis.
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Figure 2.3. (a) The spindle reference point is at an origin of measurement, (b) the
conventional method of gauging thé&coordinate of the laser axis reference point with the
measuring rod inHe ideal situation, and (c) the conventional mechanism of gauging withr lase

tool setter.

Then, the conventional mechanism of gauging theod@rdinate of the laser axis reference
point O 870, ,."Q.,, " Q.. TE in the machine coordinate syste(seeFigure2.3(b)). Here, two

terms are defined. A laser axis reference point is defined as a point on the laser axis and near its
midpoint, at which position and orientation of the laser beam axis are gauged and represented
(seeFigure2.3(b)). Origin of measurement is defined as a position for the spindle reference point.
When the spindle reference point reaches an origin of the measurement, the measuring rod is
near the laser beam, and the measuring rod starts to gauge the laser axguie2.3(b), the

origin of measuremeng, is planned to be righabove the laser axis reference point, and its
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coordinates in the machine coordinate system are denote® &R, ,,"R " B, Tf (m for the

machine coordinate system).

The gauging process includes the following four steps. (1) The machine spiovds m

quickly so its reference point reaches the origin of measurenignt (2) The measuring rod
moves slowly along the negati&, -axis towards the laser beam, blocking the laser beam from

the receiver anddrming a shaded (black) region inside the red circular region on the photodiode
(seeFigure2.3(c)). The shaded region refers to the black circular segment of theirealar

region split with a secant of the rod bottom projection. The shaded region of the rod projection
is regular. The laser intensity on the photodiode is gradually reduced. (3) When the laser beam
is blocked by 50%, the shaded argthe black ciralar segment becomes half of the red circular
area, and the spindle reference point reaches a point (8gare2.3(c)). Here, itis called a gauge

point Rj (the apostrophe means gauge point). At this moment, the laser intensity drops below

the thresholdof the photodiode, the phatdiode generates a largeoltage to trigger its circuit
sending a signal to theachine contrdb3-55, 66] and he coordinates of the spindle reference

point in the machine coordinate system are immediately recorded by the machine control, which

"R

% Tﬁ (4) The xoordinate of the laser axis referenpeint

is coordinates oFj g"Rj, "R,

in the machine coordinate system is determined as

"Qs.="R, -L (2.1)
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This is the conventional mechanism of gauging with a laser tool setter in the ideal megasuri

situation.

Finally, the conventional method of gauging tool length in the ideal situation is explained
(seeFigure2.4). Inthe ideal situation, any tool is in telkape of a perfect cylinder and is clamped
in the machine spindle concentrically. In gauging, the tool rotates about the machine spindle

axis. Similarly, the machine spindle moves quickly to a planned origin of measurg(@nfor
tool), then moves slowly along the negatig -axis towards the laser beam. When the tool

blocks the laser beam, the shaded region of a circular segment is formed in the red circular region
on the photodiode. When the todllocks the laser beam by 50%, the area of the shaded region
¢ the black circular segmerttis half of the red circular area (s€gure2.4). At the same time,

the spindle reference point is at the gauge poifjt, and the coordinates of the spindle reference

point in the machine coordinate system are recorded as the coordinates Tjof

g’“'lgyx " ", TE. The tooléngth L, (t for tool) is determined by

L="T, -"Q, (2.2)

It is evident that the accuracy of thecpordinate of the laser axis reference affects the accuracy

of the tool length.
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Figure2.4. The tool length is measured on a laser tool setter in the idastsin.

2.3.2 Analysis of the practical situation of laser tool setters, end measuring rods, and tools
In machine shops, the ideal situation of laser tool setters, end measuring rods, and tools does
not exist, while the practical situation is quite diféett. Therefore, a new mechanism has to

consider the practical situation, which is explained as follows.

First, misalignment of a laser tool setter cannot be eliminated in its calibration, especially for
a separated system of the laser tool setter. Whiea transmitter and the receiver are set up on
the machine, it is very difficult to adjust the transmitter and the receiver so that the laser axis is

aligned to theX, -axis. Thisnisalignment cannot be eliminated in practicén this work,the
angle between the projections of the laser axis on a horizontal plane an&theaxis is called

yaw anglea , and the angle between the laser axis and a horizontal plane is called pitiehang
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(seeFigure2.5). Because of its misalignment, the laser axis is not perpendicular to the axis of the
measuring rod, so # calculation of the rod projection along the laser axis is complicated. The

new mechanism should be investigated by considering this misalignment.

Ym
Xm

In a plane parallel

to XmYm plane Reciever
) -
Transmitter ____-5—@
\\\ e _:_‘..—;:7‘:_ ,,,,,,,, 3
& Parallel to Xm Yaw angle

(a)

Zm
Lm Reciever

Pitch angle (8)  e=
| etk M*H‘ﬂ

LS ' Parallel
to XmYm plane

Transmitter

Figure2.5. Definition of the pitch and the yaw anglestbé laser axis.

Second, the practical situation of the end measuring rod is the main source of-the Z
coordinate error of the laser axis reference point. The conventional mechanism assumes that
the end measuring rod is in the shape of a perfect cylinder. However, thi¢arddsurface is a
cylinder, the rod bottom plane could be oblique to the rod axis, and the rounded edge is a fillet
surface between the flank and the bottom (s€éégure2.6). The actual shape of the end
measuring rod determines the shaded region of the rod projection, which cannot be ignored in

the new mechanism.
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An end measuring rod

]: Flank surface
: (Cylindrical
surface)

Rounded edge

Bottom surface
(Circular plane)

Figure2.6. The geometric shape of an aetl end measuring rod includes a cylindrical

surface, a bottom plane, and a fillet surface.

2.3.3 Establishing a new geometric mechanism of gauging in practical situations

The conventional mechanism mentionedtive Section 2.3.Xannot precisely represén
the geometric natures of gauging with laser tool setter in the practical situation. One of the
geometric natures is that the shaded region, inside the red circular region on the photodiode, is
irregular with a curve border; while the conventional mecisam hypothesizes that the shaded
region is a regular circular segment (d&gure2.3(c)). Another geometric nature is when the
area of the shaded regn is half of the red circular area, the rod bottom center, and the laser
axis reference point do not share the sameaordinate; while the conventional mechanism
assumes the rod bottom center and the laser axis reference point share the saawdinate
(seeFigure2.3). Therefore, the area of the shaded region antbdrdinate difference between
the rod bottom center and the laser axis reference pahould be calculated. In this section, a

new geometric mechanism of gauging with laser tool setter in the practical situation is developed.

36



Based on this mechanism, an accurate approach to calculating -to®rdinate of the rod
bottom center in the tod setter coordinate system is proposed in this paper. With this
information, the Zcoordinate of the laser axis reference point can be accurately determined in
the machine coordinate system using kinematics chains which are described in Section 5. To
establish a new geometric mechanism of gauging with laser tool setter in the practical situation,
precise mathematical models of the laser beam and the measuring rod should be established in
a virtual gauging configuration. This configuration truly represémsgeometries of the laser
beam and the rod and their relative positions, so the gauging process can be simulated using a

mathematical method.

The construction work includes the following three steps. First, a tool setter coordinate

system K.Y, Z, Q, ts for tool setter) is established, and the laser beam geometry is modeled.
The originOQ, of the tool setter coordinate system is set at the laser axis reference point. The
X<- Y -and Z -axes are parallel to th& -, Y, -and Z_-axes, respectively (sdagure2.7).

In the laser tool setter calibration, the pitch and the yawa angles of the laser axis are known.

Thus, the geometric model of the laser beam is constructed in the tool setter coordinate system,

shown inFigure2.7.
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Figure2.7 In the virtual gauging configuration, the actual laser beam and the actual

measuring rod are modeled according to the practical situation.

Second, the actual measuring rod is modeled. The geometry of the actual measuring rod
consists of a cylinder, a rounded edge, and a bottom plane. To obtain the rod geometry, the rod
is tightened in a collet chuck tool holder and is gauged with a pres@&teFigure2.8) and a
coordinate measurement machine (CMM). On the tool presetter, the tool holder coordinate
system is established. Then, the raglf the rod flank cylinder, the radius of the rounded edge,
and the maximum length of the rod are measured. The rod bottom plane including the rod
bottom center and its normal vector is measured and computed using a CMM. The maximum
length of the rod is reasured on the CMM again to convert the bottom plane geometries to the

tool holder coordinate systemX,, Y, Z, @, th for tool holder). Now, it is important to place the

rod geometric model in the virtual gauging configuration. Since thehm& spindle does not
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rotate in measurement, the measuring rod preserves its orientation with regard to the laser
beam (sedFigure2.9). The normal dection of the rod bottom plane remains the same during
measurement. Based on the position relationships among the tool holder, the machine, and the
tool setter coordinate systems, the rod geometric model can be transformed in the tool setter

coordinate sgtem (seerigure2.7).

Tool presetter

rod

Collet chuck tool
holder

ed in the tool holder
dinate system.

Figure2.8 The end measuring rod clamped in the collet chuck tool holder is measured on

the offline tool presetter in the tosholder coordinate system.
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The normal direction of the ro
bottom face is fixed in the machi
coordinate system.

Figure2.9 The geometrynodelof the end measuring rodgnountedin the spindle in the

virtual gauging configuration.

Third, this configuration is based on the tool setter coordinate system and the laser beam
model. The actual measuring rod model is placed on the origin of measurement with the correct

orientation. Tlerefore, the virtual gauging configuration is completed (egure2.9).

Based on the virtual gauging configuration, a new geometric mechanisnuginggthe z
coordinate of the laser axis reference point in the practical situation is explained here. From the
origin of measurement, the rod is fed slowly towards the laser beam, blocking the laser beam
from the receiver and forming a shaded black regam the photodiode. This shaded region is

generated by the rod projection and is inside the red circular region of the laser beam projection;
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the shaded region and the circular region are split by a curve of the rod bottom projection. It is
important to know that the shaded region is irregular in the new mechanism, while the shaded
region is regular in the conventional mechanism. The laser intensity on the photodiode is
gradually reduced. When the spindle reference point reaches the gauging poinhambd
blocks the laser beam by 50%, the area of the shaded region is half of the red circular area, and
the shaded region is split by a curve with the red circular region fsgare2.3(c)). At this
moment, the laser intensity is equal to the threshold of the photodiode, and the receiver circuit
is triggered sending a signal to the machine control, and the coordinates of the gauge point in
the machinecoordinate system are immediately recorded by the CNC controlHigeee2.3(a)).

Since the shaded region is irregular at this moment, teeadinates of the rod bottom center

and the laser axis reference point are not the same [8gare2.10). As a result, the-eoordinate

of the laser axis reference point cannot be determined. Therefore, it is necessary to calculate
the difference of the zoordinates betweerthe rod bottom center and the laser axis reference
point, when the spindle reaches the gauge point in the computer gauging simulation, in order to

determine the zcoordinate of the laser axis reference point.
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shaded region in the red circular region.

2.3.4 Proposing a new approach for computer simulation with virtual gauging configuration
Based on the abovmentioned geometric mechanism and the virtual gauging configuration,

a new approach for computer gauging simulation is propoSdtk objective of the simulation is

to compute the zcoordinate of the rod bottom center in the tool setter coordinate system when

the spindle reaches the gauge pointhe simulation process is as follows. The rod starts from

the origin of measurement and moves down to the laser beam. By using the Golden section

method, each step in the gauging path is calculated. At each stepreheofithe shaded region

is calculated. If the area is null, the rod does not block the laser beam. A large step is followed.

If the area is not null but less than half of the area of the red circular region, the rod blocks the
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laser beam. However, thepindle does not reach the gauge point. Through iteration of
computation, the gauge point could be determined, and the area of the shaded region is a half
of the red circular region. Thecpordinate of the rod bottom center in the tool setter coordieat
system is calculated. In this approach, the kernel technique is to calculate the boundaheand
area of the shaded black region of the rod projection. Due to the complex geometric shape of
the rod and misalignment of the laser axis, the conventiomethod cannot accurately calculate

the shaded region. A new mathematical model of calculating the shaded region in the practical

situation is proposed in the next section.

24 New and accuratemathematical model ofcalculating shaded region in

practicalsituations

2.4.1 Mathematical representation of end measuring rod geometry in the tool holder

coordinate system

The end measuring rod is clamped on a tool holder and based on the geometric model of the
end measuring rod in the virtual measuring configiom, the geometric representation of the
end measuring rod in the tool holder coordinate system can be formulated. The geometry and

dimension notations of an end measuring rod are introducdeéigure2.11. First, the tool holder

coordinate systenX, Y, Z, Q is established on the tool holder reference cenfgy, . The X, -
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axis is along theenter of the tool holder keyway. Th#, - axis is along the tool holder axis. The
Y, -axis is defined by the rigitand rule. The rod geometry is expressedXjny, Z, @ and it
includes a cylidrical surfaceF;, (c for cylindrical), a fillet (or chamfer) surfage(f for fillet), and
a bottom planeF, (b for bottom). The distance between the rod bottom plane certer(r for
rod) andO,, isL,. O, is on the tool holder axis. The radius of the rod flanR i for rod). The
unit vectorn, (b for bottom) is the normal of the bottom face in the tool holder coordinate

system. The cylindrical surfaég and the bottom planek, are connected with a fillet surfade.

The corner radius of the fillet surfaceRs(f for fillet).

Zth

ool holder

Lr

Figure2.11. lllustration of an end measuring roénd thetool holdercoordinate system

X0 %o 0 Q-
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¢CKS LI NYYSGONRO Sljdzr 6A2ya 27F X K% QNReRUpposed dzNJF | C
the cylindrical surfacd- starts from theX, Y, plane and it isparametrically represented as

E(hu). E(hu) in X, Y, Z Q can be written as

éR (eosu
:éR Ginu

& h

g 1

"E (hu) (2.3)

where ul [0,360deg, h [h,0]. h is the lower limit of the cylindrical surfade . It depends on

both the parameteru and the shape of the fillet surfade.

In X, Y, 4, @, the bottom normal vecton, can be expressed as

n, = (2.4)

where ; is the angle betweem, and its progction on theX, Y, plane ands is the angle
between the projection ofy, on the X, Y, plane and theX, axis.The rod bottom planek,

passes througlD, and O, in X, Y, 4, @ can be written as
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€0
"Q =€ (2.5
&L,
€1
The rod bottom plane iX,, Y, 4, Q is
x@oy €dst y+cod)y sin §z L)+ sirn Q (2.6)

The fillet surface: is found by sweeping a sphere with the radius of the fllealong a
curve. This curv€,, is generated by intersecting the offset cylindrical surfecend the offset
bottom planeF, . The offset amounts for both surfaces are egBal Then, theiflet surfaceF
is generated as a circular ed@®, (C for curve and ce for circular edge) with a radius

sweeping alondz,, (seeFigure2.12). C, is a rational quadratic curve.

AView

Figure2.12. lllustration of the modelling of thend measuring rodillet.
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The offset surface of the cylindrical surfakeeis F, (o for offset and c for cylinderical), and

2(R - R) s u

" (hu)= 4R~ R) dnu (2.7)
é h
g 1

wherehi [ - g 4, ui [0,360deg. The offset surface of the bottom plarfg, F, (o for offset

and b for bottom), is
(x- R oy 06'31) cosf')z‘(y R cos j@'l) z‘s'("D( z O R +si)1+ tan 0 (2.8)

The intersection curvé&, of F_andF, in X, Y, £ Q is

g (R- R) édsu
o w)=¢ (R-R)on 29)
REY 4+ Q @
& 1
where
B . cost
Q —(( - R) cas u R cogO cos) (tsaﬁ (2.10)
B ] e in
QZ—((R Fg) sl u RcogO smz) téan_j (2.11)
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and ui [O,360ded|. A circular edg&,, sweeping along this curve generates the fillet surface.
C. can be modeled by using the rational parametric equation of conic curves, which requires

three controlled vertices as input. The followings derive the equation for these three control

vertices.

