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A Region Segmentation Method to Measure Multiple Features Using a
Tactile Scanning Probe

Feng Li,Joselh Hiley, Tauseef SyedCarl HitchensMiguel Garcia Lope#Astilleros
Nuclear AMRC, University of Sheffield, Advanced Manufacturing Park,
Brunel Way,Rotherham, S60 5WG, United Kingdom

Abstract:

Coordinate measuring machsieavebeenwidely usedn industry to precisely measure parts for
inspection or qualitgontrol. Thesemachine usetactile or opticaprobes and a mechanighatcan
locate the position of the probe relative to surfaces and features of a workpieagf the main
barries to uing atouchtrigger probeis thecumbersome programming womquired tadentify the
probing points anébr scan path planningn this paper, we proposepeaacticaldatasegmentation
method tacontinuousy measure multiple featusef the workpiece using a scanning probe. This
approacttakes advantage of fast datapture capability aihe scanning probe andubsequentiythe
point dataset is segmented usihg information extracted from the CAD model of the pHnis
methodologydoes not require tedious programmanyd d desiredmeasurement results can be
obtainedfrom a singlescan.Theprinciple of the method is presented @hefeasibility of themethod
is experimentallyerified on a bridgetype Hexagon DEA GlobaCMM equipped with d_eitz LSR
X1 probe.The proposeanethodavoids manual operation erroendgenerate moresamplingpoints
than traditional methodsherefore, lieoretically provithg lower measurement uncertainfihe test
resultsalso indicatehat thenew methodising a scanning proligeasy to implemerdndcan save
more tharD0% measuremeritme in comparisorwith aconventionatouchtrigger method.

Keywords:CMM; measurementouchtrigger probescanning probe

1. Introduction

One of the most difficult challengesiringmanufacturingsystem developmeir to achieve total
dimensional control of parts produced, creating statistical data analyses atwdgaattcontrol. This
may be achievedsing various measurement instrume@ordinate measuring machines (CMMs)
are acommonchoiceand have beewidely used inthe manufacturingndustryfor accurate, fast and
reliable dimensional measurementpafts

A CMM is a measuring system with the means to move a probing system and gaphbilit

determiring the spatial coordinatesf pointsonthe surface o workpieceln a CMM system,he
probesensoiis one of the most important elements anchigialfor the overallaccuracy of a
measuremenesult(Weckenmann, Estler et al. 200Fhe nost common praés br dimensional
measurements are tactile asptical probing ensos, depending on whethéne probes contact the
surfaces of workpieceln addition, multisensor approaches have also been developed for coordinate
metrology andhedigitizationof thesurfaces ofvorkpiecegWeckenmann, Jiang et al. 2009, Lu and
Wang 2015)The major focus of this pap&ron exploring the application ¢éctile probingsystems

for coordinate measuremeni$ieworking principalof tactile probes is based on a mechanical
interaction with the workpiece and they usually measure in more than one direction.

Tactile probes are divided into two types: todidgger probes (TTPs), which contact the surface of
the workpiece at discrete points, and scanning probes (SPs), which are in continwetsaétnthe
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surface of the workpiec@TPs or discrete point probes, are the most popular probing system used on
CMMs. TTPsuseadiscretepoint probingmethod to record setof points from the surfacef the

workpiece In discrete point probingnode the CMM lifts the probe head from the surface offihg,

moves it forwarda specified distance, théowers it untilthe probe is once again in contact with the
surface. Thidiappens for every data point that is collectePs are ideal fodiscrete point
measurementiut tis singlepoint procedure is relatively sloWwTPs arainsuited for the efficient
measurement afomplex shaped workpiecess well agpplicationdn whichlarge set®f pointdata

are required, sucaisin form evaluation.

On the other han&Ps send an uninterrupted flow of data back to the compuitersponse to the
continuous deflectionf thestylus Data is gathered during movent when the stylus tip is placed in
contact with the component to be measured andisiranved along the surface of the workpiece.
Theydo not needhe auxiliary movements required BYPs. SB oftenuse two types of continuous
scanning methodspenloop andclosedloop, depending on whether the geometry of the workpiece is
defined orundefined respectivesPs have a much higher datajuisitionrate: they camapture
several hundred points per second in comparison to TTPs, which can usuallyi¢apiuénts per
secondThis advantagenakesSPs suitable fomeasuring parts that consist of complex surfaces
measuring taskihatneed a large number pbints.SPs maintain contact with the workpiece and
provide much more information about the form of a feature, which enables a bettes soxfaring

of the feature than TTRéIvarez, Cuesta et al. 2010)herefore, brm deviatiormeasurement is
anotheradvantage othe SPsIn addition,SPscan also be used to acquire discpats ina similar
way toTTPs.Table 1 shows a comparison of the characteristics of both TTPs and SPs.

