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Abstract:

The objective of the research presented in the rpape

the selection of suitable probe radius correctiathod in
the case of coordinate measurements of a turbadgeblThe
investigations are based on theoretical analysgeometric
data and on further computer simulation of measargm
and data processing. In the paper two methodsdompat-
ing coordinates of corrected measured points ariieck

Those so-called local methods of probe radius ctoe are

based on the"2 degree and the™degree Bézier curves.

They are dedicated first of all to coordinate measients of
free-form surfaces which are characterized by lilgyies of
curvature, e.g. those surrounding the leading aaiing

edges of a turbine blade. Numerical simulationsdare for
several models of the transverse sections of tarbiades
with diversified magnitudes of radii of curvatufghere are
considered both manufacturing deviations and coatdi

measurement errors of each examined profile ofinarb

blade. Moreover, the paper presents an algorithmerming
computations of data which extends the set of stahdlgo-
rithms used for the analysis of coordinate measargsnof
a turbine blade developed by Carl Zeiss for itsrdivate

The analysis of measurement errors caused by afiplic
in computations of nominal normal vector is givar{5]. In
paper [6] a method of probe radius correction basedri-
angular network defined by indicated measured poiot
cated on free-form surface is described. Normalorets
computed as a vector product of vectors represgritie
edges of triangles. Paper [7] extends the metheghghn [6]
by introducing weight coefficients. They are usedcalcu-
late four auxiliary vectors. An actual normal veci® com-
puted from those auxiliary vectors.

In paper [8] it is shown that wrong correction bétra-
dius of stylus tip of probe causes significant esrim scan-

ning measurements on CMMs, especially in the cdse o

relatively small measured objects, compared tadhd@is of
stylus tip. Therefore, in papers [8-10] a method@iput-
ing corrected measured points is presented, basetbter-
mination of the approximate envelope of scannedresur
built of arcs being parts of the stylus tip profilesuccessive

measuring machines and coded within the measurememgeasurement locations of the probe.

softwareCalypsoandBlade Pro The paper shows how to

implement the developed algorithms of probe radrsec-
tion within the standard CMM software by using paedric

programming option PCM available in the measureme

softwareCalypso

In order to verify algorithms used for probe radiasrec-
tion a virtual simulator of scanning measuremenss \ae-

r}\ﬁbped in [11]. It computes indicated measuredisofor

e corresponding corrected measured points.
The method of probe radius correction presentgzhper

K eywords: CMM-metrology, probe radius correction, poly- [12] applies kriging procedure for the interpolatiof indi-

nomial interpolation.
1. INTRODUCTION

Probe radius correction process is the fundamestagle
in contact coordinate measurements of productssosty
those containing free-form surfaces, using cootdimaeas-
uring machines (CMMs). Correction procedures carisis

computing the coordinates of corrected measureatpoi

based on the coordinates of indicated measuredsplo@ing
the centers of spherical stylus tip of measurermpeaibe [1-
3]. The methods of correction may base either aninal or
actual vector normal to the measured curve or serf@or-
rected measured points should be actual contactgbe-

tween the stylus tip of measurement probe and medsu

object. Therefore, the direction of tip correctimector
should conform the direction of actual normal vec&d

cated measured points. Corrected measured pomtgedr-
erated using vectors normal to the surface reptiegeauc-
cessive locations of the center of stylus tip. iginterpo-
lation is also used for probe radius correctionvshaén pa-
per [13].

Two methods of probe radius correction leadingrtata
erative algorithm are shown in paper [14]. In thretfone
the shape of measured surface is approximated usarg
gular surface patches which are divided into smalleface
patches after checking whether such linear appratiém of
curvilinear measured surface satisfies the requardnof
assumed approximation accuracy. If the accuracyais
achieved, the surface patches are subdivided aogotd
new additional measured points. In the second ndetho
Bézier cubic surface patches are applied for foemfsur-
face generation which can be further divided intaaker
ones without additional measurements.

considered measured point of measured object. @re a The algorithms of probe radius correction basedBen
proach consists in application of special probéhwitforce  Spline or NURBS (Non-uniform Rational B-Spline) are
sensor [4]. The other approach relies on the apipic of ~ Presented in papers [15,16]. Indicated measuredtgaire
numerical algorithms allowing to compute approxienat treated at the beginning of the developed in [1§p@thm
normal vectors based on the geometric model of mmeds @s the control points of free-form surface. In tiext stage
object. normal vectors are calculated in direction nornwlthe
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surface interpolating indicated measured pointsseBaon the determination of corrected measured pointsdanel-
that, corrected measured points are generated.ndede oped and applied for the simulation of coordinatasure-
algorithm is shown in paper [16] where either B#Splor ments of a turbine blade. The results of applicatib both
NURBS surfaces are used for approximation. Proposetiethods are compared with each other and with raimin
algorithm fits a surface to measured points in ecuve data. The way of implementation of the algorithntoin
iterations by suitable modification of control ptsinor CMM standard software is also described.

weight coefficients.