A sphere with a radiuB is centeral at a pointO; (f for fillet) on the intersection curves .
The sphere is tangent to both and K, at P, and P, (v for vertex). These two points are two

control vertices ofC,. P, in X, Y, £, @ is found as

e R @osu
e
7 Ginu
"Rolt) =8 oy @12
RGy + @ @
e
é 1
SinceF; is a plane with a normal unit vectog, P, in X, Y, 4, Q is found as
"R,(u)="0(u) R "G,
@(R- R) ésu R cop cosl
é
-é(R - R) $nu R coP sintC (2.13)
—é
é -L -Q Q
& 1

Construct a tangent plane tg at P,and this plane will intersedg , resulting in a line. A plane

defined by O, , P,and P, will intersect the previous line aB,, which can be found in

X Yo 4 @ Dy
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_1, th 1. andn 1§, the=
W)= R MR g, R g 4T o) @14

vwheren,(c for cylinderical) is the unit normal vector Bfat B,. n_in X, Y, 4 @ is found

by

(2.15)

P,, P,and P, are functions of the parameteti, where ui [0,360ded and these three
points are used as the controlled vertices of the rational parametric equation of a quadratic

curve C,. WhenC,_ is an arc with a radiu& connectingP,, and P, centering atQ, , its

equation inX, Y, Z, Q is

(1-v)" €R, 2+cof) (u)) (1 Wv R, & OF,

2.16
1v2€cﬁls(/u)1@v-\fo+ 219

thC()

cos*("n,O'n,)

where vi [0,1] , /(u)= and / (u) is a function of the parameten. By

sweepingC, along G, we can find the fillet fac&in X, Y, 4, @ as

tth(u’V):(l-V) vou Z:COQ ) l\A))V P(Q © 2( ") 2.17)
(1-v) -Qc@s(/ ) 18) v VO +

where vi [0,1] and u [0,360deg.
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Finally, the lower limit boundary of the cylindrical surfe€és the locus oR,, when C_

is sweeping along;, and thus the cylindrical surfadg(h,u) in X, Y, Z Q is

&R @osu
‘R Ginu
thFC(h,U) = QR
€ h

é
e 1

(2.18)

where ui [0,360ded,hi [h,0] andh =R ¢n. L- Q- Q.

2.4.2 Mathematical representation of end measuring rod in tosktter coordinate system

By using the position relationships among the tool holder, the machine, and the tool setter
coordinate systems, the end measuring rod can be represented in the tool setter coordinate
system. The tool holder is clamped on the spindle. The tool holderemter point and the

spindle reference coincide. The tool holder axis also coincides with the spindle axis, which is
parallel to the machineZ_ axis. The coordinates dD,, in the machine coordinate system

represent the spindle location.

In measurement, the spindle orientation is maintained at all times,»§ndaxis forms a tool
holder angleg,, (th for tool holder) with the machine coordinate systeq) - axis (see Fig.14).
Since the tool setter coordinate system is parallel to the machine coordinate sy3{graxis

also forms an angley,, with the X - axis. At any momenthe distance along the spindle axis
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between the rod bottom cente®, and the laser axis reference poifi,is Z,(d for distance).

The transformation matrix fronX, Y, 7, Q to X, . 4 Q is

gcosg, -sing O O

é .
o\ _gSing,  cosg 0 0
"éo 0 1L+3%
€0 o o0 1

(2.19)

[
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| == Tealholder
keyway

Le i

O:

Zd

xf/ O“\\YE

Parallel to Xm
Figure2.13. lllustrationof the relationships among th®ol holdercoordinate system

X Y, 4, @ and thetool settercoordinate systemX Y. Z. Q.

At any moment, in the tool setter coordinate systetme rod bottom centelO, is represented as
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€0 o
€n U
_ éO U (2.20)
&, u
e, u
el u
The cylindrical face of the end measuring rod is represented as
*F(hu.Z)="M, OF(hy (2.21)
where ui [0,360ded,hi [ H, %, L #. “F is afunction ofz,.
The fillet face of the end measuring rod is represented as
*F(uv.z)="M, OF(uy (2.22)

where vi [0,1] andul [0,360deg. “F is a function ofz,.

2.4.3. Formulating equations of the area of the shaded region

CKS oYK 2y SR YSFadz2NAy3d YSOKFYAAY SYLKIFAATS
CNRY GKS 3IS2YSIUNARO LISNEALISHDEAGES YRE adzKk RI R NR.
O2@SNAY3I GKS NBR OANDdz  NJ NEIA2Y 02NJ GKS 1 as
0KS aKIFIRSR NBIA2Y A& RAFTFAOdAzZ G G2 O2YLMziSo
NBLINBaSylGl GA2ya RKS GKSH & dzNASyNd oNSPFRY FS/2RYSUONR S& A

a2aisSyx (GKS Sldzrdazya 2F (GKS NRBR LINR2SO0AZ2Y
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Suppose plan@’Lis the photodiode plane of the receiver, which is perpendicular to the laser
axis (sedrigure2.14). The laser ®am is projected along the directidy (L for laser and v for
vector) onto plane PL as a red circular region, and its bounda@y(isfor laser). The end
measuring rod is projected along the directibpon plane PL, and its projection boundaryds

(s for shape and p for projection). When the end measuring rod blocks the laser beam, a shaded
regionA (A for area) is generated in the circular region ompl®L. Geometrically, the shaded

regionAis bounded byC and G. To calculate the boundary and area of the shaded regfon
bounded byG and C,, first, the mathematical equations of, and G, are derived. The
boundary of the circular are@ on plane PL is a circle. According to directipnthe silhouette

C, (s for silhouette) of the end measuring rod is determined &ds projected onto plane PL
for the boundaryG,, of the rod projection on plane PL (sBegure2.14). Second, the boundary

of the shaded region in the circular area is found. Then, the area of the shaded region is

calculated. The mathematical modslestablished step by step in the following.

¢KS I &SN oppintivg fiam & @s@rit@oly/setter transmitter to its receiver

photodiodeA & NXB LIMIhé tBoy séteiRcoordinate systein &seeFigure2.14)
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ecosb Ccosa
~cosb Csina
sinb

0

D

S, = 2.23)

D>~ D~ (D

¢ KS YSI &dzNR y BerpeRdrouldriNhel&E axisRisfepresented by its projected
boundary, G, (see Figure2.14). The boundary curv&, can be obtained by first finding the
silhouette curve of the end measuring rod along the lase& I direction L, , (C, in Figure2.14)

and then projecting this silhouette curgey  ghét&liode plane.

Figure2.14 shows the laser beam, the end measuring rod, and their geometric relationships.
In Sectior?.4.], the coordinate system of the laser tool setter is constructed, and the parametric

equations of the cylindrical surfade, the fillet surfacer;, and the bottom planer, are derived.
According to the projection directioh,, the silhouette curve of the rod surfaces satisfies the

following equation,

“NYL, © (2.24)

where “N is the normal vector of surfaceg, Fand F; in the tool setter coordinate system. For
example, whenz, = Z, , the silhouette curve of the fillet surface can be determined with the

following equation,

fuv),_, * "N, &, ¢ (2.25)
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where tSNFf is the surface normal vector of the fillet surface in the tool setter coordinate system.

tSNE can be calculated as

SM:HWﬂwW&%n3ﬁHuW

Hu M

2 (2.26)

Since EQ(2.25) is an implicit equationa numerical method is applied to calculate the
parameters(u,v) of many points on the silhouette curve, and the parameters are substituted
into Eq(2.22) to calculate the point coordinates in the tool setter coordinate system. By
connecting these points, the silhouette cur’€, is determined Similarly, the silhouette curves

of the cylindrical surface are determined. Since the cylindrical surface, the fillet surface and the
bottom plane are smoothly connected, the silhouette curves of the surfaces are continuous and

smooth (sedrigure2.11) and the bottom face does not contribute to the silhouette curves.
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Figure2.14. Themathematical modebf calculating boundary and area of the shaded

region in the circular area

To calculate the shaded region A, the boundaries of the circular @eand the rod
projection G, should be determined. First, ghotodiode coordinate systertX,; ¥4 44 Qi pd
for photodiode)is establisheas follows. IrFigure2.14, the intersection pointO,; between the
laser axis and the photodiode plane is the origin. The laser axis i§ fleis, and the upward
axis on the photodiode plane is th&,axis. Thus, the relationship between the tool setter

coordinate and the photodiode coordinate system is as follows.

The photodiode coordinate system is obtained by translating the tool setter coordinate
system along the laser axis d'bsstanceLpd androtating it aboutZ_ by @ and aboutY, by - b.

Therefore, the transformation matrix from the tool setter coordinate system toghetodiode

coordinate system is

ecosa(xosh sinaCos b sin bl
e

g . -sina cosa 0 0

"M, =€ _ . (2.27)
e-cosa 6nbH sinasiW bcos b O
€ 0 0 o 1

Any point coordinates in thetptodiode coordinate systenk,, - Y, -4, -Q;can be found by
multiplying this matrix with the point coordinate® X, Y. Z in the tool setter coordinate

system.
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In Figure2.14, the laser beam projection on the photodiode is a circular area, so its boundary
is a circleC . When the end measuring rod is projected on the photodiode, the bounGgref
the shaded region is the projection of tis#houette curveC,. The equations of; and C, in
the photodiode coordinate system are derived here. Sinae loundaryG is a circle, its
parametric equationn the photodiode coordinate systens
e O
_Raos

eR Ging
e
g 1

PC (2.28)
where g i [0,360deg and R is the laser beam radius, which is specified by the tool setter
manufacturer. The equation ofC, in the photodiode oordinate system can be derived by
formulating the equation ofC, in the photodiode coordinate system and projecti@gonto the

receiver screenThus, the equation o€, is

o +r O O

%)
u
1o, @ (2:29)
u
u

o O +» O

The shaded regiorA is bounded by bouraries G and G, on the receiver screen. Its area

can be calculated based on its boundary. According taZ2g) of G and Eq.(2.29) of G,
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boundary G is represented with a polygoRoly. , and boundaryG, is presented with a polygon

Polycsp. Then, a weléstablished method of calculating polygon intersection is applied, the
intersection between polygonBoly, and Poly(\sp is found. The boundary polygd?oly, of the
shaded region A is obtained by trimming polygéay. and Polycsp. Suppose the vertices of

polygonPoly, are (¥;,z),(¥,.2) = X¥z.z,) . AweHestablished method of calculating the area

of a region according to its polygon boundary is adopted. The area of the shaded rezaan A

be calculated as
.t

acl al Y,
2z %

The circular area of the laser beam projection can be calkedlas

‘yﬁg 2
2 3

Yoo W
2.30
r7n+J @39

A=R g (231

The ratio between the area of the shaded region and tineutar area is

h= 2.32)

A
A

The equations of the mathematical model areigted, and this model is generic and accurate
in calculating the area of the shaded region in the circular area during tool measurement. In
practice, the end measuring rod has geometric errors, and it is clamped in the spindle with runout.
The laser beansannot be calibrated with perfect alignment with the machine axis. Under this

58



circumstance, the shaded region is irregular and its area is difficult to calculate. Fortunately, with
this model, the area of the shaded region at any moment in laser bedibratégon and the rod
measurement location can be accurately and efficiently calculated. This model is a fundamental

theory in tool measurement with the laser tool setter.

2.5 Establishing an accurate approach to determining Z coordinates of tset
axis reference point in the machine coordinate system

2.5.1The kinematic chain of gauging system
Prior to the determination of the Z coordinates Of, , its X and ¥ coordinates are determined.

Generally, the end measuring rod uded calibration has high precisions in the radial directions

and thus this research assumes the conventional calibration method can accurately determine
the X and ¥coordinatesofO, .¢ 2 RSGSNX¥AYS (KS ¥ Or2 NRBYSINSEOS

O,AYy GUKS YIOKAYS O22NRAYIFO0S aeadaSys Iy SyR YSI

FYR GKSy G4KS / b/ YIFIOKAYS Y2@0Sa GK ALIAYRES |y

3 dzZ3sSa G4KS fFasSNJIFEAAD

¢CKdzAZ (GKS {1AYSYIFOGAO OKFAY 2F GKS 3L dz3Ay3a &ae:
ALIAYREST GKS YSIFadzaNAy3I NRPRI FYyR GKS €FaSN) (221

A

O22NRAYIGS a2adSYT GKS 022NRAXY 4 §)Za &iXKISS YaLIAIYNE
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XYZQOE (KS 0@RZ QKRYRSNES G22f aSiXSNG @2 20NFBASY |
Figure2.150 ® tKS O22NRAYI (S XpvaziGrxa OBaBl kSFAKSR
YIEOKAYS aSdadz2l o0& (KSXYVWZIQOKA Y § Y IVE § AT KD U azNIESIBALIA
NEFSNByYy OS -maiAyWh BE5ay R NBG aJ NI £ £ St RY4KQ® O KRB A
022t K2f RSNJ O22NRAYI (S aeadsSy A4 2QiboREIKYBR
Fd GKS f1 &SN FEA& 1ENS Y BNES/EO S NER ALMGNSE fHSAR (A20 &l K

2%, Y4 QP

I'da

m0s = [XJ",‘l YJ",‘l Z’s] i
Zth{Zs)

Paralle ' Foolholder

keyway

Lr
Laser beam
Center of the rod
1 ~" bottom face
T S
Z’d Xis 7 0w~

ts o ..\yis

-
Parallel to Xt

Figure2.15. The kinematic chain of the gauging system.
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2.33

1]

o O +» O
o r O O

where X_,Y_, and Z_ are the coordinates of the spindle reference pointdpY, Z, Q when it
reaches the gauging point. Since the spindle axis are aligned with the laser axis reference point
in the Z direction and the X and Y coordinates of the laser axis reference point have been

determined to be™Q

s, X

and "Q,,, Eq(2.33) can be rewritten as,

& 0 0 "q,
e
0 10"
- 10", o3
€ 0 1 Z,
e
0 00 1

According to the definition ofX, Y, Z, @ the transformation matrix fromX,Y, Z, @ to

XY £ Qis
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2.35
& o ) (2.35)
g 0 0
and thetransformation matrixt NBXYY. Z Qto X, Y, 4, Q is
eco g,) sif g 0 0&l @0 O 0
e .
o :ésm(-qth) cog -q) O Og) 10 O' 2.36)
“é 0 0 1 06 0 1 -L -Z,
g o o o100 1
é

where Z, isthe Zcoordinate of the rod bottom center iXX, Y, Z, Q and it is obtained from the

computer gauging simulation described in Section 4, when the area of the shaded region formed

by the rod is 50% of the red laser beam circular area.

2.5.2 Mathematical representation of kinematics chain
CNR2Y GKS ++1020S aSO0A2yax YZ&S3 XIW3 § Xanibe Oa OK

established and the transformation matrix froX, Y, Z Qto X.Y, Z Q, is

ths =" Ms aMth ﬂm

ts

el 0 0 "Q, 4

€ m

_ E:zo 1 0 Q,, (2.37)
001 2Z-L-7

g 0 O 1

by 8, inX.Y, 7 Qis
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€0 o
%
OIS: NITS g) 3
é U
‘ ek u (2.39)
e mQS,X
é .

_é Q.
€7 - L -7
& L -7
é 1

This equation provides the means to calculate theodrdinates of the laser reference point in

the machine coordinate system.

2.6 Verificationand application

To verify the model and to demonstrate the significance of the proposed laser tool setter
calbration method, two case studies are presented. Case study | demonstrates the accuracy of
the proposed virtual gauging simulation and its mathematical model (described in S2etjon
Case study Il shows the validity of the calibration method (describe8ection2.5) with

experiments.