A CMM canbe used taneasurenanydifferent types of features, and tmeasurement uncertainty
associated with each measurand may be quite diff@@ahto, D’Amato et al. 2016, Calvo, D’Amato
et al. 2016, Valdez and Morse 201The measuringsamplingstrategy for examplethe selection of
the number and position of pointan heavilyinfluence the measedresults(Choi, Kurfess et al.
1998, Jackman and Park 1998houghtfulpath planning andareful selection athelocation of
probing wintsare essentiakhenpreparinganinspectionprogram fora measuremenask The BS
7172:1989BS 1989)states thathe distribution of measured data points should be designed to
providea uniform coverage of the workpiece, whighl help to ensure that thgoints provide a
genuine representation of the geometric featdosvever,theseoperatios mainly dependn the
CMM operator's experienge the present state of thet.ahs an internationallyrecognized guidghe
Guide to the Expression of Uncertainty in Measurement (GIBVPM, IFCCet al. 2008kuggests
thatthe number ofmneasurementshould be large enough to ensure that the estimate ofgdasurand
is reliable. According to the BS 7172:198BS 1989) increasing the totalumber of pointgan be
expected to have a statisticallgrieficial effect. This point is particularly important if the error of
measurement is comparable to the machining .€Ff@r uncertainty associated with measurements
with fewer points tends to be larger than the uncertainty associated with measurenhemisrevit
points, with the return diminishing as the number of points is increased. At a certdiit {sonot
worth collecting more data because the reduction in measurement uncertainty &r mgigase in
sample size is insignificarBy the same toke the more data pointarecollectedthe greater the cost
associated with data collection. At sopwntit is no longer coseffective to increasthe sample size
(Jang and Chiu 2002Y hus, uncertainty reduction involves a ebsnefit analysisFor geometric
feature dimensionaheasuremenit has been shown that ten times the numbpadmeters od
feature is a sufficient number of measurement points using a tactile probe, cogstderin
measurement uncertainty according to literafiafess and Banks 1993 owever, in practie far
fewersamping pointsare usuallytakenconsidering the programming burden and measurement time.



Generaly TTPs are a lot easier to program as compared tovBiRsh require more complicated
measurement routinefhismeanghatone of he maindisadvantageof SPsis that theyusuallyneed
moreprogramming efforto measure specific featurdmn TTPglo; however SPs can also measure
discrete points and work as T§ Rndhavemuchhigher dataapturerates This doegrovidea
possibilityto enhance the measuremeapabilityand flexibility of SPs by using adata segmentation
andextractionmethod

In this papera segmentation methoid presentetb process scanned point datdrtgprove
measurement efficiency and accuraeking advantagef the high dataoutputcapability of SPs
Section resentdswo method to measurenultiple geometric featuregsing atrefoil artefactas an
examplethetraditional manual method using TTP andthe new aitomaticapproactusinga SP.
Section 3ntroduceghe datassegmentatiomnd extractiomethodologes. The bestfit algorithms used
in this paper ardescribedn Section 4The experiment results using both methods are reported in
Section 5. FinallySection 6 summarises the key findings o$ #tudy and identifies topics for further
investigation.

2. Methodologies
Before commencing measuiment preparationgor theselectedvorkpiece need to beonsideredfor
examplechoice of probing stylithe measuementspeedand meas@mentstrategies

The most commonly used styli @MMs are ruby spheres. The choice of sgflbulddepend on the
specificscanningapplicatiors. The stylus tip diameter should be seledtetieas large as possible to
reduce the effects of surface finidthe stylus should be as short as possible to prevent excessive
bending, but long enough to preveisk of collision.Themeasuring speed (also known as speed of
approach)s another factothatwill affect the measamentresults.In TTP mode,tihas been
observedhatmeasuremergrrorsarelarge but consisterat very slow measurement speéde to the
amount of time required by the slow speed to trigger the pAildastmeasuremergpeed, the probe
triggers in arelativelyshort time and the deflection of the styluslisosignificantly reducedFlack
2001) However, with fasineasuremergpeed larger forces are produced on contact and these
contactscause vibration and inertia effeci¢hich may have a greater influence on the measurement
results.Thereforea compromise must be made between slow spegdchmayresult in an
unreasonably long time being required to complete the measurements, and fashspesy result

in large impact forces on surface contaatl reduced precision and accuracy of mesmant The
effect of measuring speéar a specific machine can bscertairdthrough performance testirgg
theCMM e.g.measuring a standard artefasing different speedsrthe optimalmeasuremergpeed
may berecommendetty CMM manufactures.