The correction method of probe radius given in pape
[17] also uses NURBS surfaces generated from ibelica
measured points approximated with least squaresadet
Measured points are fitted to some offset surfasaputed

2. PROBE RADIUS CORRECTION

2.1 Methods of Computing Probe Radius Correction

from the nominal model of measured surface. Thip $
made in order to determine the relation betweerctwedi-

In order to determine corrected measured points fie-
quired to know the vectors normal to investigatedfife

nate systems of used CMM and measured object. F@glated to the indicated measured points whichcaiaci-

smoothing the sequence of measured points sulffitbléing
of data is applied. Each indicated measured pairthén
replaced with the nearest point from the approximgat
surface. Probe radius correction with NURBS curies
shown in paper [18]. Indicated measured pointsirgegpo-
lated using NURBS curves. Next, those curves aeel fier
generation of the surface associated with the ssooe
locations of the centers of stylus tip.

The direction of tip correction vector can be deteed
from the vector product of two auxiliary vectorsadh of
them is computed from the two sequences of poimtsain-
ing two points located on both sides of considenelitated
measured point [19]. Different approach is givenpaper
[20], where tip correction vector is computed a tentral
point of the set of nine indicated measured poiRts. that
purpose the ¥ degree Bézier surface patch is used as
interpolation model. In paper [21] an extended atgm is
presented for computing tip correction vector basedwo
moving masks of three or five consecutive indicateshs-
ured points along each direction of constant patarae

dent with measurement locations of the center dbisttip.
Therefore, successive measurement locations otenéer
of stylus tip are interpolated using th& Blegree ifethod
A) and the % degree ihethod B) Bézier functions. The
following stage consists in computing normal vestand
corrected measured points. Deviations betweendberate,
i.e. already known, points from the profile of tumb blade
and corrected ones are determined along the whuisid:
ered profiles of turbine blade and used in furtmgalysis.

2.2 Model of 2D Profiles of a Turbine Blade Used
for Simulations

The planar model of turbine blade profile useddionu-
lations is built of four arcs with straight intetrengles ful-
filling G? continuity conditions at joining points. They com-

hﬁose a closed contour, in whigti, R2 R3andR4represent

the radii of curvature associated with leading edgeking
face, trailing edge and thrust face of blade, retypaly. The
contour consists of both concave — on thrust faaad-con-
vex curves — other faces — with significant diffeses be-

andv. The unit normal vector to the surface is computeqeen the radii of curvature.

from the vector product of two vectors tangenthe inter-
polating Bézier or B-Spline curves.

In paper [22] a method is presented for coordinatas-
urements of external profiles of porous objectdinkated
direction of normal vector is computed from thegiamtially
extrapolating cubic spline used for predicting thend of
considered curve.

Published methods for probe radius correction ifatth
three main categories. They use information frointhe
probe with force sensors, (ii) nhominal data frore BAD
model of measured object, (iii) interpolation amgp@xima-
tion of indicated measured points surrounding the at
which the tip correction vector has to be determhiemong
advantages they also exhibit specific disadvantaQes of
the disadvantages is that the computational praesdare
sensitive to the input data from the neighborhobdomsid-
ered point and to applied models of interpolatiapproxi-
mation and filtering of the measurement data. Meeeoin
the case of fitting data to some assumed model btuth
results and their cost depend on the effectivenéspplied
optimization methods [23].

Therefore, considering smoothing capabilities okiBé
functions, in this paper two suitable local methadsful for

Developed geometric model allows for easy companati
of the corresponding offset contour because nouiraic-
tions to the modeled contour are determined by liradfs
passing through selected points on the arcs amtingtaat
the centers of related circles. Bothandy coordinates of
points on the offset contour are independently fiedi
using the noise with normal distributid(u,0c?) of meany
and variance®. That noise maps both manufacturing devia-
tions and coordinate measurement errors. Suchtaftse
tour modified with the noise represents the redh ffar the
centers of stylus tip of measurement probe.