In all the case studies, the three end measuring regse used including one rod with a
bottom face perpendicular to the rod axis (known as a standard rod)waehd measuring ragl

with inclined bottom facesEach rad was clamped on different tool holders. The radii of the rod

flank cylinderR and the radii of the rounded edg@ for each rod were measured on a tool
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presetter. The bottom planes of end measuring rods were measured on a coordinate

measurement machine (sdagure2.16) and the geometries were converted into theotdholder

coordinate system. fe distance between the lowest point of the rod bottom afj, both on

the tool presetter and the coordinate machine for geometries information conversigns

calculated basedn the CMM measured geometrieall the rods have the samféank cylinder
radius of 5 mm. The rounded edge radii of the rods were quite smpthictice, not larger than
0.03 mm, as shown ihable2.1. For the two rods with inclined bottom faces, one had a bottom
face noticeably angled with regards to its axis and the other one was less inclihedod

parameters are summarized irable2.1.

Figure 2.16 Gauging the geometries of the end measuring rod with a coordinate

measurement machine.

Table2.1. Parameters of three end measuring rods.

Parameters Standard rod Rod #1 Rod #2
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Rod flank cylinder radiug (mm) 5 5 5
Rounded edge radiug (mm) 0 0.03 0.03
Angle; (degree) 0 89.922 88.041
Angler (degree) 0 127.71C 144.08¢
Distance between the rod bottom
133.70z 160.591 179.822

center andO,,, L (mm)

2.6.1 Case Study |
This case study renders two examples to demonstrate the proposed mathematical model can
accurately calculate the-@bordinates of the rod bottom center in the laser coordinate system

using a computernided simulation approach.

In both examples, the followwg verification methods were employed: First, the proposed
mathematical model and virtual measurement simulation were implemented with programs in
MATLAB software. This program was used along with the rod geometries and laser tool setter
misalignment inbrmation to calculate the -£oordinates of the rod bottom centers in the tool

setter coordinate systemZ, at the triggering instant for the three end measuring rod. The laser

projection shaded areas at the triggering instant were also recorded. To verify the calculation
results, 3D models were first built in SIEMENS RXdfware by using the calculated, and

the rod geometries data obtained from the tool presetter and the CMM. Finally, the shaded areas
were measured in SIEMENS NX&2eFigure2.18) and the equality was verified against the

calculated shaded area.
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In the first example, the laser beam was assumed to be perfectly aligned with the maehine X
axis, which means the pitch and the yawa angles are both equé) . The anglebetween the
X-axes ofX, Y, 4, @ and XY, 7, Q is g, =0". The initial searching values were selected to be
10 mm and the ramis of the laser beam waR =0.2 mm. A laptop computer with Intel Core i7

1.9GHz took about 3s to finish computing each case. 300 uniformly distributed sample points

were used to represent the silhouette curve described i(Z2p) and the computing accuracy

of the Z coordinates of the end measuring rod bottom center was ah6iftmm.

Table2.2 listedthe calalated Z, for the three rods and the corresponding laser projection

shade areas anthese resultsvere also plotted ifFigure2.17. The measured shaded areas were
also logged. It can readily be seen that the calculated shaded areas and the measured shaded
areas in NX for botbnd measuring rods equal to each other up to tive decimalplaces. Further
numerical comparison is not needed ta® modeling accuracy of SIEMENS Nb&ware for
displaying irregular curves (in this case, the irregular curve is the projection of the rod bottom
silhouette curve on the photodiode plane) is 0.0001 mm. This verifies the calculated z
coordinates for both rods were accurate. The resultEigure2.17 also showed that when the

end measuring rods with inclined bottom face triggered the laser beam, their bottom centers did
not coincide withthe laser axis, even though the laser beam aligned with the machipasX

Only when the standard rod with a flat surface was used to trigger a perfectly aligned laser tool
setter would the rod bottom center coincide with the laser beam axis. Additipithé maximum

calculated Z coordinates of the three rods (shown in bodble2.2 and Figure2.17) reach up to
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0.1376mm. If the geometry factors of the end measuring rods were ignored, as they were in
traditional calibration methods, the Z coordinates differences would directly influence the

accuacy ofthe calibration of the laser tool setter, rendering the calibration process erroneous.

Table2.2 The calculated Z coordinates of the end measuring rod bottom center in the tool

setter coordinate system antheir corresponding calculated and measured shaded areas in

examplel.
Z coordinates Shaded area )
Shaded area measured ir
calculated by the  calculated by the
. . , . . NX software
simulationso ¥2Q | simulations
Standard Rod 0 mm 0.06283mn7 0.06283mnr
Rod #1 0.0041 mm 0.06283mn7 0.06283mnr
Rod #2 0.1376 mm 0.06283mnY 0.06283mnr
(@)
0.2 Rod projection
0.15
8 Shaded area =0.06283mm2
7 0.1
. Z coordinates in OtsXtsYtsZis
° " 0.05 Z=0.004115mm  Rod bottom center projéction
5 Rod projection = o . (not coincide with Ots)
o 0.05 Laser beam center
g3
2 / 0.1
1 . / -0.15 Beam projection
0 . eBeam projection. 02
T ;; :1 11 [I] ,I’ 1I, [I; -0.2 -015 -0.1 -0.05 0 005 01 015 02
Ypd axis Ypd axis
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Zpd axis

(b)

Beam projection
® 4 2 0 . 2 4 6 02 -0.15 01 005 O0 005 01 015 02
Ypd axis Yod axis

Figure2.17. Simulation results of two end measuring rods blocking the laser in example 1;

a) simulation results for rod #1 and b) simulation results for rod #2.

@

Area=0.0628 mm®
// Perimeter=1.0283 mm

i

e

e shaded area
is 50% of the
Endm laser beam area.

Photo-diode
plane
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(b)

Area=0.0628 mm?
| Perimeter=1.0282 mm

The shaded area
is 50% of the
laser beam area.

mea

Laser beam hoto-diode

plane

Figure2.18 Verification of the simulated results of two end measuring rods blocking the

laser in SIEMENS NX for example 1.

A second example is rendered for further discussion and comparison. In this example, the

laser beam was misaligned with the machinexis. The laser axis has a pitch anglke0.283€

and a yaw angle& =0.624L. The progranwas run again with other parameters unchanged to
calculate Z, for the three rods and the corresponding laser projection shade areas. The results

were verified in the SIEMENS NX4@&ftware.

The calculated Z coordinates for eacld end their corresponding shaded areas are listed in
Table2.3 and shown inFigure2.19. It can be seen that using tlemulated Z coordinates at

triggering time to build the 3D model for each end measuring rd8IEMENS NX3 ZseeFigure
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2.20) could yield a shaded area that equals exactly 50% of the laser beam projection. This verifies
the accuracy of the simulation. It is also obvious that when the laser beam is misalighedev
machine Xaxis, even a standard end measuring rod is used for calibration, its bottom center does
not coincide with the laser beam axis. In this example, the distance between the bottom center
of the standard end measuring rod and the laser axa&ches0.0246 mm. tlis important to

compensate for these differences in the calibration process.

(a)
0.2 Rod projection
8
015
7 Shaded area =0.06283mm2
61 01
Z coordinates in OtsXtsYtsZts
50 Rod projection " 0.05 S Rod botiem center projection
o % ® (not coincide with Ots)
x 4 F o
© - 0
B 3 & Laser beam center
™ 0.05
2t -
S - 0.1
ol
0 -0.15 Beam projection
~Beam projection )
) L N n N N N
-6 -4 2 0 2 4 6 0.2
Ypd axis 02 015 01 005 0 005 01 015 02
Ypd axis
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0.2 Red projection
8 0.18
7 Shaded area =0.06283mm2
01
[ coordinates in OtsXtsYtsZts
. = 0.05 Z=0.02053mm Red bottom center projiction
5 Rod projection £ T & (not coincide with Ots)
5 g’
o N Laser beam center
] / 0.05
2
04 Beam projection
1
0.16
0
~Beam projection
P — . . N . 02
'E . 2 0 2 4 02 015 01 005 0 005 01 015 02
pd axis Ypd axis
0.2 Red projection
s -
0.15 Shaded area =0.06283mm2
r o Rod bottom center projection|
6 0.1 ¥ (not coincide withyOts)
o Z coordinates in OtsXtsYtsZis
51 Raod projection « 0.05 2=0.1119mm
=
$47 g
= 3l ﬁ Laser beam center
] -0.05
2 F
-0.1
1L
ol & -0.15 Beam projection
| Beam projection I
A 0.2
6 - 2 0 ? 4 6 0.2 01 ] 0.1 0.2
Ypd axis Ypd axis

Figure2.19. Simulation in example 2; a) resulits the standard end measuring rod; b)

results for rod #1 and 3) results for rod #2.

Table2.3. Summary of the calculated Z coordinates of the end measuring rod bottom center
in the tool setter coordinate sysm and their corresponding calculated and measured shaded

areas in example2.
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Z coordinates Shaded area

calculated by the  calculated by the Shaded area measured ir

simulations simulations NX software

Standard Rod 0.0246 mm 0.06283mn7 0.06283mn7
Rod #1 0.0205 mm 0.06283mnY 0.06283mn
Rod #2 0.1119 mm 0.06283mn7 0.06283mn7

(@)
Area=0.0628 mm?
Perimeter=1.0283 mm
X= Omm
Y= O0mm
| Z=0.0246 mm
he shaded area
is 50% of the
laser beam area.
Laserbeam
(b)
Area=0.0628 mm®
£ Perimeter=1.0284 mm
X=0mm -
Y= Omm » —
| Z=00205 mm e shaded area
is 50% of the
Y laser beam area.
Laser beam
oto-diode
plane
(©)

72



Area=0.0628 mm?
Perimeter=1.0282 mm

e shaded area
is 50% of the
laser beam area.

Figure2.20 Verification of the simulated results of two end measuring rod blocking the

laser in SIEMENS NX for example 2.

2.6.2 Case Study Il

Experiments were carried out in this case study to confirm the validity of the proposed
calibration method. The three end measuring rods were used to calibrate a laser tool setter
installed on a CNC machine. Two calibration scenarios were examined ¢gagkistudy: 1) the
tool setter is perfectly aligned and 2) the tool setter is misaligned. The verification methods for
these two scenarios were the following: 1) For the perfectly aligned caggg the standard rod
with conventional methods can deternerthe true Zcoordinates of the laser axis in the machine

coordinate system (sinc€, =0 in Eq(2.38)). The true Zoordinates would be used as the

benchmark. Other end measuring rods were used to determine the sact®idinates of the
laser axis in the machine coordinate system with the proposed method. Comparing the output

of the proposed method to thbenchmark can showcase the validity of the proposed method;
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2) For the misaligned case, since no currently available methods can determidetoedinates
of the laser reference point in the machine coordinate syst&ma check if using the proposed
method can yield the same outcome even though end measuring rods with different geometries

were used.

The machine in the experiment is a DMG CMX 56aki$ CNC machinEigure2.21) and its
spindle also pairs with S50 chucks. e anglebetween the Xaxes ofX,, Y, 4, @ and X, Y, Z, Q
is g, =0". Each rod was fed to triggered the laser tool seffére meaurement feed rate applied
gFa nYYKYAY YR (KS aLAYRf SaQ 2 NPé&Acdoldidate® y a | N.
of the spindle reference point iX,, Y, Z Q when it reaches the gauging poir,_, is obtained
from the CNC control. The coordinates of the laser reference point were determined using
Eq(2.38). Z, is calculated with the progm developed in SectioR.5. The experiment was

repeated 3 times.
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Figure2.21. The machines used for the experiment.

Table2.4. Experimentesults for the perfectly aligned tool setter.

Standard rod Rod #1 Rod #2
Readout 1 -376.586 -349.6% -330.327
Z_(mm) Readout 2 -376.586 -349.6% -330.327
s Readout 3 -376.586 -349.6% -330.327
Average -376.586 -349.6% -330.327
L, (mm) 133.70z 160.591 179.82z2
Z'd (mm) 0 0.0041 0.1376
m -510.288
Q,, (mm) (Benchmark) -510.20 -510.2&%
Deviation from™Q, , gauged 0 0.002 0.00L
by the standard rod (mm)

To address the first scenario, the calibration experiment was conducted on a perfectly aligned

tool setter. The laser axis has a pitch angle 0’ and a yaw angl@ =0, Table2.4 lists the
experiment results, including the measured Z coordinates of the spindle reference point in

X, Y, Z, @ when the rod triggers the laser tool setteZ (), the rod bottom center Z coordinates
in XsY, Z Q (Z,) and the determined Z coordinates of the laser reference poli@,() in
X, Y. Z, Q. Z, are obtained froniTable2.4. The distance between the rod bottom center and

O,,,L;, are included to provide convenience for viewing. As can be seen;dberdinates of the

laser reference point of the tool setter was measureds5a8.288 mmusing the standard rod.

This was the average of three readouts using the standard rod and takes as the benchmark.
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"Q, , measured by rod #1 and rod #2 webd0.290 mmand-510.287 mmTheir deviations from

the benchmark were0.002 mm and 0.001 mm. It can be observed that although geometries of
the end measuring rods vasttjffer from each other and the standard rod, with the proposed,
the determined Z coordinates of the laser beam reference point are very close to the results

obtained using the standard rods (less than 0.01mm). This suggests the proposed methods are

very acurate. The slight differences between the determirf&g, , for each rod were most likely

from the incomplete description of the rod geometries since only a finite number of data points

on the rods could be obtained using a CMM.

In the same manner, a second calibration experiment was carried out on a misaligned tool

setter.
Table2.5. Experiment results witl@ =0.624Zand 6 =0.283€
Standard rod Rod #1 Rod #2
Readout 1 -376.137 -349.258 -329.932
Z_ (mm) Readout 2 -376.137 -349.258 -329.932
s Readout 3 -376.137 -349.258 -329.932
Average -376.137 -349.258 -329.932
L (mm) 133.70z 160.591 179.822
Z, (mm) 0.05 0.021 0.112
"Q, , (mm) -509.864 -509.870 -509.8%6
Range of"Q,, (mm) 0.006

Table2.6. Experiment #2 results wit =0.624Cand b =0.572¢
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Standard rod Rod #1 Rod #2
Readout 1 -374.616 -347.733 -328.46
7 (mm) Readout 2 -374.616 -347.73 -328.46
s Readout 3 -374.616 -347.73 -328.46l
Average -374.616 -347.73 -328.46
L (mm) 133.70z 160.591 179.822
Z, (mm) 0.054 0.050 0.083
mqs,z (mm) -508.372 -508.374 -508.365
Range of"Q,, (mm) 0.009
Table2.7. Experiment #3 results witd =0.9424 and 6 =0.091Z
Standard rod Rod #1 Rod #2
Readout 1 -376.513 -349.62 -330.271
7 (mm) Readout 2 -376.55 -349.62 -330.270
s Readout 3 -376.513 -349.62 -330.270
Average -376.54 -349.62 -330.270
L (mm) 133.702 160.591 179.822
Z, (mm) 0.007 0.003 0.128
”‘qsvz (mm) -510.223 -510.214 -510.220
Range of"Q , (mm) 0.007

Table2.5 to Table2.7 listed the measured Z codinates of the spindle reference point in

X, Y, Z, @ when it triggers the laser tool setterZ_ ), the simulated rod bottom center Z
coordinates in X, ¥, 4 Q (Z,), and thegauged Z coordinates of the laser reference poli@y,)
in X, Y, Z, Q. The most important result of the three experimeigsghat in each test, the gauged

"Q, , using three rods were very close ¢ach other. Namely, the range of the thr8@) , in the
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first set of tests was 0.006 mm, in the second set of tests was 0.009 mm, and in the third set of
tests was 0.007 mm. This suggests that when the laser tool setter is misaligitbdthe
proposed method, regardless of the rod geometries, the determined Z coordinates of the laser

reference point are consistent and the proposed method is accurate. In addition, in three sets of
tests, the rod bottom center Z coordinates of the sdand measuring rod inX, Y, Z Q (Z,) at
triggering instant varies and does not equal to zero. Specifically, in the first experiggrior

the standard measuring rod w&025 mm;in the seond experiment, it wa®.054 mm; andn

the third experiment,Z, for the standard measuring rod was007 mm.lIf these gauging errors

are disregarded, the calibration results would vary, depending on the misalignment of the laser
tool setter. This indicates that when the laser tool setter is misaligned, gauging errors exist even

though a standard measuring rod used. Thus, the compensations method offered by the

proposed method is essential. As for additional information, comparisoriofin three sets

of tests are not necessary because the process of adjusting the laser axis anglemexotadly

change the positions of the laser beam reference point. Finally, in the third test, both the yaw
angle and the pitch angle are relatively larg2 0.9424 and £=0.091Z) but the range
amongst the determinetlQ, , of the three rods do not vary from that of the first and second test.