In this section a conventioml methodfor perforning measurementsksusing a TTRanda new

stratey using a SRs presentedA trefoil artefact(see Fig.1(a)), which includes multiple featurde
measurehas been selected asexample tallustratehow thesemethodologeswork. The3D CAD

and 2D drawing of the paare shown irFig. 1 (b) & (c), respectivelyThe dimensioa ofthe artefact
are150 mmx150 mmx25 mnhnspecting such a workpiece is a challenging task due to its relatively
complex geometrand multiple featuredn each trefoihole the featureshatneed taoe measurd
include: he angleg, betweersegmens A and A, (the same naming convention is used to define

anglesgg & 6. accordingly)ithe radi Ry, Ry and R of arcsA, Band C, respectivelythe radiusr
of themaximum inscribed circle€ , which is defined bygegmens L, L, and L. Fig. 1 (d)
illustrates howthefeatures are defined for measurement.



The conventional and proposed methods are as fallows
1) Manual methodisingTTP mode

The conventional methdd discretepoint probing eachfeatureusinga manual joysticlor CAD
model of theartefact(seeFig. 2.(a)), thenperforming a leassquares fit of the measuremerithe
main limitations of this methoihclude:1) tedious programming operatioasprobinglocationsmust
be carefully selected and multiple features need to be mea&hedted probing pointsan be
takenbecause some features are relatively sragjl segment L. as shown in Figl. (d); 3)
additionally, probing mistakesareeasy tanakebecause of thenclearboundaresbetween different
featuresfor example, therareno clearboundaryfeaturepoints on the artefacfseeFig. 1. @)); if the
probel pointsdo notbelong to theoarticular featuréhis will greatly affect the measuringsults.

2) Automatic methodising SP mode

A new method that uses segmentatfoproposedo measure multiple feature’s SP is used to scan
thefull profile the trefoil hole (seEig. 2. p)) andthe scanned pointreprocessedo obtain the
measuredliimensionf different featuresThe detailed segmentation methogiesentedn Section
3 and thditting algorithms arentroduced in Section 4.hepros of this method ar&) one scanning
profile to obtain all feature®) more sample points can be obtained to improve measmt
accuracy 3) there is no need to probe single feattirerdore, saving considerabl€€MM
programmingime; 4) this method caavoid manual probing mistakesid improve measement
reliability, especially when the CAr the part is noavailable 5) No need to analyse individual
features using CMM software

3. Data segmentation

The measuredutputfrom a SP is usuallgnopen or closed loopf continuougoint data, which can
represeninultiple geometric featureslhesepoint datasetaeedto be segmentégartitionedinto
patches and each patch can be fitted a single, mathematically analysable sh&sgmentation
involves grouping points frorte original dataset into subsets, each of which logically belong to a
single primitivefeature Segmentation is a crucial step towards the interpretati8® ofieasurement
datg especially point clouds measunggsingoptical sensors e.g. laser or fring®jection techniques.
Primitive type recognition and primitive fitting are key issues for computer aidedfacturing and
assembf, geometric inspection etfli, Longstaff et al. 2014, Aivaliotis, Michalos et al. 2018)
Considerable research activities in shape segmentation have been explored in recenteyears. Th
methods for segmenting 3D data in engineering applications can be generally clagsitiagén
types: edgdasedHuang and Menq 2001, Demarsin, Vanderstraeten et al. ,2@ginrgrowing

(Besl and Jain 1988, Rabbani, van Den Heuvel et al. 20@bhybridbasedWoo, Kang et al. 2002,
Liu and Xiong 2008, Le and Duan 201Then and Li(Chen and Liu 1997resenteéd method for
segmentation of freborm surface. The measuremepbint cloudis collected through a CMM and
dliced by parallel plans. On each slicing planepeasured poistarefitted by a 2D NURBSNon-
Uniform Rational BSpline3 spline.And thenmaximum curvature points on each NURBS spline can
be calculatednd marked as tHeoundary poird. The point clouds can be segmented by these
boundary pointsin general, these techniques are developed to deatwritinuousshapesurface
segmentation problem$he shape information can be exploited to deal with segmentation problem.
However, h ourexamplesor most cases using a CMM for dimensional measureaig@ometric
featuresthe point datds only taken from the specififeaturesanddispersed. Therefore tladove
method arenot suitable for solving oudata segmentatiassues.



