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Abstract

Obtaining discrete data is inseparably connectel WBing information on surface properties. In tem
measurements, the ball tip functions as a mechiageametrical filter. In coordinate measurements
coordinates of the measurement points of a disclistebution on the measured surface are obtaiSedfac
geometric deviations are represented by a setcaf fteviaions, i.e. deviations of measurement points froe
nominal surface (the CAD model), determined inraation normal to this surface. The results of meament
depend both on the ball tip diameter and the grad ef measurement points. This artickegents findings ¢
the influenceof the ball tip diameter and the grid size on dimmte measurement results along with
experimental results of measurement of a foger milled surface, in order to determine its logaometri
deviations. One sectn of the surface under research was measured dgfegent measurement paramet
The whole surface was also scanned with differantumeters, observing the rule of selecting theligpeterd
and the sampling intervalin the ratio of 2:1.

Keywords: coordinate measurements, free-form serfgeometric deviations, measurement parameters

© 2011 Polish Academy of Sciences. All rights nese

1. Introduction

Due to their complex geometry, free-form surfacas only be designed, processed, and
measured using CAD/CAM techniques and numericalhtolled equipment. There has been
observed an unceasing increase in requirementaiqag to accuracy of producing free
surfaces, which forces improvement of measurensshiniques.

For workpiece validation in manufacturing, numeélca controlled coordinate
measurement machines (CMMs) equipped with a balteach trigger or scanning probes
are mainly used. As a result of the measuremest af discrete data is obtained in the form
of coordinates of the measurement points. The farouracy inspection of free-form surfaces
consists of digitalizing the workpiece under reskarfollowed by comparing the obtained
coordinates of the measurement points with the G&Bign (model). Software of CMMs
automatically performs calculation of the valuesladal geometric deviations (or normal
deviations of measurement points from the nominafase) in theUV scanning option
designed for scanning on the basis of the CAD m@d¥I— directions of the B-spline surface
parameterization). The local geometric deviatiothviine greatest absolute value needs to be
determined and then the doubled value of the dewiahas to be compared with the
specification [1].

Measurements of real surfaces produce only thgiroegmate views. The approximation
degree depends on the accuracy of the applied megsuethod. Among numerous factors
which have an influence on accuracy, connected witd tool instrument and the
measurement environment, there are factors whiah lwa rationally adjusted — such
measurement parameters as the sampling (discretixanterval and the diameter of the
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measuring tip. Both these factors have a stricpgc#ic impact on the measurement
results [2]. Different sampling strategies (numlzerd location of measurement points)
provide different measurement results for the saoréace. This is connected with the fact
that measurement of a finite number of discretenfgoon the measured surface is actually
described by an infinite number of points. Sincergetric deviations are different at each
point, the measurement results depend on the nuarzkfocation of these points [3, 4, 5].
Planning an effective strategy for a coordinate sueament requires making decisions on
selecting the sampling area as well as the numimttazation of measurement points. These
factors are decisive for the measurement resuitordler to verify whether the observed
surface profile lies within the tolerance zoneisiimportant to choose a sampling strategy
which would ensure the greatest probability of towa the maximum deviation at the
smallest number of points. If the purpose of measnt is exact diagnostics of surfaces, and
thus of the course of processing, then the lengthsregularities which are to represent
measurement data, need to be taken into consilerathile planning the measurement. If
this is the case, then measurements should be tkeg a regular grid of points. In the
majority of cases measurements of free-form susfage carried out along a regulax v
grid with the use of th&JV scanning option, which is inbuilt in the CMM soéve. Obtaining
data of a discrete character is inseparably coedewith losing information on the surface
properties. In contact measurements, the ball dipctions as a mechanical-geometrical
filter [2, 6]. The scope of information included imeasurement data depends on the ball tip
diameter. Therefore, results of coordinate measenésnof geometric deviations of free-form
surfaces depend on three factors — the active dreayrid size and the diameter of the ball
tip end.

Surface geometric deviations connected with irreguds can be decomposed into three
components: form deviations, waviness and roughraess they differ from each other with
respect to the lengths of their respective bagiegularities [2, 6, 7, 8]. In measuring
geometric surface textures of primitive shapes, #oe particular types of deviations,
guidelines for selecting measurement parametetadimg the tip radius, sampling lengths
and assessment lengths, the sampling intervah(ihger of measurement points), as well as
rules of digital roughness filtration have been eleped and incorporated in standards.
In standards pertaining to measuring straightneds@ndness, the recommended maximum
tip radii were worked out according to the prineigtating that the tip radius is comparable to
the boundary wavelength (the filter passing limijile the distance between measurement
points was established according to the princigllihg that the number of measurement
points in a segment whose length is equal to thah® boundary wavelength, amounts
to 7 [2]. However, there are no strict standardgctviivould unambiguously determine what
boundary length of the elementary (harmonic) waveukl be adopted for waviness/form
deviations, what the sampling interval should ami@onor which tip radius should be used in
a specific measurement. No unambiguous criterigteaxs to categorizing deviations as
waviness or form deviations.

In selecting sampling parameters for coordinatesm@anent of form deviations of free-
form surfaces, results of many years of researdaipeg to measuring roughness of regular
surfaces which include analyses of the influencépogeometry and radius on measurement
results can be applied. The authors of articled (9 showed that increasing the tip size leads
to profile deformation, and in effect to decreaswadues of the height parameters. Many
problems are also connected with selecting the Bagnipterval. If it is too small, excess data
are available, data are strongly correlated, ardsthface is represented by a vast number of
measurement points. If, on the other hand, the Bagnipterval is too big, information on the
surface properties is lost (the phenomenon of ialjasccurs). It is suggested that selecting
the sampling interval should be made accordindgnéotip radius size [11, 12]. The boundary
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length of the measured roughness depends on whiameter, the tip size or the sampling
interval, is greater [6, 12]. In measuring form i@ons, measurement parameters are not as
significant as in measuring surface roughnesspatth their influence on the measurement
results cannot be neglected, as shown by experahesults in Section 3.