This indicates the robustness of the proposed method against large laser tool setter misalignment.
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2.7Summary

This section proposed a novel theory for computesimulation of gauging in practical
situations for calibratingoty F OKAYy S f I aSNJ G22f aSGiSNBR® ¢KS 7Td
working principles were first introduced@he practical application difficulties and the underlying
scientific and gemetric reasons were analyzed. Subsequently, we proposed a novel approach to
calculating the rod origin in the tool setter coordinate system by studying the new mechanism of
gauging the laser axis reference point. Mathematical models were built to caldcbmarea of
the shaded region on the laser receiver phatiode plane as the means to determine the relative
positions between end measuring rods and the laser axis. In addition, the proposed computer
simulation theory was applied and we established avel method for determining the -Z
coordinates of the laser tool setter in the machine coordinate systémally, the proposed
computer simulation modeand calibration methods were verified with computaided design

software and experimenshowing venhigh accuracies.
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Chapter 3
An Accurate and Efficient Approach for Measuring the Round
Insert EndMill Length and Bottom Cutting Edges Wear with

On-Machine Laser Tool Setters

3.1 Introduction

Smart machinings aimed atautomatically andefficienty machining parts with high
dimension accuracy anetter surface finish. Ammperativeand emergingtechniqueof smart
machiningis on-machine measurement (OMM) of cutting topishich includes the hardware of
laser tool setters and measurement softwgeeeFigure3.1). Ideally, tooldiameters and lengths
and theirwear can be automaticallgnd constantlymeasuredwith laser tool setters on the
machine tablen regular machining breakhe following machiningscompensatedvith the tool
sizereduction, and the cutters are changed before they wear oliberefore,the cutter OMM
can achieve qualitparts with high and consistenaccuracyand lessmachining timewithout
manual tool measuremenon offline tool settes. Compared to solid carbide cutting tools,
indexable cutters with inserts are more economic with good performance and are easier to
change, and they are widely used in industig.a machining process, insedf the indexable
cutting tool wearto a different extent Until one insertis worn out machining is stoppednd
the insert isreplaced. It is crucial to timely measure the toldngth and the cutting edges wear

with a laser tool setter The current tool length is updated in the CNC controller, #wedpartis
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cut with accuratez coordinates Unfortunatelythe current tool measurement softwareannot
measure cuttessizewith high accuracy and efficieneynd cannot measure cutting edges wéar
factories. Thigproblem badly constrainshe usage othe laser tool setters by machinists, and it
is a bottleneck osmartmachining (seéigure3.2). Therefore, it is a must to develagvanced

methods br the OMM of indexable cutters to meet the industry demand.

Figure3.2. An indexablend mill withround insersis measured on a laser tool setter.

First, the status quo of the cutter OMM technique is introduced.th&SOMM hardware,
commercial laser tool setters, such as Renishaw and Blum laser tool setters, haverbidsnie

for about 15 year®, 53, 54] A laser tool setteconsists of laser transmittegenerating a laser
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beam of a diameter of 0.4 mm ardreceivewith a photodiode sensor. laser beam emgfrom
the transmitterand forms a circuldight area of a diameter of 0.4 mm on the photodiodetloé
receiver The workingnechanisnof laser tool settesisexaminedas followg56, 81] In a cutter
measuring, when it graduallglocks the laser beanthe laserintensity on the photodiodes
reduced, andthe photodiode voltageis decreased.A dedicated circuitquickly monitors the
photodiode voltagewith a frequency of more tha®6K Hzso the lab test results show the

repeatability ofthe tool setteris °1 //im [53, 56, 81] Until the cutter blocks the laser beanby

50% or morethe circuitfinds outthe photodiodevoltagedropped below its thresholdandthe

tool setter triggers a signab the CNC controllerBesides, the coolant droplets and the debris
could block the laser beam, generating noise in the photodiode voltage. \ditege patterns

for different working conditions are recognized, and the measuring softwaredetect false
signak. The laserdol setter mechanism, in general, is provided in the product manual, however,
some data, such as the time starting from the tool setter sending a signal to the CNC controller
receiving it, are not provided.Parket al. [13] and Leeet al. [59] put forward aphotodiode
property. Sincethe tool diameter is significantly larger thanahof the laser beam, the
photodiode voltageis linearly related to the ratio of théaser beam projection area on the
photodiodeto the shaded aregenerated by blocking the laser beam with the tool. Tagult

is the fundamental physics of our research.

Parametersof measuring atter size areamportant to measuring accuracy and efficiency.
However, little research has been carried out to determine measuring parameters. The laser tool

setter manufactuers haveimplemented their methods in software associated with the
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hardware. Specificallythe spindlespeed ishigh, andthe feed rateis very low[81]. Thus, the
measuring time is longGenerally, a laser tool setter can measure a tool length or a tool diameter
in three minutes. Laser tool setters suffer from several error sources in practical application,
including their installation misalignment, tool geometric differenaad the spiulle speed and

the feed rate[56, 63, 64] Unfortunately, these error sources are ignored by the current laser
tool setter manufacturer§66]. Renishaw[56]and Leeet al. [63] attempted to model the
measurement errors in terms of the tool geometric error and setup error of the laser tool setter.
In their model, the rotating tool is represented as a cylinder and the laser heaepresented

as an inclined lineThey approximated the measurement errors based on the front view and the
top view of the setup. Their method does not consider the geometries of the cutter teeth nor
the measurementf spindle speeds and feed ratedilton et al. [82]focused on the calibration
process and designed a set of experiments based on statistiablses to identify the best feed

rate and spindle speed for referencing laser teetters. Their method is experimentabased

and does not study the measurement error during tool length measurement. Unfortunately,
there is no research on a completéabl setting model using laser tool setterén conclusion,

the current tool length measurement methods employ high spindle speed and very slow feed
rate and can only measure the lowest point of all cutting edges. These methods take a long time
(about 2minutes) to measure a cutter, and the random measurement error is large. Besides,
these methods can only measure the cutting edge with the lowest point and cannot measure the

other cutting edges for the maximum cuttireglge wear.

To address the problems of the current methods, this research discovers the tool length
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characteristic curve and proposes an accurate and efficient approach to measuring the mill length
and cuttingedges wear.First, thescientific fundamenta of measunng lengths of roundnsert

mills on laser tool setterare discussed Second, thgeometric model of inserts merived and

the scientific theories of cutter length measuremeatte established Thenthe cutter length
characteristic curve is discovereahd an accurate and efficient approach to measuring lengths
of round-insert mills with laser tool setters.irfally, this approach is verified in two experiments.
This research laya theoretical foundation for ommachine cutter measurement, and can

subgantially advance smart machining technology

3.2 Scientific fundamentals of measuring lengths of rowntsert mills on laser

tool setters

An indexable mill with round inserts consists of a group of replaceable round inserts, and a
cutter body with the same number of seaasd screws ¢r wedges), asshown inFigure3.3. The
inserts are clampedhto the tool body seats; after an insert tting edge wears oythe insert is
re-indexed for a new cutting edge, or the insert is replaced with a new one. When the mill is only
rotated by the spindle at the specified speed, without any feeding, the mill envelop is an
imaginary surface of revolan. Thus, the mill length is regarded as the distance along-éxész
between the lowest point of the surface and the spindle reference point. Before using the mill,
round inserts are manually screwed into the seats; unfortunately, they cannot be aaiine
height. While in machining, the inserts gradually wear to a different extent and their cutting
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edges become irregular. Thus, the lowest point on one of the insert cutting edges determines

the lowest point for the tool length. Conventionally, timeléxable mill is measured on the offline

tool setter by machinists. The tool is first set up in the tool setter with a chuck, and then by
YIEydzZ- fte NROGFGAYT GKS (22t G0KS AyasSNIiaQ Syftl
on an insert's cuthg edge. Thus, this measurement is static. The length between the lowest
point and the chuck reference point is read out as the tool length. The manual tool measurement

on an offline tool setter takes a long time, and the tool cannot be measured @fantool wear
compensation in machining. Fortunately, automatic angrocess measurement of tools with

a laser tool setter is a solution.

m

Figure3.3. An indexable end mill with round insertensists of a group of round inserts, and a

tool body with seats and screws.

3.2.1 Mechanism and kinematics analysis of measuring the length of roumgert mills
The mechanism of cutter OMM with laser tool setters is introduced here. First, a laser tool
setter is set up on the machine table with the laser beam axis aligned with either the machine x
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or y-axis and the machine x, y, and z coordinates of the laser axis are measured. Second, in
measuring a roundnsert mill, it is rotated; at the same timd, is fed toward the laser beam.
Then, when a round insert blocks the laser beam by 50% or more, its photodiode sensor is
triggered, sending a signal to the CNC controller; the machine coordinates of the spindle
reference point are immediately recorded Ithe controller. Finally, its length is calculated by
subtracting the z coordinate of the spindle reference point from the fixed z coordinate of the

laser axis.

The kinematics of measuring lengths of rotindert mills with a laser tool setter is
competely analyzed here. For an ideal mill with round inserts, the inserts are at the same height.
Before measuring, a mill is set up in the spindle with its orientational angle between the first
insert and the machine-axis and is located at a height algothe laser axis. In measuring, the
mill rotates around the spindle axis and moves along the negatasdsz the trajectory of the
lowest point of each round insert is a helix. The helix radius is the distance between the lowest
point and the spindle,r&d the helix pitch is the tool feed rate. Thus, the helix number is the same
as the insert number. The helixes are shifted evenly along-#hxészoy the central angle between
two neighboring inserts. When an insert at a point of its helix blocks #er lBeam by 50% or
more, the z coordinate of the spindle reference point is immediately recorded, and the z
coordinate of its lowest point could be less than that of the laser axis. The mill length is equal to
subtracting the two z coordinatesComparedto the above situation, if the mill starts from a
different height or its orientational angle between the first insert and the machhais is

different, another insert at a point of its helix could block the laser beam by 50% or more, the z
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coordinatesof the spindle reference point and the lowest point are different from the above
situation. Thus, the true mill length is equal to the subtraction of the two z coordinates in each
situation. For a real rounthsert mill, the inserts cannot be installetithe same height, and the
cutting edges of the inserts wear to different extents. The helixes generated by the lowest point
on each insert are different in radius and phak#t. For each situation within a different height
and an orientational anglehe mill length is equal to the subtraction of the z coordinates of the
spindle reference point and the lowest point. Unfortunately, the z coordinate of the lowest point

cannot be obtained.

A theory of measuring kinematics is that the measuring paransethe spindle speed, and
the tool feed rate, could significantly affect the accuracy and efficiency of measuring the tool
length. The current measurement software calculates the mill length as subtraction of the z
coordinate of the spindle reference pa and that of the laser axis. However, the mill length is
inaccurate. To increase measurement accuracy, the spindle speed is very high, and the feed rate
is very low, for instance, the spindle speed is 3000 rpm, and the tool feed rate is 3 mm/nsn. Thi
means the tool moves one micro in one revolution, resulting in a long measuring time, 2 to 3
minutes per measurement. Machinists cannot accept the long measuring time. This research

establishes the measuring kinematics and proposes measuring simulation
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3.2.2 Blocking principles of measuring lengths of rouadsert mills with a laser tool setter

To represent an insert blocking the laser beam, a geometry model is established. The laser
beam projected on the diode plane is a circular area with a dianwt@.4 mm. The round insert
that blocks the laser beam forms a shade on the diode plane. The intersection between the
circular area and the insert shade represents the laser beam blocked, which can be calculated. If
the intersection area is more tha0% of the circular area, the measurement is completed. To
measure the length of indexable mills with round inserts, the following principles are originally

established.

Blocking principle 1:

To measure the length of indexable mills with round insetts,laser beam should be blocked
only by one insert.

[Proof]

The length of an indexable mill with round inserts is defined by the lowest point on the
cutting edge of an insert. To measure the cutter length with a laser tool setter, it is necessary to
measire the z coordinates of the lowest point and the spindle reference point and subtract the
z coordinates. Thus, the insert with the lowest point should block the laser beam by 50%, and
the z coordinate of the lowest point can be obtained. If two insbhtek the laser beam, the z
coordinate represents one of the two inserts. Therefore, the laser beam should be blocked only

by one insert (se€igure3.4).
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Figure3.4. To measure the length of indexable mills with round inserts, the laser beam should

be blocked only by one insert.

Blocking principle 2
To measure the length of indexable mills with round inserts, the tool should be offset from the
laser axis. The offset distance should not exceed the radius from the lowest point on the cutting

edge of a round insert to the tool axis.

[Proof]
In measuriig the length of indexable mills with round inserts, the relative location between
the tool and the laser axis affects the length measuring accuracy. If the tool is offset from the

laser axis by the tool axis, each insert can block the laser beam indiyidughus, it avoids
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situations where multiple inserts block the laser beam at the same time. In addition, if the tool
Aa 2FFasSid FTNRY GKS f1aSNIIFTEAE o6& (UKS RAaGHYyOS
can block the laser beam in a ri@um way by using its rake face. This avoids using the irregular

flank face to block the beam. Thus, the tool length is more accuraté~{geee3.5)

Laser beam

Lowest point n
center

onthe
cutting edge ~

Lowest point
on the
cutting edge

Figure3.5. To measure the length of indexable mills with round inserts, the tool should be

offset from the laser axis.

On the other hand, if the tool is offset from the laser axis by a distance largethbaadius
from the lowest point on the cutting edge of a round insert to the tool axis, the lowest point of
the cutting edge has no chance to block the laser beam. Thus, the measured tool length is

erroneous.
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3.3 Derivation of geometric models of theound inserts

The insert coordinate systenX(-Y -Z -() is established as follows (s€gure3.6). In

this research, we pay attention to the rake face, the cutting edge, and the flank face of the insert.

For a round insert, the cutting eddeis a circle and, is the center 6the cutting edge. Two
points on the cutting edgeE, A and B, can be selected so that line§A gnq GB are
perpendicular to each other. The tangent lines of the cutting edgeaatd B intersect atO,. O,

is the virtual cutting point of thensert in cutting design. hE origin of the insert coordinate

system is established &, the X axis is along the vectd3Q, the Z axis is along the vector

O Aand the Y, axis follows the righhand rule.

Insert

Cuttingedge E

Flank face

Rake face

Bi Oi

Figure3.6. The establishment dhe insertcoordinate systm.
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We assumed that the rake angle of the insert is O and the rake face of the insert is
represented by a plane. Since the cutting edge of the insert is a circld-igee3.7) and the

parametric equation of the cutting edge EXp-Y -Z -Cis

eRY") R- o

¢ 0 u
'E=€ | Yo o 360 (3.1)
¢Rén(h) ReU
é u
é 1 a
where R is the radius of the insert.
_ di
Cuttingedge E R
\
Flank face FS
AI Ai
Z le[ :
Rake face X —t“h ./”’i:t
..... - : =,
B Oi (o] Yi

Figure3.7. Parameterization of the cutting edge E.