In thiswork, the datgoints captured usingtactile probearesegmentedy defining theregions
which cancontaindifferent featuresby using the segmentation points (blue dots in Fig. 1&(€lg.
3. (a). Thesesegmentation pointsan be reaffom the 2D drawingf the artefacandtheir
coordinatesire extractedt the same timd&ecausehe relativepositional relationshpbetween the
segmentation points ammgntrepointof each hole (blue point in the ceninelease sem Fig. 3. (a))
are fixed all regions can be automatically calculaded definedisingthis relationshipThe
measuregbointsfalling into a specific region will beextractedor theleast squares best &f various
geometric element3aking into account machining ers, thesize ofthe segmentation region
(0.5mm per sideis reducedo make sure the points in the region cacuaately represetheir
correspondingieometric elementsas shown ifrig. 3. (a).

A Matlabtoolbox is developed to read the 2D drawings and segment the data points which are
measured from CMMThe script reads and the coordinates of entities irditfdile and saves the
results as workspace variabl&ésen the regins to measurarehighlighted andneasurement results
can be calculated using the algorithms wlaokintroduced in Section 4.

4. L east-squar es best-fit geometric elements

After the segmentation process, the original point set is divided into sthesteian represent
differentgeometric elements. These geometric featuredeéitted usingleastsquareslgorithms
(Shakarji 1998)The various geometries that are used infhjgerare2D lines, radi of arcsandthe
maximum inscribed circle thetriangle A measurement plane has belsfined and dl the 3D points
have beemprojectednto this specified plane.g. xyplaneto calculate the feature valueshieh are
described in Section 2.

4.1. Least-squares best-fit line in a specified plane
A line in a plane can be specified by a paigty,) on theline and the direction cosingg,b) of the

line.
a(x—x,) +b(y-y,)=0 )
X, ¥,, a andb are the desired parameters.

4.2. Least-squares best-fit circle in a specified plane
A circlein the planes specified by itgentre(x,y,) and radius . Any point (x,y,) on thecircle

satisfies the equation
(X=%) +(y=Y,)*=r’ 2)
Equation(2) can be simplified as
X2 +y?—ax—ay+p=0 3)
where a=2x,, b=2y,andp = x>+ y,>-r2.

a, b and p arethe desired parameters



4.3. Maximum inscribed circlein thetriangle
A trianglecan be builusingsegmens L,, L, and L3, andthenthecoordinates of three vertexean

be calculatd. Theintersection pointan be obtainefiom thesetwo angle bisectons two angle
bisectos through any two verticesre madeThen thisintersection points the centre of the maximum
inscribed circle in the triangl&@he perpendiculadistance from theentreto any side of the triangle is
the radius of thenaximum inscribed circle.

The dove algorithms are integrated into the Matlab tool box, wiilgttly generate measurement
results using the point clouds after segmentation.

5. Experiments and results

The CMMs used in these experimentergaHexagon MetrologyPEA GlobalSilver (see Fig4 (a))
with maximum permissible error of length measurenEniire) = (3.0+3xL/1000) um (L in mm)
andaleitz PMM-C 12.10.7 CMM (Fig. 4 (b)yvith E. mpe = (0.5+L/700) um (L in mm)ata level of
confidence greater th&@9%, according to 1ISO 10360(1SO 2001) ISO 103662 (ISO 2009)andISO
103604 (ISO 2000)In this paper, the term ‘DEA’ is used to represent the first CMM and ‘RMM
is used to stand for the latt@machine respectively.

To test the measementaccuracyof DEA, acalibratedmicrometre metric setting rindrig. 4 €))

whichis manufactured by Bowers Metrologyasselected aa reference artefatd verify the

accuracy of TTP and SP used in this papbeinnerdiameter of the setting ring is 34.998
mnt0.0010 mm at a level of confidence of approximately 95%. The uncertainty evaluatiorehas be
carried out in accordance with UKAS requiremehtsaddition,anarm assembly (maximum length
232 mm and depth 12 mm, please see Fig. 4 (d)) which is taken from RENISHAWWQ G2ife
calibration adaptor kihas alsdeen selectetb further verify the accuracy of the proposed methods.

Both theequipment and artefacts have been soaked in a temperatirelled metrology room for at
least 24 hourbefore measuremenwith the environmental temperature controlled at 20+0.5 °C.

