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Abstract: Coordinate measurements are the source of digital idathe form of coordinates of the measuremertpo
of a discrete distribution on the measured surfade local geometric deviations of free-form suefaare determined
(at each point) as normal deviations of these pdioim the nominal surface (the CAD model). Obtajniliscrete data is in-
separably connected with losing information on theface properties. In contact measurements, thetipafunctions

as a mechanical-geometric filter. The results afrdmate measurements of geometric deviations adkpenonly on the grid
size but also on the ball tip diameter. This agtigtesents foundations of the influence of the tigltliameter and the grid
size on coordinate measurement results along Wwithekperimental results of measurement of a fre@-fmilled surface

in order to determine its local geometric deviasion

1. INTRODUCTION

The issue whether a product meets the appropriate ¢
struction requirements is of fundamental importance
in producing machine parts. For inspecting the emu
of parts which consist of geometric shapes suchlases,
circles, or cylinders, widely known measuremenhtegues
are used in industry. The accuracy inspection ofspeon-
taining free surfaces requires the coordinate nreasent
method to be applied.

The coordinate measurement technique consists-in de
termining the coordinate values of measurement tpoin
located on the surface of an object. As a resuthefmeas-
urement, a set of discrete data is obtained irffdha of the
coordinates of the measurement points. The dimen-
sional/form accuracy inspection of free-form suefaon-
sists in digitalizing the workpiece under reseafcbordi-
nate measurement with the scanning method), fotlole
comparing the obtained coordinates of the measureme
points with the CAD design (model). The values addl
geometric deviations of the free-form surface, ornmal
deviations of measurement points from the nominghse,
may be calculated by previously determining theiaten
components in the, Y, Z directions (Werner and Ponia-
towska, 2006; Cho and Seo, 2002). Software of déoate
measurement machines (CMMs) automatically performs
such calculation for each measurement point in Whé
scanning option designed for scanning on the bafsthe
CAD model UV - directions of the B-spline surface param-
eterization).

Measurements of real surfaces produce only their ap
proximate views. The approximation degree depemndh®
accuracy of the applied measuring method. Amongenum
ous factors which have influence on the accurasynected
with the tool instrument and the measurement enwient,
there are factors which can be rationally adjustesuch
measurement parameters as the sampling (discietiyat
interval and the diameter of the measuring tip.hBibiese

factors have a strictly specific impact on the measent
results (Adamczak, 2008).

Different sampling strategies (number and location
of measurement points) provide different measurémen
results for the same surface. This is connectetheofact
that measuring a finite number of discrete pointstioe
measured surface is actually described by an tafimim-
ber of points. Since geometric deviations are iffié
at each point, measurement results depend on timbaru
and location of these points (Badar et al., 200@8sworth
et al., 2000). Elkott et al. (2002) proposed to gi@npoints
from free-form surfaces based on the surface NURBS
tures. However, in the majority of cases, measunésnare
carried out along a regular x v grid with the use ofJV
scanning options, which are inbuilt in CMM softwaie-
formation on the surface is provided by data ofistréte
character. Obtaining such data is inseparably aziede
with losing information on the surface propertiBfanning
an effective sampling scheme requires decisionsleiar-
mining the range of active area and the size ofntleas-
urement points grid. The active research, areacdisas the
grid size determine the measurement results. Gemmet
deviations of a surface may be decomposed inte tboen-
ponents: form deviations, waviness, and roughness.
The components differ in respect of lengths ofrtké@men-
tary irregularities (waves). In contact measuremethe ball
tip functions as a mechanical-geometric filter (Adaak,
2008; Dong et al., 1996). The scope of informatratuded
in measurement data depends on the ball tip diamete
Therefore, results of coordinate measurements aigéric
deviations of free-form surfaces depend not onlytioam
active area and the grid size but also on the diemué the
ball tip end.