The flank face of an insenks, is modeled with a frustum of a right circular cone (égure

3.7). The parametric equation for the flank face is
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where di is the thickness of the insert ands the clearance angle of the insert.

The coordinate system for the indexable mill cutting ta¥l {Y -Z -C) is established as

follows (sedrigure3.8). When an insert is clamped onto the cutter body, a plane passing through

the virtual cutting pointQ, of the insert and perpendicular to the tool axis intersects thel axis

at O,. The origin of the cutting tool coordinate system is set uPat TheZ, axis is along the
tool axis; theX axis is defined by the vect®,Q, and theY, axis follows the righhand rule.
The distance betwee®, and O is r, which is often approximately referred to as the radius of

the cutter.

The relationship between the insert and the tool coordinate system is derived as follows.

As illustrated irFigure3.8, the insert is clamped onto the cutter body with a radial anglend
an axial angleyg,. The radial anglg, is measured from theX to X and the axial anglg, is
measured defined as the angle betweaxial Z and plandPl, planePI passinghroughthe axial

O X and perpendicular tdhe plane X Z .
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Figure3.8. Locationrelationship betweenX -Y -Z -Cand X -Y -Z -C.

Based on the above geometries, the relationship betweerY -Z -Cand X -Y -4 -C

can be derived and the equivalent transformation matrix frdY -Z -Cto X -Y -Z -Cis

&l 0 0 r @cofg) sifg O Ogle O 0 O
: . i .

tMizgo 100 @S'“(C/r) co{ g O Og%?co.ﬁqa) sifg 0 39
€0 01 0O O 0 1 0ouUQe-sifg) cobg O
©001% 0 0 0 1408 O 0o 1

Thus, theparametric equation of theutting edgein X -Y -£Z -Cis

IE:IM I@
wpoda) (¢of) } svd sty 1 b)) gre -
:2R(% sin(g) (o04") 3 - copg) sh.p( 1 i) 83 0 & 360 (34)

¢ RGos(q,) (@ sif")) l
1

and the parametric equation of the flank faceXp-Y -Z -Cis
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where

0¢h @360 ,and Oth¢ di.

(3.6)

(3.7)

An indexable end mill is usually equipped withltiple inserts. The inserts are distributed

uniformly around the tool axis. Suppose&dinserts are installed on the end mill, the angle

between each insert is (sdagure3.9),

360
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k th tooth

------ tooth n th tooth

Figure3.9. The arrangement of insés on a cutting tool.

Supposed theX axis passes throug@ of the first insert and the cutting edge of the kth

insertinX -Y -£ -Ccan be derived as

xof(k- 3 ¢ sif(k }-¢ 0 0o
tEKozgSi“((k' )@ cog(k } ‘)’OO OUoE K 12,..n

4 0 0 (3.9)
é 0 0 01 g
and the flank face of the kth insert i§ -Y -Z -Cis
cod(k- ) §)  sif(k }-§ & oo
‘FSK = es'”((ko ) 9 iko ) ()olo OUOFS K 12,.n (3.10)
S 0 0 01 u
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When the tool wears out, the teeth have different heights¥p-Y -Z -C, and it is assumed
that other tooth geometries do not change. Since the location of the first tooth is used to define
X -Y -4 -C, the parametric equations of the first tooth i§ -Y -Z -Cremain the same. For

other teeth, the cutting edge of the kth insert i -Y -Z -C is

cof(k- 3 @  sif(k }-9 @ 0@

é . . " u
ek=6S(k-9 @ cog(k 3 400 0 gy 4, (311)

g 0 0 1 W, ﬂ

§ o 0 0 1 §

and the flank face of the kth insert i -Y -Z -Cis

co(k- 3 @ sif(k }-9 © 0

e .. . u

thrgzés'”((k‘ D@ cot(k } 400 0 grgy 15 (3.12)
¢ o 0 1w, U
§ 0 0 0 1y

where W,, is the wear amount of the kth tooth.

3.4 Kinematics and geometric models for simulation of cuttelength
measurement
3.4.1Kinematics model establishment of measuring lengths of rodimdert mills

To derive the kinematic model of measuring the indexable round inserted cutting tool, we

need to describe the tool geometries and the measurement proce3§ inY, -Z -Q. In the

tool length measurement setup (sd@gure3.10(a)), thelaser tool setter coordinate system
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(Xs - Y, -Z -Q) is defined on the laser axis and is paralletite machine coordinate system

(X, - Y, -4 -Q). The transformation matrix fromX, -Y, -Z -Qto X, -Y, -4 -Q s

d 00 -%
% 10 -
sM_=€ % (3.13)
€0 0 1 -7
© 00 1

where X, , Y., and Z, are the X, Y, and Z coordinates Of, in X, -Y, -4, -Q. These
coordinates aredetermined during the calibration proces# spindle coordinate system
X, -Y -4 -Qis used to describe the position of the spindleXp-Y, -7, -Q. When the
machine and the spindle are at home positiof),- Y -Z -Gcoincides withX, -Y, -Z -Q.
When the spindle rotates, X, and X, forms an angleg,. When the tool is installed on the
spindle, X, forms an angley, with X,, Z coincides withZ,, and the distance betweef, and
O, defines the tool length, . The transformation matrix fronX;-Y -Z -Cto X, -Y, -7, -Q
IS

ecosg, - sing 0 X,
gsinqS cosg 0 Y,

é 0 0 12z
0 0 0 1

"M, = (3.14)

DD

where X, Y,, andZ are the X, Y, and Z coordinates@fin X, -Y, -7, -Q. These coordinates

are readable from the machine control. The transformation matrix frnY -Z -C to
X=X -4 -Qis
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gcosg -sing 0 O
é .
M, = e:Esmqt cosg 0 O (315
e o0 0 1 -L
€0 0 0 1

where g, is the angle betweerX and X,. The transformation matrix fronX -Y -Z -Cto

Xo Yo -4 -Qis

th

tSM —
(=

="M, ™,
ecos(g, +g si{ . Jg O X
_gsin(g,+ @ cof .g+)g 0 Y, (3.16)
€ 0 0 1 7Z-L
2 0 0 0o 1
Therefore, the transformatiomatrix from X -Y -Z -Cto X, -Y, -4 -Qis
tst mt
%(IOS((,]S +® SII’( N t)-q 0 xs Xs_
gSi”(qs+ @ co .g+)g 0 Y, ¥ (3.17)
¢ 0 0 12Z-L-%
g 0 0 0

Before measurementhe tool is positioned so that its centé, is offset from theZ, axis

along the Y, +direction by a distancel and O, lies onY, 7, plane. Ed3.17) can be written as

ISM —_
(=

tst mt

«cogg, +¢ st g Jg O

sifg.+ g cof .¢+)qg O o3 (318
0 0 1 Z-L -4
0 0 0 1
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Eq(3.18) also lays the mathematicajround for tool length measurement. Suppose the

coordinate ofQ, in X, -Y, -4 -Qis

(3.19)

(3.20)

where the apostrophe denote$0, at triggerinstant andZ, denotes the Z coordinates @, in

X - Y, -4 -Q at triggering instant. The coordinate @, in X, -Y, -Z -Q at triggering

instant can also be found as

tSOt:ISM GDt
&osq, +9 s g yg0 0 e
:gsin(qs+ g cof .¢+)g O d @ (3.21)
€ 0 0 121 -2 ® '
e e
& o0 0 0 1 @l
e 0 o
e u
_é "4y
ézls_ I'r '% l:'l
¢ U
e u
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where Z'_is the Z coordinates dd, in X, -Y, -7, -Q when the tool triggers the tool setter.

This data is recorded and readable from the machine control. Soly&@ Eyand Eq(3.21) for L,

and we have

L=2,-72 % (3.22)

In conventional ormachine tool setting schemesy, is considered 0 and the tool length
equals the difference betwee', and Z,. However, due to the complexity of the geometries
in the tool length measurement process, in practi@e,does not equal 0 and thus it is the

measurement error. To understand the measurement error, detailed modeling and simulations

of the measurement process are derived next.
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Figure3.10. Tool length measurement setup.

During measurement, the spindle rotates and feeds towards the beatmefatic model is
used to describe the instantaneous relationship between the tool and the laser tool setter during

measurement. Supposed that the tool rotates at a spindle spée(Linit: revolutions per minute,

or RPM). Its angular velocity (unit: radian) can be calculated as

w=2 PN (3.23)
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and travels with a linear velocityduring measurement. Suppose that the process starts at a

level that the coordinate oD, in X, -Y, -Z -Qis

&0
€d

e’ = g N (3.24)
é
gl

At any instantt , the equivalent transformation matrix fronX, -Y -£Z -Cto X, -Y, -4 -Qis

(seeFigure3.10(b))
ecowtO ¢+ g sif- w , Q) g0+ O
tSMit:ésm(WCD g ) cof wQ &)ag0 d (3.25)
e 0 0 1 h-vO

The parametric equation of the cutting edge of the k th insert, at any instant, in

Xs - Y. -4 -Qcan be expressed as
“EK="M, CEt (3.26)

and the parametric equation of the flank face of the k th insert, at any instai¥,inY, -Z, -Q

can be expressed as

“FSK=* N OFS (3.27)

The tool centerQ, , at any instant, inX, - Y, -4 -Q s
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(3.29)
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If the tool triggers the laser tool setter &t, since at the trigger instan®, in X, -Y, -Z -Q

is given by E€B3.19), then

Z[ =h -v ft (329)

3.4.2 Geometric model establishment for simulation of mill lengtheasurement

The overlapping are8between the cutter insert projectiotKpand the projection of the
laser beanBpon the photodiode plane determines whether the laser tool setter is triggered by
the tool (SeeFigure3.11). The photodiode plane is perpendicular to the laser axis. If the
overlapping are&is larger than 50% of the laser beam projected area, the laser tool setter will
be triggered. Thereforaghere are three steps to check if the tool triggers the tool setter: 1) the
projected shapes of the inselip, and the laser beanBp, on the photodiode plane should first
be derived; 2) Check if the projected shapes overlap and calculate their ovedaem (if there
is any); and 3) The overlapping area should be compared with 50% of the laser beam projection

area.

To find the projected shapes of the inséip, and the laser beanBp, on the photodiode

plane, a coordinate syster, - Y, -7, -Q,is established at the photodiode plane with the
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origin O,, on the laser axis and th¥, axis along the laser axis (sEgure3.11). Suppose the
laser beam is also along th€,, and the photodiode plane is selected at a distahjcérom O, .
A coordnate systemX, -Y, -4, -Q,can be established byanslating X, - Y, -4 -Qalong

the laser axis bylistancel . The equivalent transformation matrix froK - Y, -4 -Qto

Xoa =Y ~%u - QuiS

o

(3.30)
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Figure3.11. Geometric simulation of tool length measurement of an indexable mill.
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Figure3.12. Formulation of the silhouette curve of an insert.

The projection of the insert on the photodiode plane is derived by first taking the calculating

the silhouette curves ofhe insert along the lased S I difection IKsin Xoa = Yu ~%a -Qyand

then projecting the silhouette curvelKs2 y  pHotBdiode plane (Sedrigure3.12). The
silhouette curves of an insert are formed by the rake face or by the rake face and the flank face
together (SeeFigure3.12). Since the goal is to find the projected shape of the insert on the
photodiode plane, this shape can easily be found by using Boolean combine operations of the
projected shapes of the rake face and the flank face. This wagsatiee complex calculation of
exact silhouette curves. Instead, the silhouette curves of the rake face and the flank face are
calculated and their enclosed polygons are combined. In this research, the rake face is
represented by a plane and thus, its siliette curve is generated by the cutting edge. Therefore,

the projection of the k th cutting edge, at any instantXn - Y, -7, -Q,is
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The flank face is represented by a conic face awmling to the projection directioiX ;, the

silhouette curve of thélank surface satisfies the following equation,

MNGUX, 6 (3.32)
where "N is the normal vector of surfaceé8FSkin X, - Y, -Z, -Q. "Ncan be calculated as

_M"FSKa th) [ FSKath)
Ha th

PN (3.33)

and
MESKEP N BN ' EB (3.34)

Eq.(3.32) is an implicit equationa numerical method is applied to calculate the parameters
(a ,th) of many points on the silhouette curve, and the parameters are substituted in{8.&8).

to calculate the point coordinates X, -Y, -Z, -Q,. By connecting these points, the

silhouette curveof the flank face™FSkis determinedand the projection of the silhouette of the

flank face on the photodiode plane is

@0 00 0g

% 10 0V
PIESKp= € WY FS 3.3
Féo01og (3.39)

© 00 1¢
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Since the projection of the laser beam the photodiode plane is a circle, its parametric

equation in X, -Y, -4, -Q, can be written as (sekigure3.11)

a

u

u

{g i[0,360deg (3.36)
where D is the diameter of the laser beam.

The shaded regiors is bounded byboundaryBp and the insert projectioriKson the

receiver screer(seeFigure3.11). BoundariesBp is represented with a polygoRoly,,. The
insert projectioniKsis presented with a polygoRoly, .. A weHestablished method of calculating
polygon intersection can be applied and the intersection between polygag and Poly,is
found. Additionally Poly,.is formed by calculating the cdrmnation of a polygon enclosed by
MEKf and "FSK}. The boundary polygoRoly, of the shaded region S is obtained by trimming
polygonsPoly, and Poly,.. Suppose the vertices of the polygBoly, are (y;,2),(y,.2)Z X £
(v.,z,) . The area of the shaded regior&h be calculated as

sl al Y,
2z %

ot

‘yﬂ% ¥s
2 3
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The circular area of the laser beam projection can be calculated as

o) (3.39)

Jo:ot”

SaBp =

S

The ratio between the area of the shaded region and the circular area is

h=2 (3.39)

SaBp

If the ratio » is larger than 50%, then the laser tool setter is considered to be triggered.

In summary, the measurement process can be simulated in the following manner: Starting

from the location defined byh, the tool rotates and moves towds the laser beam during
measurement. By monitoring the timie when the rations becomes larger than 50%, the tool

triggers the tool setter and, in X, -Y, -4 -Q is given by E(3.29).
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3.5 New discovery: tool length characteristic curve for length measurement of

round-insert mills

Laser tool setter has been alable for 15 years; however, little research on mill length
measurement has been carried out, and the commercial measurement software has low
measurement accuracy and efficiency. The main reason is that the research method is empirical,
and the relationkip between the measurement error and measurement parameters is simply
regarded as unknown and random. In this research, every measuring parameter is set, every step
of measuring the mill length is precisely simulated by using the above models withroputey
software, and the relationship is determined. By analyzing the simulation results, the tool length
characteristic curve is discovered. Based on this characteristic curve, an accurate and efficient

approach to measuring lengths of mills with rounderts and bottom cutting edge wear.

3.5.1 Measuring simulations and tool length characteristic curve

Based on the above kinematics and geometric fundamentals of measuring the length of a
round insert mill, measuring simulations of two tools are presented in three examples. In practice,
the tool length is unknown and should be measured. When the toocetéd at a certain level

above the laser tool setter during measurement, the spindle aggleannot be determined

prior to tool measurement. In these examples, the tool starts at the same level with different
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initial spindle angleq,, , and the measurement processes are simulated using methods

described in Section 4 and we plot the measurement e#oagainst the initial spindle angig,, .