Several terms used tlescribe thalifferent meaning of speed are explained:

e Move SpeedThe speedf the stylugprobewhennotapproachinghe surface of part.

e Touch Speedrlhe speed of the stylwghen it is approaching the surface of workpiand the
probe isstarting to collect discretgointsin touchtrigger mode

e Scan speedrhe speed of the stylughen itis contacting an@assing over the surface of the
workpiecewith a continuous movement gtanningnode.

During the testghemove speeds set to100 mm/dor both mods with a touch speed & mm/sfor
TTP modeThese parameteese recommendday the CMM manufactureThe manufacturealso
advigsthatthe scan speed should be less than 5 fonthe CMMused in this papehowever, a 5
mm/s scanning speed causes a discontinuous contact between the stylus tip of probeidadethe s
according to ouexperimersg. Thereforghe scan speed of 1 mm/s and 2 mm/s for SP modesace

to measure the trefoil artefasgparately

Next, the accuracy dhe DEATTP and SRvastested and then the results tifetwo measurement
method werecomparedising the trefoil artefact



5.1. Accuracy testsusing DEA TTP & SP

Theprobeusedin this experiment is threeaxisLeitz LSRX1 probethatcan conduct touch trigger
and scanningneasurements a single probe system and is able to execute ttigder probing and
scanning. Tabl@ presents the specificationstbe LSP-X1.

In thistest, 4 11 and 30points are slecteduniformly on the internakircumferencef thesetting
ring, when performing the accuracy test for the TTP médeircle in aspecifiedplanecan be
defined bythree parameter&quation?2), therefore30 probed points should tsifficientfor the
measurement of this featunsinga contact probaccording to refereng&urfess and Banks 1995)
Thenumber of pointgor scanningnode is set to 20@ecause of the high data capture m@itthe SP
and the scan speed is set tm/s Theprocess wasepeated fivéimesand themeasured diameter
of thesetting ringandstandard deviationf measurmentresults are presentéud Table3.

Table3 showsthatall the results are very close to ttaibratedvalueof the setting ring. The
standard deviatisalso demonstrathatthe measurement resulése robustBoth TTP and SP can
provide accurate measurement resultstaechumber oprobing points desnot affect the
measurement results, if the artefpossesss avery small form error.

5.2. Measurement results from different methods using DEA
The topthreetrefoil holes (sed-ig. 1. @)) are usedo illustratethe proposed methodll profiles of
holes are measured with a depth of 10 mm from the top surface.

The measwad points ar@aligned to thenominal model of the artefact using the bigstnethod In this
paper, the nominal dais fixed and themeasured data transformedThe method introduced in
literature(Li, Stoddartet al. 2017)s exploited to find theptimum rigid transformatiarAfter
alignment, thgrobedpoint datas processed usinigpe proposed method. Thikatasegmentation and
fitting results are shown in Fig. 5. @)d(b), respectively.

In thiscasefour methodologies are used to test their accuttheyconventional manual method using
TTP with low density(TTP-L) and high densityTTP-H) points theproposed automatic method
using SP with slow (1 mm/S$RS) and fastrscan speed (2 mm/SRH). Thenumber ofprobing

points andneasuremerttme for each single trefoil holasing different methodare shown in Table

4.

Table 4 indicates thaih comparison with the TTP methodbke SP methodequiresmuchless
measurement timieut cancapturemany moredatapoints.The artefact used in this papepidy a

small sample pieckom ageamgeneratobaffle-support plateThe original part may contain
thousand of theserefoil holes thereforeour method canave considerable measurement time, which
meanghis approach hassignificant advantagm industial applications.

Thedeviationsof the measured resufi®m nominalvalueusingDEA TTP and SPare listed in Table
5 & 6, separately

From Tableb and®6, significantdeviatiors have been observéxtweerthe measurement ressitsing
low density pointsTTP-L) andother three methodd TP-H, SRS and SH- method} which have
exceeded thmaximum permissible erraf DEA CMM used in this papein generalthe
consistencyf results measured using high density poffiteP-H, SRS and SH- methodspare
satisfactoryThe Parson’s correlation coefficietietween different methodse also computeand
listed inTable 7.



Table 7summarsesthatthe Pearson’s correlation coefficiertietweerresults measured from high
density pointare very close to 1, whidturther validatsour aboveconclusionsA comparison of
points measured usidgw densitypoints(measured from TTH® method) andhigh density points
(measured from TTH, SRS and SH- methodspre displayed in Fig. @) and (b), respectively

According to statistical rules, a much higher number of data points must be t&keuite the
measurement accuracy, especially in thegares of unknown form errgHocken, Raja et al. 1993)
However, tlis increase in samplingointsis directly related t&€MM programming difficulties and
measurement tim&hen using a conventional discrete point probing method. The proposed method
using a SP can captuaesignificantly higher number of points with a shorter time and cartherefore
theoretically providdetter accuracwhencompared to the method commonlsed with ar TP.