In measuring geometric surface textures (form devia
tions, waviness and roughness) of regular shapesial-
ized stylus measurement instruments are used -Hepsof
roundness measuring machines, form recording imetnts,
etc. For the particular types of deviations, guircks
for selecting measurement parameters including tthe
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radius, sampling lengths and assessment lengthssain-
pling interval (the number of measurement poirds)well
as rules of digital roughness filtration have bderneloped
and incorporated in standards. In standards pertpin
to measuring straightness and roundness, the reended
maximum tip radii were worked out according to fhci-
ple stating that the tip radius is comparable tolibundary
wavelength (the filter passing limit), while thestdince
between measurement points was established acgordin
to the principle holding that the number of meamest
points in a segment whose length is equal to tlahe
boundary wavelength, amounts to 7 (Adamczak, 2008).
However, there are no strict standards which wauldm-
biguously determine what boundary length of thenele-
tary (harmonic) wave should be adopted for wavitiesa
deviations, what the sampling interval should anbcton
or which tip radius should be used in a specifiasuee-
ment. NOo unambiguous criteria exist as to categaiz
deviations as waviness or form deviations. Numetibeis-
ture sources relating to measuring surface roughinetide
analyses of the influence of tip geometry and radimeas-
urement results. In Poon and Bhushan (1995) shdinatd
increasing the tip size leads to the profile defarom,
and in effect to decreasing values of the heighampaters.
Many problems are also connected with selectingstra-
pling interval. If it is too small, excess data aneilable,
data are strongly correlated, and the surfacepsesented
by a vast number of measurement points. If, onatier
hand, the sampling interval is too big, information the
surface properties is lost (the phenomenon of iatjasc-
curs). It is suggested that selecting the sampiigrval
should be made according to the tip radius sizevi{iza
2004, 2007). The boundary length of the measuredho
ness depends on which parameter, the tip sizeeosdm-
pling interval, is bigger (Dong et al., 1996; Szaina2003).
In measuring form deviations, measurement parasieter
not as significant as in measuring surface rougdnak
though their influence on the measurement resalsat be
neglected.

This article presents foundations of the influence
of the ball tip diameter and the grid size on mearment
results along with the experimental results of meament
of a free-form milled surface in order to determitzelocal
geometric deviations.

2. APPROPRIATE SAMPLING PARAMETERS

The surface image obtained as a result of contaetsm
urements depends to a great extent on the shapsiznd
of the stylus tip, as well as on the number of messent
points (the sampling interval and strategy). Bigll¢nds
are mainly recommended. The sampling parameteiex lis
above determine the least boundary length of eleamen
irregularities represented in measurement data pahame-
ter which has a decisive influence is the one witizhses
a longer wave to be passed. Literature sourcesestigli-
ferent principles of selecting the appropriate tgdius
in relation to the sampling interval, most ofterttie ratios
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of % :1, 1:1 and 2:1 (Adamczak, 2008; Dong et E996;
Pawlus, 2007).

Contact measurements take into consideration dengat
of specific wavelengths which have not been filtieby the
ball tip because the ball tip functions as a meidadn
geometric low-pass filter. Thus, the scope of infation
included in measurement data depends on the patliti
ameter. In coordinate measurements, ball-tip stgluare
used, and styluses with ball tips @f= 1, 1.5, 2, 3, and 4
mm in diameter are produced. The nature of a lmafunc-
tioning in the character of a mechanical-geoméilter is
illustrated in Fig. 1.

Fig. 1. The nature of a ball tip functioning in the chaeac
of a mechanical-geometric filter

In measurement planning, the choice of thdiameter
of the ball tip should be made first, accordinglte meas-
urement purpose and the range of information reduir
on the characteristics of the measured surfaceinibgf
the influence of the ball tip diameter/radius arechanical
filter, i.e. unambiguously determining the filtrati bound-
ary, is difficult, especially in the case of chargycurvature
surfaces. Adopting to measurement the principleyssigd
in the literature sources pertaining to measurmgndness
deviations [4], which states that the boundary waveyth
is comparable to the tip radius value, means th#té case
of using a stylus tip ofl = 1 mm in diameter, irregularities
of the length values greater than 0.5 mm is passethe
case of the stylus tip af = 2 mm in diameter, irregularities
of the length values greater than 1 mm is passed, e

The second important factor which influences messur
ment results is the sampling interval, in the aafsgcanning
a free-form surface with a CMM along a reguliax v grid,
which is directly connected to the number of measient
points. For measurements with the use of machirnés w
contact probes, the number of points is a seriuisakion.

In choosing the sampling interval the principle used in
tests on measurement signals, derived from the iNyqu
theory, states that a continuous signal may benstnacted
from a discrete one if the former was sampled \itfre-
quency at least twice as big as the spectrum freifuency
should be taken into account (Szabatin, 2003)).

The knowledge of the principle mentioned abawkes
it easier to make decisions on the length of thapiiag
interval while planning coordinate measurementtagias.
This particular measurement parameter also
in a mechanical-geometric filtration. Accordingttee theo-
rem quoted above, adopting the interval value ahrh
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means that the obtained measurement data confaiman
tion of elementary surface irregularities of mdnart 2 mm
in length.

Adopting the cited in literature (Pawlus, 2007)ngi#
ples to selecting parameters of contact measureaiehe
same timed:T equal to 2:1, choosing a ball of e.g. 2 mm
in diameter, and the 1 mm sampling interval, thariaary
length of elementary irregularities representedngasure-
ment data amounts to 2 mm. Since there is not aaynbi-
guous criterion for categorizing unevenness as NeDg
or form deviations, while presenting measuremestilts,
it is difficult to specify what these results repeat. In de-
ciding on the ball tip diameter and the size of teasure-
ment grid, it is advisable to focus on the purpoSeneas-
urement and to include detailed information coniceyithe
measurement parameters in measurement reports.