2.3 Reaultsof Simulations

The maximum4dmax mediandmedand average devia-
tions dav arising from the application of the methods A and
B are compared with each other. The differencesvédmt
the average deviationgav,B —4av,A resulting from using
the methods B and A are shown in Figs. 1-3. Theyodr
tained for some representative turbine blade m®fidlis-
turbed with the noise of normal distributidt{u,6%) of mean
« = 0 and different magnitudes of standard deviatioryvar
ing in ranger = 0.02(0.02)0.dmm.
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Fig. 1: The differences between the average deviati
Aav,B —4av,Aresulting from using the methods B and A for
the profiles with the leading edge radRi$ = 3mm
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Fig. 2: The differences between the average deviati
Aav,B—Aav,Aresulting from using the methods B and A for
the profiles with the leading edge radRi$ = 6mm
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Fig. 3: The differences between the average deviati
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methods A and B based off 2legree and™degree Bézier
polynomials, respectively, are shown in Table 1.

Table 1: Selected average deviatidiay,Aand4av,B

R1, mm | R2, mm | R3, mm | R4, mm | ¢, mm davA, | 4av,B,
mm mm

0.02 0.0787 | 0.0967

0.04 0.2205 | 0.2503

3 90 1 86 0.06 0.3438 | 0.3742
0.08 0.4219 | 0.4501

0.1 0.4755 | 0.5010

0.02 0.0784 | 0.0961

0.04 0.2194 | 0.2485

3 120 1 116 0.06 0.3449 | 0.3753
0.08 0.4277 | 0.4549

0.1 0.4810 | 0.5071

2.4 Discussion

From obtained results it follows that both averdgeia-
tions 4av,A and4av,Bincrease with raising standard devia-
tion of applied noiser. The differencesiav,B —4av,A be-
tween the deviations grow from approximat@y18 mm
until the standard deviatios reache€.06 mm. For bigger
magnitudes ofs the differencesdav,B — 4av,A diminish
with various intensities, depending on the dimemsiof
blade profile.

3. IMPLEMENTATION OF AN ALGORITHM
FOR PROBE RADIUS CORRECTION
INTO STANDARD CMM SOFTWARE

3.1 StepsMade Only Once

1. Launch theCalypsosoftware which is the software for
the Carl Zeiss CMM. Create a new measurement plan.

2. DefineBlade macrawithin theCalypsosoftware.

3. Export nominal curves representing transverse @esti
of a turbine blade to an XML file using tli&lade macro
Measurements are done by utilizing therve 3Dfeatures.

4. Create a specification file within thBlade Pro soft-
ware. Determine transverse sections of a turbiaeebfor
measurements. Specify measurement and locatioaatbar
istics of investigated blade for all transversdises.

3.2 Steps Made Repeatedly

5. Launch theBlade Prosoftware and select the specifica-
tion file created in step 4.

6. RunBlade macrowithin the Calypsosoftware.

7. Make coordinate measurements of investigated blade.
8. Save the results of coordinate measurements oiiheurb
blade — coordinates of indicated measured poiniate

a VDA file. Edit the VDA file and create data fon a&xter-

Aav,B —4av,Aresulting from using the methods B and A fornal program for computing corrected measured paigts

the profiles with the leading edge radRi$ = 9mm

The average deviationtav between the corrected meas-
ured points and related nominal points computed/éoious
profiles and standard deviations of normal neisesing the

cording to the selected method of probe radiusection.

9. Export the magnitude of stylus tip radius from the-
lypsosoftware to the data file created in previous.step

10. Select the probe radius correction method. Updage t
data file for computing corrected measured points.
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11. Launch the external program from inside tBalypso
software and compute corrected measured points flem
data updated in previous step. Save the results Some
XML file.

12. Create, in theBlade Prosoftware, a file containing the

(9]

results of coordinate measurements of investigalizde. [10]
13. Analyze, in theBlade Prosoftware, collected results of
measurements concerning investigated blade.

[11]

4. CONCLUSIONS

Coordinate measurements of free-form curves and sur
faces require application of proper probe radiugemion [12]
method. It is directly connected with the deterrtiora of
the direction of tip correction vector. Such vectam be
successfully computed as a vector normal to theieBéz
curve of 2?and 4" degrees interpolating the locations of the13]
centers of stylus tip.

From preformed investigations it follows that foveésti-
gated models of turbine blade profiles the corcectnethod  [14]
based on ¥ degree Bézier curves gives smaller errors than
the one based or"ddegree Bézier curves. That difference
grows until the standard deviation of normal naeiseaches

0.06 mm and decreases for bigger values.of herefore, in  [15]
order to diminish the errors of coordinate measemm it
becomes justified to select the right method obproadius
correction using an external program. The selectibthe [16]

method should consider, among others, the varigtioh
shape of measured curves and surfaces associated wi
manufacturing deviations and measurement errors.

[17]
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