5.3. Accuracy tests using different CMMs

To further verify the accuracy of the proposed methods, an arm assembly has beentgselsetad
an artefact for comparative measurements using the different CMMs and inspecliodsiidtis
workpiece contains a relatively complex geometric features and therefore it is aarteteaito
verify the methodologies.

A benchmark measurement of the dimension of the artefact was made using the Leitz EMM,
which has a better accuracy accordimghe machine specifications and relevant ISO standangs
the values measuresing theLeitz PMM-C CMM were compared with the results measured using
theHexagon DEA CMM and the proposed segmentation method.

The 3D CAD model is shown in Fig. 7. (a)dathe features that need to be measured are illustrated in
Fig. 7. (b).

The measuring depth was set to 5 mm from the top surface of the part to measure RjearsdiiR, .

Two lines of points with measugdrdepths of 5 mm and 8 mm respectively from the top surface of
artefact, were probed to construct a planother plane can be constructed using same measurement
strategy andhenthe angleg was defined between these two planes. All three measurement
methodologies follow the same measuring strategy. The measurements residis@anstrated in

Table 8.

From Table 8 DEA SP results are slightly closer than DEA TTP method using the Mbults
as referencdn general both measurement results are within the allowable tolerance accordeng to t
CMMs manufactures’ specifications.

5.4 Task specific uncertainties evaluation

In this case, the measurement uncertainty mainly results from measurgoipnient (CMM) and
measurement environmefWen, Zhu et al. 2012). The significant uncertainty contributions, which
are suggested by literatui@arini, Tosello et al. 2010, ISO 201Tan be listed as follows:

(1) Repeatability

The repeatability study has been conducted according to (ISO 2000, ISCag@aBe estimated
standard uncertainty, can be calculated from serieSrepeated measurements. Tthevalues for

PMM-C, DEA-TTP and DEASP are).34,0.84, 1.00um, respectively.

(2) Effect of dirt



The uncertainty componeny, from the dirt is estimated as 0.1 pm by referring to litergBagini,
Tosello et al. 2010)

(3) Effect of temperature difference

The temperature difference between CMMs and the artefacts is observed to maximumwibdg’C d
the measurement process. The linear coefficient of thermal expansion is assumed tori3eLQAL Y
mm x °C) for CMM and the parts. The influence can be calculated:

&y = Fxa H=05Cx11 M .. [2331 12mm= 1.28m
100mmx°C

The Udistribution is assumed and the uncertainty compongnwhich is introduce by temperature
difference ig1SO 2011)

1.28
utd_\/z_oglu

(4) Effect of thermal expansion

The observed maximum deviation from standard reference temperature (20 °C) ¥ CGs
assumed as there is no information about the sign ad¢iistion. The difference in thermal
expansion coefficients (CMM and parts) is assumed to be less thafi90%011) The influence is
calculated:

. =ATxaxH =1°Cx1.1—"——x+/ 232+ 12mmx 10% 0.26m
100‘n ><°C

A U-distribution is assumed and the uncertainty compoungritom the thermal expansion
coefficient is(ISO 2011)

o, - 026
© 2

(5) Drift and hysteresis of CMMs

=0.18um

The uncertainty component from the drift and hysteresis of CMM is estimated as 0.2 um according
to (ISO 2011)

As all above uncertainty contributions are considered as uncorrelated, the costéinukzoid
uncertainty of different methods can be calculated by the for(BifdM, IFCC et al. 2008)

= JuZ +uZ +uZ +uZ+u? ()

The combined standard uncertainty and expanded standard uncertainty (95.45% maasureme
confidence, k=2) are listed in Table 9.

5.5. Discussion

In this section, aetting ring is used to test the accuracipBA TTP & SP and then a trefoil artefact
is selected to illustrate the viability of our presented technique in an induppiaagion.In addition,
an arm assembly is also udedurther verify the accuracy of our proposed method.



Overall, the following conclusions have been drawn:

1) When measuring an artefact which has been calibrated or has good form error, the number of
measured points does not significantly affect the nreasent accuracy. The minimum and
recommend number of points for different geometric features can be found in (BS 1989)

2) When measuring a part with unknown form error, the number of measured points greatly
influences the measurement results. Therefore ten times the number of parainfestuseofor the
measurement points is recommended, as concluded by the lit€kaidiess and Banks 1995)

3) Therewas no evidence that tlseanspeed (1 mm/s and 2 mm/s in this paper) significantly affect
the measuring results when using a SP. However, a relatively slow scanning speed (1 hign/s in t
case) will be recommended, especially when measuring features with tight tolerances.