P —
Start
Input

Tool parameters: r, R, n, 1, di, 0r, 8a, 6t, Wzk
Measurement setup parameters:d, Rl

Measurement process parameters:v, Ns

InputBs0=10

Inputh,Zh=handt=0

Calculate the positions of each tooth in the tool
setter coordinate system

Calculate the shaded area between each tooth and
the laser beam

Calculate

Zh=Znh-v*t

— Rt

. No

<<j§haded area percentage > 50%/?::_/;

t=t+ 1/(360*Ns) (min)

Output Zh as Zt in terms of Bso

Bs0 =08s0+ 1deg

/
No e \ Yes
< 850>360deg _ End
\ "/

S

Figure3.13. The flowchart of the simulations.
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The steps for simulations are describadhe flowchart shown irFigure3.13. The simulation
programs are prepared in MATLAB. In the beginning, the tool parameters (including the tool wear
of each tooth), the measurement setup parameters, and the measurement proeeampters

are input. The initial spindle anglg, is set at 0 degree. The initial heightis set randomly. The
current Z coordinates ob, in X, -Y, -4 -Q.Z,, is initialized to equah and the timet is reset
at 0. Then for eacly,, , the positions of each tooth iX, -Y, -Z -Q are calculated. The

shaded areas between each tool and the laser beam are found. If the shaded area is larger than

50% of the shaded area, the currefyt is output asZ, and is plotted againsty,, on a graph.
Otherwise, the time increases and the tool position X, -Y, -Z -Q is updated and the
iteration begins again.Z for eachqg,, (varying from O to 359 degree) are simulated in this

manner.

Example 1: A two flute tool with no tool wear

A two-insert mill cutter whose specification is giveed3 able3.1). The measurement setup

parameters are also given Trable3.1. Thespindle speed\; is set at 1000 rpm and the feed rate

v is set at 30 mm/min. To save computation time, the initial heigig set at Omm.

Table3.1.The specification of a twansert mill cutter and its measurement setup.

Insert mill cutter parameters Symbols Values
Tool radius r 10 mm

112



Insert radius R 6 mm
Number of flutes n 2
Flute wear of each tooth W, 0 mm
Clearance angle t 15 degree
Angle betweenX, and X, g, 0 degree
Insert thickness d 3.97 mm
Insert radial angle q. -8 degree
Insert axial angle q, -5 degree
Measurement setup parameters  Symbols Values
Radial offset distance d 4 mm
Laser beam radius R 0.2 mm

Figure3.14 shows a few iterations before the laser beam is triggered by the tool with

g, =0deg. As can be seen, at each moment, the tool locates at different positions with different
spindle angles. As result, the tooth projections have different shapes at each moment and the

shaded area changes accordingly. Specifically, when the tool is pesiidZ, = 0.0025mmin
Xs - Y -4 -Q, there is no shaded area on the projected plane, and thus the tool does not

trigger the tool setter (se€igure3.14(a)). As the rotating tool feeds towards the beam, it blocks

some of the beam aZ, = ©0.005mm but it is not enough to trigger the tool settéseeFigure
3.14 (b)). Finally, when the tool reacheg, = 0.0065mm, it also turns to an angle that blocks
more than 50% of the beam and therefore triggers the tool setter dnd ©0.0065mmis output

as Z (seeFigure3.14(c))
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The outputsZ for all the initial spindle angleg,, are plotted inFigure3.15. The figure shows

that when starting ath=1mmand, the initial spindle anglg, =94 _. _. ©, the maximum

measurement error would occui, . = ©0.0135mm. On the other hand, if the initial spindle

angleg, =69 .. _ .., the minimum measurement error would occl, ., = 9.0014mm.

(@)

(b)

Zpd axis (unit:mm)

min

Projection of the inserts and the beam

rojection of
nsert #2

Zh = -0.0025 mm I

Projection of
insert #1

©

| Projection of the laser beam I

-12

6

4

-2 0] 2

Ypd axis (unit:mm)
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Projection of the inserts, the beam and the shaded area
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ot
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2 F

14 12 10 -8 -6 -4 -2 0 2 4
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Ypd axis (unit: mm)

Figure3.14. Measurement simulations were performed for the tool in example 1. (a) The
projections of the inserts and the beam at Z4:0025mm); (b) The projections of the inserts, the
beam, and theshaded area at Zt6.005mm; and (c) The projections of the inserts, the beam

and the shaded area when the tool triggers the laser tool setter.
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Figure3.15. Simulation outputs for the tool in example 1 wib=0mm.

0.0 | / | //
0.012 |/ /

0 50 100 150 200 250 300 350
Initial spindle angle ﬂsnfunil:deg)

Figure3.16. Simulation outputs for the tool in example 1 with=0.005mm.

To further examine the simulation outputs, the program was run again with the initial

height h=0.005nm and other parameters remaining the saniéhe outputsZ for all the initial
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spindle anglesg,, are plotted in Figure 3.17. The figure shows that when starting at
h=0.005mmand, the initial spindle anglg,, =32 .. __Z, the maximum measurement error
would occur,z .. = ©0.0135mm. On the other hand, if the initial spindle angjg =9 .. ...,

the minimum measurement error would occuz, ;. = ©0.0014mm. The above results indicate

that although the initial height is different, the maximum and minimum measent errors are

the same. Comparingrigure3.15 and Figure3.16, the intervals of the initial spindle angle that
generate two maximum (or minimum) easurement errors are€l8C in both figures. The
patterns of both plotted curves are the same, with the plot on the second figure switched a phase

angle to the right from the first figure.

<102

Zt (unit:mm)
™
A

0 50 100 150 200 250 300 350
Initial spindle angle B (unit: deg)

Figure3.17. Simulation outputs for the tool in example 1 wiks=1000rpmand v =10mm/min.

The measurement process parameters would alter the simulation outputs. To demonstrate
this, the program was run again withe gindle speed\; is set at 1000 rpm and the feed rate
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v is set at 10 mm/min.The figure shows that the maximum measurement error is

Z nox = 9©.006Immand the minimum measurement error & .. = 90.0014mm. The intervals
of the initial spindle angle that generate two maximum (or minimum) measurement errors are

still 18C. This is reasonable because the feed rate is 1/3 of the previous run.

Example 2: A two flute tool with tool wear

The results from the last example show that there are two minimum measurement errors
corresponding to certain itial spindle angles. These two minimum measurement errors have
the same magnitude. The reason for this is that the two flutes of the tool have the same height
and the two minimum measurement errors are generated by the two flutes respectively. This
exampe shows the case where the two flutes have different heights, i.e. one flute has worn out

more than the other one.

The specification of the twnsert mill cutter and the measurement setup parameters are

given inTable3.1. The wear of the second tootl,, =0.005mm. The pindle speed\; is set at

1000 rpm and the feed rate is set at 30 mm/min. The initial heightis set at Omm.
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Figure3.18. Simulation outputs for the tool in example 2.

The outputsZ for all the initial spindle angleg,, are plotted inFigure3.18. Two peaks (peak
A and peak B) can be seen in the figure. The two peaks are generated by the two flutes,

respectively. The difference between the correspondégf these two peaks equals the wear

of the flute W,,.

Example 3: A three flute tool with tool wear

Table3.2. The specification of a threiesert mill cutter and its measurement setup.

Insert mill cutter parameters Symbols Values
Tool radius r 12 mm
Insert radius R 5mm
Number of flutes n 3
Clearance angle t 15 degree
Angle betweenX, and X, q, 0 degree
Insert thickness d 3.97 mm
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Insert radial angle q. -8 degree

Insert axial angle q, -5degree

The example performs the measurement simulation for a thresert mill cutter with tool
wear. The specifications of the cutter are givenTable3.2. The wear of the second tooth
W,, =0.006mm and W,; =0.01mm. The pindle speed\; is set at 500 rpm and the feed rate

is set at 30 mm/min. The initial heightis set at Omm.
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/ J;".d | ’j.z"'
= Q.01 / | ;/ V
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c r"‘. 7 /J
= g /‘I '
= 0.015 / Y /
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>
."‘J ‘
/
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Initial spindle angle e (unit:deg)

Figure3.19. Simulation outputs for the tool in example 3.

The outputsZ for all the initial spindle angleg,, are plotted inFigure3.19. There are three
peaks (peak A, peak B, and peak C) in the figure. These peaks are generated by the three flutes.

The difference between the correspondiiZgof peak Aand peaks B equals ¥,, =0.0Immand

the difference between the corresponding of peak A and peaks C equalsff, =0.006mm.
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From the above three examples, a curve that corresponds t@tinent Z coordinates oD,
in X, - Y, -Z -Q atthe triggering instant, and the initial spindle anglg,, can be plotted for

any given tool measured at the given spinsiieeed and feed rate. In this research, we define this
curve as the tool length characteristic curve. Fornaaichine tool measurement, each tool is
accompanied by a distinct tool length characteristic curve. Three distinct characteristics can be
observed fom the curve: 1) A set of peaks and troughs are present in the curve in a periodic
manner. For the same tool, if the initial height of the measurement processes changes, the tool
length characteristic curve shifts by a phase angle to the left or the 2ytfor the same tool,

the measuring feed rate and the spindle speed change the span of the characteristic curve in the

Z direction but the spindle angle differences between the peaks and troughs remain the same.

3) The number of peaks is defined by the number of teeth and their wear. In most cases, the
number of peaks equals the number of teeth. In some cases, if the weatooth is larger than

1 feed per tooth, then the peak created by this tooth would not appear on the curve.

3.5.2Development of an accurate and efficient tool length measurement method
Using the above tool length characteristic curve, an accurate and efficient tool length
measurement method can be developed using curve fitting methods. The flow chart of the

developed method is shown Figure3.20.
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Figure3.20. The flowchart of the developed method.

122

On a CNC machine, the tool is positioned at a level above the tool setter before tool
measurementThe initial spindle angle can be set via a numerical control (NC) command. Starting
with different initial spindle anglg twelve measured tool lengths can be obtained. Connecting
the measured data with lines, the obtained data can be used to create a thav follows the

pattern of the tool length characteristic curve. After the tool length characteristic curve is




recognized, the peaks of the tool length characteristic curve represent the length of each flute

and they are output accordingly.

3.6 Appliations

A salient feature of the proposed approach is that tieel length measurement error is
minimized when the tool length characteristics curve is recognizetligher measurement
efficiency can be achieved because the tool length characteristic curve eliminates the
measurement uncertainties due to the rotation of the todldditionally, the measurement speed
is allowed to be very aggressive and the spindle spmedbe used as the ones in machining
operations. In this section, experiments were carried out to verify this approach and to

demonstrate its advantage of this new approach.

To verify the tool length characteristics curve, an experiment was conductedhis
experiment, the tool length characteristics curve of a tool with a known dimension is obtained
on a CNC machine and it is also calculated with the measurement simulation proposed in the last
section. The measured tool length characteristics curveommpared with the simulated tool
length characteristics curve to demonstrate the validity. The tool used is ansest mill cutter
whose dimensions are measured an optical tool presetter. Its dimensions are listed frable
3.3 and the tool is shown ifrigure3.21. The measurement setup and measurement process

parameters areisted inTable3.4. 12 tool length data points corresponding to the initial spindle
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angles are obtained on a machidering the experimentsTheinitial spindle angles for each data
point is uniformly distribted in the range of O degree to 360 degréd&e experiment was carried

out ona Bridgeport 3axis machining center (séegure3.22).

Figure3.22. The machine used for the experiment: BridgepeeX8s machining center.
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Table3.3. The specification of a twmsert mill cutter.

Insert mill cutter parameters Symbols Values
Tool radius r 10 mm
Insert radius R 5 mm
Number of flutes n 2
Tod length L, 176.641 mm
Flute wear of each tooth W,, 0.002 mm
Clearance angle t 15 degree
Angle betweenX, and X, o 140 degree
Insert thickness d 3.2 mm
Insert radial angle q, -12 degree
Insert axial angle q, 6 degree

Table3.4. The measurement setup parameters and the measurement process parameters.

Measurement setup parameters  Symbols Values
Radial offset distance d 4.9 mm
Laser beam radius R 0.2 mm
Z-coordinates ofQ in X, -Y, -7 -Q O, -1172.015mm
Initial height before measurement h 5mm
Measurement setup parameters  Symbols Values
Spindle speed N, 1000 rpm
Feed rate v 30 mm/min

The results of the experiment are plotted kigure3.23. In the figure, the red dots are the
measured data points. The vertical axis represents the measured tool length and the horizontal
axis represents the initial spindle angle. By connectimgrtteasured tool lengths, a tool length

characteristic curve is formed (represented by the solid blue curve). The simulated tool length
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characteristic curve is also plotted (represented by the solid orange curve). The vertical axis of

the simulated tool legth characteristic curve represents tfi& in X, - Y, -4 -Q at the trigger

instant. Thus, the tool length measured on the optical tool presetter is added to the values of the
vertical axis of the simulated tool lengthatacteristic curve so that they match with those tool
lengths measured on a machine. As can be seen fragare 3.23, the simulated and the
measured tool length chacderistic curve have similar patterns, where two peaks A and B, and
two valleys can be recognized. Specifically, the measured tool length characteristic curve shows
two peaks that correspond to the two peaks (marked by A and B) of the simulated tool length
characteristic curve. The maximum of the measured tool length characteristic curve is 176.639
mm (at peak B) and the maximum of the simulated tool length characteristic curve is 176.640
mm (at peak B). The maximum tool length represents the tool lengtheofool measured on

the laser tool setter. The tool length measured on the optical tool presetter is 176.641 mm, which
is only 2 microns different from the emachine measured results. This shows the proposed
method is accurate. Additionally, peak A repents the tool length of the second flute. As can be
seen, the simulated tool length at peak A is 176.637mm and the measured tool length at peak A
is 176.636 mm which are also very similar. Comparing peak A and peak B, the difference for the
simulated cuve is 0.003mm and the difference for the measured curve is also 0.003mm. This
difference represents the tool length difference between the two flutes, which was measured as

0.002mm on the tool presetter. This further suggests the proposed method is aecurat
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Figure3.23. Experiment results show that the simulated tool length characteristic curve is very

close to the measured tool length characteristic curve.

To further demonstrate the validity of the proposed method, another tool is measured. The
measured lengths for its flutes were compared to those measured on an optical tool presetter.
The tool used was a two insert mill and the lengths of its flutes wezasured as 185.649mm
and 185.643mm. The spindle speed and the feed rate of the measurement task were 1000 rpm
and 30 mm/min. The NC program placed the tool about 10mm above the laser tool setter and
positioned the spindle at the specified angles before surament. The program looped until 12
measured tool lengths were obtained and the tool length characteristic curve was constructed.

Two peaks were expected to occur on the tool length characteristic curve and the values of the
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two peaks represent the lengtof each flute. In addition, the NC program runtime was also

recorded.

18555 T T T T T T T T T T T

Measured tool length characteristic curve
O Measured tool length
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Figure3.24. Experiment results show that the simulated tool length characteristic curve is very

close to the measured tool lengicharacteristic curve.

The results of the experiment are shown in

Figure3.24. The value of peak A is 185.647 mm and it corresponds to the tool length of one
flute, which only deviated 0.002mm from the tool length measured on a tool presetter. The
value for peak B is8b.642 mm and it corresponds to the tool length of the other flute, which

only deviated 0.001mm from the tool length measured on a tool presetter. Additionally, the
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program run time was about 1 minute 20 seconds, benefiting from the large measurement feed
rate. The runtime for the currently available tool setting NC program is about 2 minutes. This

showed the proposed method is accurate and efficient.