3. EXPERIMENTAL INVESTIGATIONS

The experiments were performed on a free-form sarfa
of a workpiece made of aluminium alloy with the das
measuring 100 x 100 mm (Fig. 2), obtained in adtsmge
milling process using in the last stage a ball-enil
of 6 mm in diameter, rotational speed equal to 7500
rev/min, working feed 300 mm/min and zig-zag cuftpath
in the XY plane. The measurements were carried out
on a Global Performance Brown&Sharpe CMM (PC-DMIS
software, MPE = 1.5+L/333 um), equipped with a Ren-
ishaw SM25 scanning probe, a 20 mm stylus withlitipa
of 2 and 4 mm in diameter. Scanning of the wholdase
was performed for two different combinations of theas-
urement parameters, the tip end diameter, andatmplgg
interval (the number of measurement points), olisgrthe
rule of selectingd:T equal to 2:1. All the measurements
were repeated three times; the tables and plogeptenean
values of the obtained results.

Fig. 2. The CAD model of the surface

In the first stage, the surface was scanned (withpu
plying probe radius compensation), with the useadfall
end tip of 2 mm in diameter with tH8V scanning option
(the option built in PC-DMIS software), 10 000 wmihly
distributed measurement points were scanned frenstin
face (100 rows and 100 columns, sampling grid ©.91
0.01v), and the process of fitting the data to the nain
surface was then carried out in which the leastasgju
method was applied and all the measurement poiete w
used. The location deviation was minimized in thvgy.
The measurement process was subsequently repeaed,
€local geometric deviations were computed. The obthi
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measurement data are presented in a graphical figure
6 shows a spatial plot of thelocal deviations with refer-
ence to thec andy nominal coordinates.

Fig. 3. Spatial plot of geometric deviations verséplane

In the subsequent stage, the measurements weredcarr
out with the use of a ball end tip df= 4 mm in diameter,
and 2500 uniformly distributed measurement points
(50 rows and 50 columns, sampling grid @02 0.02))
were scanned. The experiment results are compil&ii 4
as well as in Tab. 1.

Tab. 1. Statistical parameters eflocal geometric deviation
setawvith the whole surface scanned

Number of meas. pts. 10000 2500
Sampling grid 0.00x0.01v | 0.02ux0.02/
Sampling intervall [mm] ~1 mm ~ 2mm
Tip diameterd [mm] 2 4

Std. deviation [mm] 0.011 0.009
Mean [mm] -0.017 -0.015
Minimum & [mm] -0.049 -0.036
Maximum £ [mm] +0.019 +0.013
Form/waviness dev. [mm] 0. 068 0.049

In both the cases, the principle of selectthd — 2:1
was applied. According to the principles describe&ec-
tion 2, measurement data obtained in measuremants p
formed with the tip end ofl = 2 mm in diameter and the
sampling interval off = ~ 1 mm, include information on
surface irregularities whose lengths exceed 2 nmmthée
second case, for the tip enddbf 4 mm in diameter and the
sampling intervalT = ~ 2 mm, data include information
on cases of wavelength longer than 4 mm.

As it had been expected, the form deviation vatudte
tip end ofd = 4 mm andl = ~ 2 mm was smaller than that
ford =2 mm andl = ~ 1 mm (Tab. 1). The tip end of the
bigger diameter did not reach points located inithegu-
larities indentations less than 4 mm length; addilly,
some cases of irregularities on prominences weritazm
because of a bigger sampling interval. Consequently
the mean plane is located higher, and the minimalmevis
bigger than in the case of a smaller diameter asochaller
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sampling interval (Fig. 4, Tab. 1). In order to ifiéate
comparison of the deviation maps, the plots in Bigvere
made using the same scale for theeviations axis. Com-
paring the maps, a bigger area of negative devisitian be
observed in the case of measurements with thentipoéd

= 2 mm (Fig. 4a). As a result of applying differaneas-
urement strategies, significantly different resultsre ob-
tained. The observed surface form/waviness devigtio
differed by approx. 0.02 mm, which constitutes app/3
of their values.

Fig. 4. Maps of geometric deviations versxig plane,a) d = 2 mm and 10000 points) d = 4 mm and 2500 points

4. CONCLUSIONS

The article brings up the problem of selecting paa
ters in measuring geometric deviations of free-fasun-

2.

faces, performed with the use of CMMs with contact 3

probes. Such parameters as the tip end diametesamel
pling interval determine contact measurement reshé-
cause the parameters cause geometric-mechantcatidih.

The parameter which determines passing longer waves

exerts a decisive influence. The principles of clilg pa-
rameters, suggested in literature sources, werensanup.
Two different parameter
observing the rule of the ratio of the ball endnaiger
to the sampling interval equal to 2:1. In the finstasure-

ment, the tip end amounted do= 2 mm, and the sampling

combinations were applied,
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