4) The testesults using a trefoil artefact indicate that the new method using a SP is easy to
implement, and can reduce the measurement time by more than 90% comparison with the
conventional TTP method, when measuring a part with unknown form error. The datats¢ion
technigue can also be expanded to measure other open and closed loop or continuous multiple
geometric features, for example quatrefoil shape and gear measurement etc.

5) The accuracy of the newethodologies using the DEA SP is further verified using a more accurate
PMM-C CMM. The conventional method using the DEA TTP is also compared with the EMM

CMM. The measurement results indicate the new method using SP is still sup@&fié meethod in

terms of accuracy butverallboth methods obtain satisfied results. The task specific uncertainties
using diffeent methods have also evaluated. The uncertainty evaluation results indicaEAthd P

(2 mm/s touch speednd DEA SR2 mm/s scanning spegbave similar measurement accuracy but
the SPmethodis ideal for measurement applications whagasepoint cloudsdataare needednd

time budgets limited.

6. Conclusions and futurework

The use otonventional TTB for CMM hasbecome aommon choicen dimensionametrology
However, some barriers still netxlbeaddressedspecifically thetime required to programme
measurement routindew number ofsampling points due timited programming ananeasuring

time andthe selection of sampling points because of the prodiffgrulties. This scenarigyreatly
reduces measurement efficiency and reliabditthe measurememésults.This work shows the
feasibility of a SP, with increased data acquisition rate, to be used for thaicostimultifeature
measurements. The scanned point dataset is procestsezbbyposed data segmentation method and
all the measurement results can be calculated using least squdiedigstithms. In theory, the
proposed method using a SP can avoid manual sampleppsitibn errors and generateanymore
sampling pointswhich canprovide improved measurement accuracy coegpaith the traditional

TTP approachScanning probing is therefore ideal for measurement applications where thaf form
feature is a significant element of the overall error budget, or where complex surfactsmeed
inspectedin addition, our methodology does not need complex sampling strategy and path planning,
which can save considerable programming tifihe test results using a trefortefact indicate that

the proposednethod using a SP can reduce the measurement time by more than 90% comparison
with the conventional TTP method

As the inspection of large machined components (those being over 2 metre) is a cosffjcatid di
activity, onrmachine inspection has the potential to reduce time, cost and risk associated with the
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manufacture of larggolume components. The logisticwatved in relocating large components from
the machining centre to a CMM are difficult and often account for a significant amaiet @ferall
manufacturing timef-urther work will involve the evaluation of the performance of probing systems
on a multipk axis large scale machining centres. A measurement system analysis (MSA) will be
carried out to qualify measurement systems for the use on machine centres byiggaaturacy,
precision and stability. Then tihegion segmentatiomethod described ithis paper will be replicated
using a SP installed aCNC machining centre. The measured results will be compared with the
CMM results detailed in this study. Results of this research this will greatly expakddwledge

base pertaining to emachine iispection.
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Tablel1l The @mparison offl TP & SP

TP

SP

Measuring peed

1-2 points/sec

Up to everalthousangoints/sec

Advantages

1. Cost effective
2. Compact and rugged
3. Low stylus wear

1. Higher data capture rates
2. Quitable forapplicationsthatrequre
manydatapoints

Disadvantages

1. Low data captwe speed
2. Sparse density of the acquired
pointsdata

1. Relativelyhigh costs

2. May needmore complicated
routinesto measurspecificfeature

3. Not suitable for materials that are
easilyscratched.

Applications

1. Size and positiorof the feature
2. Parts have stable foratcuracy

1. Complexsurfacs
2. Form deviatiorevaluation

Table2 Specifications of théeitz LSRX1 scanning probe system

Technical Parameter Value
figure

Dimensions @ 30% 109 mm
Weight 100 g
Resolution <0.1 um
Measuring range + 2 mm in all axes
Linear stiffness 1.2 N/mm
Stylus joint M3
Max. stylus weight 20 g (incl. stylus clamping)
Max. Stylus lenth range | Up to 115 mm