3.7 Summary

This paper developed an accurate and efficient approach for measuring the round insert end
mill length and bottom cutting edges wear with -@emachine laser tool setters. First, the
fundamentals of ormachine tool length measurement and the geometric principles were
described. To address the random errors that occurred in the current methods bfetogth
measurement with laser tool setters, a measurement simulation is built by modeling the tool and
the tool measurement process. The simulation provides means to calculate tool length
measurement errors of the tool length measurement process. Basetth® calculation results,
this research discovered a tool length characteristic curve for round insert cutters. Based on the
tool length characteristic curve, a new method for accurate and efficient tool lengthachine
measurement was proposed. Expeents showed the validity of the simulated tool length
characteristic curve and the accuracy and efficiency of the proposed tool length measurement
method. This work lays a foundation for the further development of accurate and efficient on

machine tool legth measurement methods for other common tools.
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Chapter 4
Simultaneous calibration of probe parameters and location
errors of rotary axes on multaxis CNC machines by using a

sphere

4.1 Introduction

Theaccuracy of OMM systems is limited by the machine tool mahaacuracyn following
planned pathsWhen motions of rotary axes are involvesdgch limits expangparticularly in two
aspectsOn the one hand, the calibration taskrestraint, which promgan ilkdetermined probe
positionin the machine. On the other hand, the readouts in measurement tasks incorporate
errors due to the unexpected positioning of machine axes. The straightforward endeavor for
improvement via hardware update is often expemsiand its achievable accuracy is finite to
address this problem. Consequently, ceffiective methods to identify and compensate the

machine motion inaccuracy have long been a research topic.

Geometric errors of the machine axese the major contributorto the machine tool
inaccuracy22, 28, 30, 8a88]. With geometric errors, thactualmachine positions do not accord
to the command positionfLO, 89] Consequently, the cutter does not cut at the planned location,
resulting in machining eors; different positions on the workpieceill be measured by the
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measurement device, resulting in measurement error. Accordin§@236a1[10] andI1SO 236
7[89], the geometric errors of each axis are categorized in component earaf$ocation errors.
Component errors refer to errordue to the imperfection of machine components, and location
errors refer to errors due to assembly inaccuracy. For clarity, note that in many literatures,
component errors are known as positialependent geometric errors (PDEGS) and positioning
error, whike location errors are known as positiamdependent errors (PIGH28, 30, 90] During

the service of the machine tool, its components continue to wear out, leading to the geometric
errors (both the component errors and the location errors) change overtime. Thusfetied

way to calibrate the machine and compensate the geometric errors periodically is important to

guarantee the machine and measurement accuracy.

In the present machine calibration schemes using OMM systems, particularly -touch
triggered probes, the mbe is assumed to locate at the spindle axis, and its position in the
machine coordinate system is known before machine calibration. However, the following two
factors must be addressed to complete the machine calibration schemes using OMM systems.
First,the machine axes geometric errors deviate the probe from its ideal position. The deviation
is enlarged when the probe is installed on rotary axes, for example, sgitisig machines and
spindle/table tilting machine$91], and rotation motions are involved in measurement tasks.
Moreover, when probes are installed to specialized machines a®addhe probe often locates
away from the pindle axis because its position is selected based on many engineering aspects.
Accurate measurement of the probe position in consideration of the machine geometric errors

is crucial for the operation of the OMM system. In other words, both the machinehengrobe
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require calibration. Unfortunately, the current fixaxis machine calibration model cannot

manage these tasks.

To address the current limitations, this study proposed a method to automatically identify
the link parameters of the machine (iNnBW y3 G KS LINRPO6SQa LIR2aAGAZ2Y D
errors defined in 1ISO 23D by probing a sphere artifact. The machine in this study is-axgx
belt grinding CNC machine (s€&gure4.1). The dimension of the artifact is certified on a
coordinate measurement machine. The proposed method maintains operational simplicity while
overcame the difficulties of current practices, including the need to determine téipo of the
probe, the artifacts, and the rotary axes locations before measurement. The evaluated
parameters and location errors can be compensated by updating the kinematic chain used in the
post-processor. This study is organized as follows. The akto@mmatic chain considering the
location errors of the rotary axes for a-sixis belt grinding machine with a touttiggered probe
installed is derived in Sectiogh2. The probing strategies to identify the probe parameters and
the location errors of te rotary axes are presented in Sectidn3, in which necessary
mathematical equations for result generations are given. Sectidniges experiment results to
demonstrate the validity of the proposed method. Sectibb discusses the influence of the
uncettainties of linear axes motions to the proposed method, followed by a conclusion drawn in

Section 6.
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4.2 The Machine Structure, Parameters to Identify, and the Actual Configuration
of a SixaxisCN@Belt Grinding Machine

4.2.1The structureof asix-axisCNQoelt grinding machine

Figure4.1 shows the structure othe machinetool adopted in this study which hdkree
translational axes (e.g., the X, and Z axe9 and three rotary axes (e.g., the, & and G axes)
The Xaxis is a slide on a rail that is supported by the rail of th&i¥. The column supporting the
Z-axis slide is installed on thea¥is slide. Two swing heads are in the machine, represetiteng
B-axis and the @Gaxis. The Bxis is assembled at the height of th@xds column, and the-@xis
is attached to the BRaxis assembly. The Bnd C axes do not intersect. Meanwhile, the axis of
the flange of a rotary table, assembled on thaxs, § the Aaxis. The translation motion of the
X-, Y- and Z axes are actuated by ball screws pairs. The rotational movement of-thesAs
directly generated by a high precision servo motor, to which the spindle is -dpasAflange is
directly connectedThe rotational motion of the Band C axes are achieved by gear pairs (see
Figure4.1). A touchtriggered probe assembled to a pneumatic actuator attached to thetfod

the Gaxis swing head.

133



B-axis gear pairs

Figure4.1 The machine structure of the belt grinding machine and the gear pairs of-the B

axis and the @xis

The machine zero position is set up at a unique position. Thax@xCNC belt grinding
machine is a special purposed machine without a spirefierence point. The establishment of

the machine coordinate system takes the followed procedure. When all the machine axes return

to zero, the center of the end face of theinpling wheel supporting ro®, and the top face of
the Araxisflange O, both locate at a poinO,, on the Aaxis (sed-igure4.2). O,, is chosen as the
machine coordinate system origin. The machine coordinate systefy-(Y, -Z, -Q) is

established atO,,. TheX_ -, Y -and Z - axes are along the X, Y, and Z rail, respectively. This is
a fixed frame, and it can be viewed as a reference coordinate system. Following 1ISO 841:2001

[92], the machine moving to the&, - positive direction will affect the rail of th¥  -axis moving

to the opposite direction. When the machine moves lineaflyremains in theY, Z. plane and

134



O, remains in theX Y, plane. The distance betwee@ and O, along with the positiveY, -

and Z_ - directions are the machine command valués, and Z,,. The distance betweef,

and O,, along the positiveX, - direction is the negative machine command vaKje,. Note

that the command values are input to the CNC control for linear motonsmands such as GO0

and GO1.

Center of the
“I supporting rod
7_wendface

Center of the
A-axis flange

Figure4.2 The machine coordinate system

4.2.2 Parameters to identify

In this paper, we refer to the parameters that define the actual probe center position as the
probe parameters irX, -Y, -7, -Q and the rotary axes' location errors to describe how much
in terms of orientation and position that the axes dewafrom their ideal locations in
X, -Y, -7, -Q. Without proper measurement, the accurate probe positionp-Y, -Z, -Qis

unknown, and the rotary axes' location ersocan only be assumed as negligible. Consequently,
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the design vilues forthe probe center position and the ideal location for thed®d C axes,

X«

200FAYSR FTNRBY GUKS YIOKAYS YI ydzFl O ¢ubdssNitya
stage of CNC programming. The command values for the cutter or the probe will beatseh
referencing rotary axes other than the actual axes, which will lead to significant positioning errors.
The followings describe in detail the definitions for these two groups of parameters with the belt

grinding CNC machine as the example.

The machine Band C axes' positions irX, - Y, -4, -Q must always be known to position
the grinding wheel or the probe accurately. This is achieved by defining the distances of the B

and Gaxis toO, at the machine smmand values B = 0 and C=0. The spatial relationship between
the machine axes is shownHigure4.3. The distance between the machineaBis andO, along
the X, -axis andZ, -axis isd,, and d,,, respectively. The distance between the machirax{d

and O, along the X ,- and Y, - axis isd,., andd_, , respectively. Aside from the-Bnd G axis,

rcy
the probe's position installed on the machine must also be traced as the machiresntax this

purpose, the distances between the probe @ and O, in the X -, Y, - and Z, - positive

directions are defined ad,,, d, , and d_, respectively.

rpx? rpy !

As shown irFigure4.3, these parameters are distances in space and are very difficult to
measure directly. One of our goals in this research is to propose an approach to calibrating these

parameters indirectly.
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Figure4.3 Spatial relationship between the machine axes

According to 1ISO 23D, location errors of the machine linear axes refer to the orientations
of the average line of the actual linear axis in the miaeltoordinate system. Similarly, location
errors of the machine rotary axes are defined as the orientations and positions of the actual
rotary axis average line in the machine coordinate system. To fully define a rotary axis, four
location errors are neded. This research makes attempts to ensure OMM systems are set up
accurately on a siaxis CNC machine tool. We investigate only thaxiB and the @xis location
errors based on the following reasons. First, the probe is installed on¢lexiS, whib is related
to the Baxis, meaning that the location errors of the &d B axes will influence the probe
position. Second, the-Band G axes are both driven by exposed gear pairs, and the heavy

structures of the €and B axes are stacked together ohd rails, rendering them more prone to
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errors. Additionally, we assume that the location errors of the linear axes are previously
compensated, and their uncertainties are insignificant. However, the influence from the linear

axes will be analyzed in Sectié.5.

According to ISO 2391, the location errors for the B axis and €axis are shown ifable

4.1. Therefore, in summary, the probe parameted; (, d  andd,, ), the location errors for

rpz

the Baxis € g, E/op Eaos » @Nd Eco;) @andthe locationerrors for the Gaxis €, E oc, Exgcand

Esoc) are to identify.

Table4.1 Location errors associated withe rotary axes

Symbols Description
Eos Linearoffset of B-axis inthe machineX direction
Eo Linearoffset of B-axis inthe machine direction
Enos Squarenessrror of B-axisto the machineXdirection
Ecoc Squarenessrror of B-axisto the machinezZ direction
Eoc Linearoffset of Gaxis inthe machineX direction
Eoc Linearoffset of Gaxis inthe machine direction
Eioc Squarenessrror of Gaxisto the machineX direction
Eoc Squarenessrror of Gaxisto the machineY direction

4.2 .3 Actual configuration of the sivaxisCN(belt grinding machine

The actual configuration of theixaxis CNC belt grinding machiie described using
kinematic chains. This research establishes the kinematic chain from the probe tip center to the
workpiece using homogeneous transformation matrices. Both the probe peatersand the

rotary location errors participate in the kinematic chain.
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We define the frame representing each axisFigure4.4 to describe the actual machine

configuration and facilitate the kinematic chain's derivation. The frame for thaxiX

(X, -Y -Z -Q)is attached to the center dhe flange of the Aaxis rotary table. All its axes are
parallel to X, -Y, -Z -Q. The translation migon of the Xaxis to the positive direction ok,
will create a distance X, between the flangef the Aaxis rotary table andD,,. The frame for
the Aaxis X, -Y, -Z -C) is defined to coincide witlX, -Y, -Z -Q. The Aaxis rotates about
the X, axis, and this rotation will form an angtéA, , between Y, and Y,. The vorkpiece is

required to be installed on the -Axis table, and the workpiece coordinate system

(X, =Y, -4 -Q) is coincided withX, -Y, -Z -C. When the machine is at home position, the
frame for the Yaxis (X, - Y -Z -C) and the frame for the-&xis X, - Y, -Z -C) are both defined
to coincide withO,,. Their axes are parallel ¥§, - Y, -Z, -Q. The translation motion of the-Y

axis to the positive direction ol will create a distanceY,

cmd

between O, and Q,, . The
translation motion of the zxis to the positive direction oZ, will create a distanceZ,,,
between O,and O,. WhenB, ;=0 and C,,, =0, the center of the end face of the grinding
wheel supporting rodQ,, will coincide withO,. O, is used to define the frames for thedis,
the Gaxis, and the probe. The frame for the actual B aXis<Y, -4 -Q) is defined with the
Y, axis cancided with the actual machine B ax@®, lies on a plane defined b§, and the Y,

axis. The distance betweed, and O, along theZ,, direction isD

bz

and the distance along the
X, direction isD,, (D signifies that this is the distance referring to the actual axis). The frame

139



for the actual C axisX_ - Y, -Z -Q) is defined withZ_is along the actual machine &xis.O_
lies on a plane defined b, and Z,. The distance betwee®,and O_ along the X, direction
is D, and the distance along th¥, direction isD, . For convenience, a fram&(-Y -£ -C) is
defined at O, with all its axes parallel t&, - Y, -7, - Q. The frame for the probeX -Y -7 -C)
is attached to the probe center and is parallelXq -Y, -Z -Q. The distances between the

probe tip andO, in the X, Y,,and Z, directions are defined ad,,, d,,, and d , respectively.

rpx?

Zx/Za/Zw

P = xx/),(?j,XW,AQ,
O\XIOa/OW

~

N s
\/,,,/"
5 Xcmd

Figure4.4 The actual configuration of the CNC machine
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The kinematic chain branch from the workpiece to the machine frame is derived as follows.

Thus,the spatial relationshighat transforms fromX, -Y, -Z -Qto X -Y, -Z -Q can be

derived as

m-l\-N:

é,]_ 0 0 - Xcmd

go co_s(-&md) sif Ayg) O 4.1)
€ -sin A.q) cof A 0

© o o

The kinematic chain branch from the probe tip to the machine frame is derived as follows.

FromX -Y -Z -Cto X -Y -

Z -C, the sub kinematic chain is

The offset location errors of the-&is and &xis are given as

& 0 0 d,
% 1 0 -d
T =€ & 4.2)
P e 0 1 - drpZ
© 00 1
EXOB: Drbx - drb) (43)
EZOB: Drbz _drb: (44)
EXOC: Drcx - drc: (45)
EYOC: Drcy - drc (46)

Assuming only minor location errors exist and the unit of the location errors is radian, from

X-Y-4Z-Cto X, -Y -Z -Q, the sub kinematic chain can be approximated as
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@OS(Ccmd) -Slr( C;:md) 0 Oé,ﬂl 0 _EBOC 0 @1é,0 0 _Drcx
e _. (] un e
c-Tzes'”(Ccmd) co§ G O o@o 1 Bo 0 0g1 0-D, 47
" é 0 0 1 06, -E;c 1 00WEéO0 1 O
g 0 O ©01§0 0 0 1y&o 0o 1

and the sub kinematic chain frold. -Y. -Z -Qto X, -Y, -4 -© can be approximated

as

ecogB,,) O sifB,) O0& 1 E, O O
é é
b'T.:é 1 0 Oé-ECOB 1 Eoe O t
: é‘Sin(chd) 0 COS{ chd) 0@ 0 “Bes 1 O l
é é l
& 0 0 0 10 0 0 1y “8)
é,l 0 O Dr I:)rbx g é‘ O EB)C 0 (]
u u
© 10 D, Y g) 1 -Ege 0 §
@ 01 Drbz U- @JC E@C 1 0 U
9S00 1 Y% o o 1 U
The sukkinematic chain fromX, -Y. -Z -Qto X -Y, -Z -Q is
el 00 Dy g B (S 0O O
U€
m-rbl :go 1 O chd gEéB l - % B O (4.9)
g') 01 Zcmd' Drbz u @ EtnB 1 0
o0 1 J@& o o 1
and the kinematic chain branch froi{, -Y -7 -Cto X, -Y, -4, -Q
="TLOT° P T (4.10)

The kinenatic chain of the skaxisCN(elt grinding machinean be formed by combing the

sub kinematic chain fronxX -Y -Z -Cto X, -Y, -4, -Qand the sub kinematic chain from

142



X,-Y, -4 -Qto X, -Y -Z -Q. Therefore, the transformation matrix that describes the

spatial relationship betweeiX -Y -7 -Cand X, -Y, -4 -Qis given by
“T,=("T,) O 4.12)

Specifically, the probe centeO, in the workpiece coordinate systenX( -Y, -4 -Q) is

given by

4.12)

=
@)
1l
=
'c_|
POBOP

Two sets of parameters are presented in the derivation of the kinematic chain. The
parametersX,.4, Yond s Zemd s Ama» Bmg» @NdC,,y are the machine command valueefined in
the machine coordinate system. These are the parameters to be input as-toeécoordinate
values to drive the machine. The other set of parameters are the parameters to calibrate and

identify, namely, tie probe parametersd,,,d,,, andd,,), the location errors for the-Bxis Eqg,

E os: Exos » @and E.oe) and the location errors for the @xis €, Eoc; Exocand Eoc). These
parameters describe the actual relative positions for the structure of each axis and the probe. It
is crucial to calibrate these parameters to guarantee the conformity between the planned tool
paths and the actual tool paths on the CNC machine.riiéthods to calibrate and identify these

parameters are introduced in the following section.

143



4 3 ldentification and Calibration of Machine Parameters

4.3.1 The working principle of the calibration method

This research proposes a machine and probebiion method using omachine
measurement techniques. Two steps are involved in the method. First, the parameters of
interest are identified. Second, the identified parameters should be updated to the kinematic

chain used in pogprocessing to eliminatéhe machine'overall positional errors.

The working principles of the identification process are provided as the following. The
process uses an emachine toucHriggered probe to measured target surface points on the
sphere artifacts. The coordinates the targeted surface points on the artifact in the artifact
coordinate system are measured separately on a coordinate measurement machine (CMM)
before the identification process. When the artifact is installed on the CNC machine, measures
are taken to esure that the artifact coordinate system coincides with the workpiece coordinate
system. A set of specialized paths are planned for the probe to ensure that the probe tip can
always contact the top of the sphere, whose coordinates in the workpiece cotedigatem are
known. This way, at the probe trigger instant, both thachine linear axes command values (X,

Y, and Z)are recorded, and the coordinate of the probe centerip-Y, -£ -Q is known. On

the other hand, the kinematic model cabt@ain the relation between the theoretical command
values, probe center, and the parameters to identify. The parameters can be identified by
minimizing the difference between the theoretical command values and the actual recorded

command values pairs.
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Once the parameters are identified, the calibration process can be completed by revising
the design machine link parameters used in the kinematic chains to be the parameters identified.
Moreover, the kinematic chain taking the location errors into accounstioe used in the post
processing software with the identified location errors. Sectb@ has described such a

kinematic chain.

4.3.2 The measurement instruments and the testing artifact

A touchtriggered probe is usedh our method. The probe (sdeigure4.5) is wired to the
CNC machine control and is driven by the CNC machine. Once the probe tip sphere comes into
contact with an object, the probe raises a signal, and the CNC machine will captaverent
command values in the machine coordinate system. A typical ttnighpered probe has a

repeatability of 1»rm. Before using the probe, the small antistrophic sensitivities issues of the

probe are calibrated and compensate

i1

ufl

Figure4.5 Touchtriggered probe
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The artifact is a higlaccuracy ceramic sphere mounted on a plate at a height. The plate is
designed to fit the Aaxis flange so that the sphere center locates on th&x’. The bottom of

the plate contacts the Axis flange surface, which is the datum for all workpieces machined on

the CNC machine. The distance between the sphere center and the bottom of thedplase,

calibrated on a coordinat measurement machine and expressed in the artifact coordinate
system, which locates at the center of the sphere and {#iX perpendicular to the bottom of

the plate. After the artifact is installed on the machine, a slight adjustment can be made to
guarantee the sphere center being on theakis (Sed-igure4.6). Consequently, the artifact
coordinate system coincides with the workpiece coordinate system in this setup. The coordinates
of the sphere surface points in the workpiece coordinate system are determined. Specifically, the

coordinate of the top of the sgre in the workpiece coordinate system is

vp =€ 4.13)

where R is the radius of the sphere.

The sphereis
located onthe .-~~~
A-axis.
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Figure4.6 The artifact used and its setup on the machine

In the proposed method, the machine will drive the probe to contact the known coordinates
of the spheresat different rotation angles commanded to the rotary axes and with different
patterns. Considering the complexity and nonlinearity of the kinematic chatagorically two
probing patterns described in the following sections are used to simplify the parameters
identification process. The obtained data can be used to calculate the probe parameters and the

machine rotary axes location errors using optimization techniques

4.3.3 Probing pattern for the probe parameters and the location errors for theagls
We perform the probing task to identify parameters for the probe and thexiS with the

B-axis fixed. Fixing the-&is can reduce the unknowns. The probing pattern is as follows.-The B

axis is set at O degrees. Thes is set at different anglds . At each €xis angle, the top of

the sphere is probed, and the machine command valugs,(, Y, and Z% ) are stored at the

7 ‘emd

trigger instant (sedéigured.7).

The alignment of the probe tip and the top of the sphere is essential. To guarantee this, the
machine command valuds roughly align the probe tip to the sphere centeere determined
first. A crosssectionl on the sphere parallel to the machine XY plane was selected, and the
sphere was probed along the Xm+, Xi¥m+, and Yndirections (sed-igure4.8(a)). By averaging
the X components from the data of Xm+ and-)amd the Y components from the Ym+ and-ym

the machine command values that roughly align the probe tip to the center of thersgan be
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found. Then on the same crassction, 6 points uniformly distributed on the sphere were probed,
and the best fit circle was used to approximate the data corresponding to the 6 sampled points
(seeFigure4.8(b)). The center of the best fit circle can accurately align the probe tip to the
sphere's center. After alignment, the probe moves along the dinection towards the sphere

to sample the top of the sphie (seeFigure4.8(c) ).

Figure4.7 One sampling position in probing pattern | and its recorded data
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Figure4.8 Aligning the probe tip to the top of the sphere

We first identify the location errors of the-&xis using the recorded data. Suppoged

numbers of angles for the-@xis are tested. The recorded data for eachx® angleC is the
machine command values for the, ¥ and Z axis (X, , Y2, and Z% ), and they are defined

in X, -Y, -7 -Q. These command values can be used to represenCQte X, -Y, -Z -Q

using

gl 00 C;nd g X2,

woci :éo 10 Yc(;m @Oci - @d
z go 01 22, ﬂ z z;é . 4.149)

O 0 0 0 g g

Because the probe tip always references the top of the sphere whose position is fixed in the
machine and only the -Gxis is rotated,"O" obtained from the recorded command values
scatter on a plane parallel to the XY planeXgf-Y, -Z -Q. When the squareness location

errors of the Gaxis exist, the data scatter on a plane perpendicular to the aditis in
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X, -Y, -4 -Q (seeFigure4.9). Supposed the normal of the regression plane for these
calculated O values ISV, =@V, Vg vCZT( in X,-Y, -4 -Q. SinceX, -Y, -4 -Q is
parallel to X, -Y, -Z -Q, when the actual @xis is represented iX, -Y, -4, -Q, its normal

N T .
vector equals to o\, =gv., v, Vv, { Then the squareness location errors of thex@ are

given as
Evoc= arctarge -\\% gl—%c— (4.15)
and
Esoc= arctar%/\i Ebf)i (4.16)

Actual C-axis
V. (normal
vector of the
best fit plane)

Im

Acircle on the

best fit plane Measured data

Xm

Figure4.9 Estimation of the actual-@xis direction

The probe parametersd( ,d, andd, ,) and the linear location errors of theaXis E .

and E ) are related to the machine command values. The recorded machine command values
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in the pattern are used to identify these parameters. In the probing process,-tnasBs fixed,
and the sphere center is on theakis. We selecA=0 and B=0. By settingg=0, the influence

of parameters for the Bixis can be eliminated. Then,G= G | is commanded, Ed4.12) can

be rewritten as

¢ Q@0 ) R G X+ g+ Be- . O
o -¢ T @dG) @S] Ve vRo O
Q@o{G) R @ Co) Zrg- Reb 6 O R{ R
e 1
where,

Q=dy D Foc df (4.18)
Q=0D, *d, Boc df (4.19)
Q=Eoc (De €,) Eiod d§ D), (4.20)
Q=Eoc (dy B.) Eoc D d) (4.21)

When the probe tip touches the top of the sphere@t C_,, the coordinates of the probe

tip center in the work coordinate system is

(4.22)

Combine Eg4.17) and Eq.(4.22) and solve for the command values renders,
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=d, Qcod ) Qs @) R R ¢ 4.23)
chr:wd Q QS( de) Q Si'b@hd) Dy- Foc- f (4-24)
=R R Qcof G) Qsif @) 4 +E(-4 ® B R )
(4.25)

Supposed atC angle, the recorded command values for the machine¥»and Z axes are

X, Yo and Z& | while the command values can be calculatedXds, , Yo, and Z% , from

Eq(4.23)to Eq(4.25). Then their differences are

D Ci :)g‘nd _)iimc
D ccnlm _chrlnd Yo (4.26)

D Crl'nd ::md _Zimd

After the location errors of the-@xis are identified, they can be used as known parameters
in the model. If the number of sample pointsrim, and the selected C axis angles are uniformly
distributed in the travel range of the mhame, then by substituting E@.5) and Eqg4.6) to
Eq(4.26), the problem of calibrating the link parameters can be converted to the following

minimization problem.

mlna‘D o 2 | 2 +Zm (4.27)

Be 121

where LP. is the set of link parameters for the probe and theaxds and

LP. = Boo Boc Gy iy - Inthe research, a genetic algorithm is used to solve this problem.
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4.3.4 Probing pattern for identifying the location errors for the-Bxis

A second probing pattern is needed to identify the location errors for #axiB. In this
pattern, the Caxis stays stationary, and theaRis is positioned to given angles. Then the probe
is driven to contact the top of the sphere, and the machine reséh& current command values.

Considering the machine travel limits, thexis is set at 90 degrees. Thels varies at different

anglesB . At each Baxis angl® , the top of the sphere is probed, andethmachine command

values ¢ X2 ., Y ‘and Z* ) are stored at the trigger instant (s€égure4.10).

cmd

Figure4.10 One sampling position in probing pattern Il and its recorded data

Similar to probing pattern I, the squareness location errors for HaexiB are first identified.

The data obtained in probingattern 1l scatter on a plane perpendicular to the actuass (see
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Figure4.11). The normal of the regression plane for these datajisgv,, Vv, Vi, T[, the

y

squareness location errors of theaBis are given as

dv,  38C
EAOB:arctar%—bZ ?L (4.28)
c P

by -+

and

<
:|Q1
(gp)

&
Eoop=arctang —= (4.29
¢

Q<
-
S

Actual B-axis
(normal
vector of the
Zm Ym best fit plane)

Ve

Acircleon the
best fit plane

Om Measured data

Xm

Figure4.11 Estimation of the actual-Bxis direction

In this probing process, the-&is is fixed, and the sphere center is on thaxfs. We

select A=0 and C=90 . When the probe tip touches the top of the sphere at theaified angle

for the Baxis, the recorded command values X, Y, and Z are,
h=Q @ B,) @sifB) EFQ @ B (4.30)
Yora = Q @)S( $:nd) @ Sirbam) Q (4.31)
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Z,=Q @ B,) QsifOB,) R+R +R +E; s (4.32)
where

Q=D0y D (4.33)

Q=Dw Do Dy Gy (Hoc BEa: oy OFcns (4.34)
Q=d, Dy Boe @ Es( QOG) +E{ D B, ¢t ¢ (435
Q=Eos (D, €,) Ebe( DY Du- D -d), (4.36)

Q =Eop (0, Bu) Ete( DY Du- D -d), (4.37)

Qo=( D) B 6 (EQ Edr( Dot Dix Doy oy Ebes (439

Supposed aB angle, X, , Y, and Z' | while the ideal command values a)' . , Y

md ' ‘cmd m cmd

and Z* .. Then their differences are

D brind :>€:'nd ->{im(
Dthr)Tl1d :Y(;)r::ld _lend (4-39)

D brind :Z:;m -Zimd

If the number of sample points iMm, and the selected B axis angles are uniformly
distributed in the travel range of the machine, by substituting(£€8) and Eq4.4) to Eq(4.39),
then the problem of calibrating the link parameters can be converted to the following

minimization problem
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ming (DX’ + Bhy' +2H] (4.40)
i=1

where LB is the set of link parameters for the probe and thexis andLR = E_; E, . Inthe

research, a genetic algorithm is used to solve this problem.

4.4 Experimental Results

4.4.1 Experimental setup

The proposed method was verified on aads turbine blade belt grinding machine
manufactured byMM Maschinenbau Gmhkshown inFigure4.1. The machine travel limits are
listed inTable4.2. Atouch-triggered probe, LP2, manufactured by Renishaw assembled with an
SMCmagnetically coupleair slide table, was installed on the machine. LP2 is a high precision
probe with compacted size, and the influence of its antistrophic sensitivity is néglighe probe
tip was a ruby sphere with a diameter of 6mm. The specifications of the probe are summarized

in Table4.3.

The measured artifact was a ceramic sphere with a diameter of 25.000 mm and a roundness

of 0.2//m. Before installing the artifact, we verified that the front facelwd A-axis flange has a

flatness of about 5 microns. The perpendicularity of the front face to th&ig\is about 4 microns.
To ensure the base of the artifact mate well with the front face of tkexis flange, which is a
datum plane for the workpiece oodinate system. The bottom face of the artifact base was
machined to reach a flatness of 2 microfke distance from the ceramic sphere to the end face

of the base, measured on a CMM, was 184.183mhshould also be mentioned that this distance

156



is oftenmeasured on the CNC machine using dial indicators in current literature. We believe
measuring this distance on a CMM is more accurate based on two reasons. First, measuring
directly on CNC machines with dial indicators is subjected to machine lineagrasess Second,

the extreme point of the sphere is hard to determine, which leads to the erroneous length
measurement. With this artifact, alignment of the artifact coordinate system to the workpiece
coordinate system requires only positioning the sphezater on the Aaxis. A dial indicator can
achieve such alignment. After the artifact was installed on the machhaxig\ both the
concentricity of the sphere and the-@xis and the distance from the sphere center to thexis

end face were checked agaanith a dial indicator.

The experiment was conducted at room temperature26f® 1 C. The geometric errors of
the linear axes were identified and compensated using a laser interferometer before this
experiment (sed-igure4.12). Additionally, lhe location errors of the Axis were measured using
conventional methods before the experiment. Thea¥is base was adjusted to eliminate the

location errors.

Table4.2 Travel limits of each axis of the sixis beltgrinding machine

-1876 mm to-142.2 mm
-329 mmto 172 mm
183 mm to 685 mm

360
from-45 to 45
from-90 to 90

O W >» N< X

Table4.3 Specification of LP2 touch trigger probe
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Model type LP2

Sensing directions °X,°Y and +Z
Unidirectional repeatability 1 »m using 2 as estimator
Stylus length 50 mm
Stylus tip radius 6 mm
Measuring force perpendicular to the stylus axis 0.5N¢0.9N
Measuring force along the stylus axis 5.85N
Signal transmission method Hardwired to the CNC control

Figure4.12 Geometric errors of the linear axes were identified with a lastrferometer

4.4.2 Measurement of the probe parameters and the location errors for the rotary axes

In the experiment (sed-igure4.13), to avoid machine overavel and collision, the
experiment range for the machinea&Xis was0 ~90 , and the range for the machinedXis was

-20 ~45. The probe aligned its center to the top of the spheres at each pattern described in

Section3. The command values of the machine were captured upon the probe contacting the

sphere top. 20 sets of data at the interval fwere obtained for Pattern |. Namely, the selected

angles for the C axis were

G={0.5.10...85.9¢ (i=1..}) (4.41)
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