Table3 Setting ring neasurementesultsusing DEA

Unit: mm 1 2 3 4 5 Std.Dev.
TTP (4pointg 35.000 | 35.000| 34.999| 35.000| 35.000| 0.0001
TTP (11pointy 35.000 | 35.000| 34.999| 35.000| 35.000| 0.0001
TTP (30pointy 34.999 | 34.999| 34.999| 34.999| 34.999| 0.0000
SP (202pointy 35.000 | 35.000| 35.000| 35.000| 35.000| 0.0000

Table4 Number of point& measuremerttme for trefoil artefactusing DEA

TTP-L TTP-H SRS SPF
Number of points 57 392 392 392
Time (s) 159 1050 81 42
Table5 Deviationsof measurements resulisingDEA-TTP
Resultsof Hole 1 Hole 2 Hole 3
deviations| TTP-L TTP-H TTP-L TTP-H TTP-L TTP-H
0a (°) 0.105 -0.050 0.086 -0.039 0.103 -0.026
s (°) 0.166 0.092 0.088 0.057 0.114 0.077
0c (°) 0.139 0.109 0.111 0.119 0.184 0.152
Ra (mm) -0.240 -0.145 -0.149 -0.164 -0.195 -0.159




Rs (mm) 0.005 -0.109 -0.104 -0.105 -0.032 -0.109
Rc (mm) -0.330 -0.217 -0.273 -0.170 -0.215 -0.166
r (mm) -0.028 -0.026 -0.028 -0.027 -0.029 -0.028
Table6 Deviationsof measurements resulisingDEA-SP
Results of Hole 1 Hole 2 Hole 3
deviations| SRS SPF SRS SPF SRS SRPF
0a (°) -0.053 -0.055 -0.039 -0.036 -0.025 -0.024
08 (°) 0.092 0.081 0.058 0.055 0.076 0.072
0c (°) 0.1® 0.098 0.117 0.115 0.153 0.156
Ra (mm) -0.148 -0.133 -0.170 -0.161 -0.162 -0.147
Rs (mm) -0.109 -0.119 -0.108 -0.104 -0.110 -0.111
Rc (mm) -0.218 -0.211 -0.172 -0.171 -0.171 -0.183
r (mm) -0.026 -0.026 -0.027 -0.027 -0.028 -0.028
Table7 Pearson correlation coefficieof resultsusing DEA
Hole 1 Hole 2 Hole 3 Average

TTP-L & TTP-H | 0.8892 0.8979 0.9264 0.9045

TTP-L & SP-S 0.8897 0.8987 0.9298 0.9061

TTP-L & SP-F 0.8695 0.9054 0.9276 0.9008

TTP-H & SRS 0.9999 0.9998 0.9999 0.9999

TTP-H & SP-F 0.9986 0.9998 0.9974 0.9986

SRS & SRF 0.9982 0.9997 0.9978 0.9986

Table 8 Deviations of measurements resusiag different CMMs

Results of measurementy PMM-C DEA-TTP | DEA-SP
Ra (mm) 14.012 14.015 14.015
Ry (mm) 14.008 14.010 14.009
0(°) 44,793 44,798 44,791

Table9 Combined standard uncertainty & expanded standard uncertainty

Unit: um PMM-C DEA-TTP DEA-SP
CombinedSTD uncertainty 1.01 1.27 1.38
ExpandedSTD uncertainty 2.02 2.55 2.76




(a) Trefoil artefact

(c) 2D drawingof top surfaceof the artefact
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Fig. 1. Artefact tomeasure




(a) Manualtouchtriggermethod (b) Automaticscanningnethod

Fig. 2. Measurement strategies
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(a) Hexagon DEA Global Silver CMM (b) Leitz PMM-C 12.10.7 CMM

(d) RENISHAW QC20/ arm assembly

(c) Micrometre metric setting ring

Fig. 4. Elements of the test
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(a) Data segmentation (b) Least squares best fit results

Fig. 5.Data segmentation arebstfitting
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Fig. 6. Datapoints(black) measured usindifferentmethods
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Fig. 7. CAD models of the QC20¥ arm assembly



	1
	Abstract:
	1. Introduction
	2. Methodologies
	3. Data segmentation
	4. Least-squares best-fit geometric elements
	4.1. Least-squares best-fit line in a specified plane
	4.2. Least-squares best-fit circle in a specified plane
	4.3. Maximum inscribed circle in the triangle

	5. Experiments and results
	5.1. Accuracy tests using DEA TTP & SP
	5.2. Measurement results from different methods using DEA
	5.3. Accuracy tests using different CMMs
	5.4 Task specific uncertainties evaluation
	5.5. Discussion

	6. Conclusions and future work
	Acknowledgment
	References

	2
	3