2. Sampling parameters selection

In contact measurements, significant informationroegularities is lost when the ball tip
touches the measured surface. The scope of infmmman the surface under consideration in
the obtained data depends on measurement paransetdisas the ball tip diameter and
sampling interval, as they cause mechanical-gedmnefiftration of irregularities.
The sampling parameters listed above determinelehst boundary length of elementary
irregularities represented in measurement data.pn@meter which has a decisive influence
is the one which causes a longer wave to be passedature sources suggest different
principles of selecting the appropriate tip radinsrelation to the sampling interval, most
often in the ratios of %2:1, 1:1 and 2:1 [2, 6, 11].

In coordinate measurements, ball-tip styluses aaaly used, styluses with ball tips of
diameters ranging from 0.3 to 8 mm are availableeWplanning a measurement, the ball tip
diameterd should be chosen in the first place for practieakons, considering the purpose of
the measurement and thus the scope of informatibichwthe measurement data are to
represent. The nature of a ball tip functioninghe character of a mechanical-geometrical
filter is illustrated in Fig. 1.

Fig. 1. The nature of a ball tip functioning in ttlearacter of a mechanical-geometrical filter

Defining the influence of the ball tip diameterftizsl as a mechanical filter, i.e.
unambiguously determining the filtration boundaly,difficult, especially in the case of
changing-curvature surfaces. Adopting to measuréntiea principle suggested in the
literature sources pertaining to measuring rounsirdesviations [2], which states that the
boundary wave length is comparable to the tip m@lue, means that in the case of using a
stylus tip ofd = 1 mm in diameter, irregularities of the lengtdues greater than 0,5 mm are
passed; in the case of the stylus tiglef 2 mm in diameter, irregularities of the lengtiues
greater than 1 mm are passed, etc.

Coordinate measurements of free-form surfacessrally carried out along a regular grid
of points. The size of this grid should be adjustethe selected ball tip according to the rules
used in tests on measurement signals derived fnerlyquist theory. The theorem connected
with this theory states that in order to obtairaanurate representation of a continuous signal,
the f, sampling frequency which is defined as the recakmf the T sampling interval

1

f =< needs to be at least twice as high as the spedimit frequency [13]. Knowledge of

p

the mentioned principle makes it easier to makdsaets on the length of the sampling
interval while planning coordinate measurementtasgfi@s. According to the theorem quoted
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above, adopting the interval value of 1 mm meaasttie obtained measurement data contain
information of elementary surface irregularitiesyadre than 2 mm in length.

Adopting the principles cited in the literature [B2] regarding selecting parameters of
contact measurement at the same tithé&, equal to 2:1, choosing a ball of e.g. 2 mm in
diameter, and the 1 mm sampling interval, the bamdength of elementary irregularities
represented in measurement data amounts to 2 mm.

Since there is no unambiguous criterion for categuay irregularities such as waviness or
form deviations, while presenting measurement tesil is difficult to specify what these
results represent. In deciding on the ball tip ditanand the size of the measurement grid, it
is advisable to focus on the purpose of measureraedtto include detailed information
concerning the measurement parameters in measureemorts. In measuring free-form
surfaces characterized by different curvaturesaah eof the points, the cut-off value of
irregularities filtration cannot be determined man the results be generalized. The research
was performed in order to obtain quantitative infation concerning the influence of
measurement parameters on passing information ajemmmetry of the surfaces on which
tests on the method of decomposing the compondngea@metric deviations, which was
described in [14], were carried out.

3. Experimental investigations

The experiments were performed on a free-form sarfaf a workpiece made of
aluminium alloy with the base measuring 20@00 mm, obtained in a three-stage milling
process using in the last stage a ball-end miB aim in diameter, rotational speed equal to
7500 rev/min, working feed 300 mm/min and zig-zadting path in theXY plane. The
measurements were carried out under laboratory ittoms, on a Global Performance
Brown&Sharpe CMM (PC-DMIS software, MRE= 1,5 + L/333 um), equipped with a
Renishaw SM25 scanning probe, a 20 mm stylus wah tips of 1, 2, 3 and 4 mm in
diameter. At the beginning, the surface was scammede cross-section with the use of three
different sampling intervals for one tip end sizetljout applying radius compensation).
Subsequently, two measurement tip ends were ustb@ asame sampling interval. In the last
stage, scanning of the whole surface was perforfoedwo different combinations of the
measurement parameters, the tip end diameter, dampling interval (the number of
measurement points), observing the rule of selgaim equal to 2:1. All the measurements
were repeated five times; the tables and plotseptasean values of the obtained results.

3.1. Researching into the influence of the sampling interval

The surface was scanned in one cross-section héthuse of théJV option; the section
determined by = 0.20 (Fig. 2) and the tip end diametedcf 2 mm were chosen. Different
numbers of measurement points for thdirection were adopted — 100, 50, and 20 points.
The sampling intervals amounted thereforeTte= 0.0, 0.024, and 0.0% respectively.
Curves illustrating the observed profiles (Fig. \8gre then built on the obtained local
geometric deviations. To show the significanceesiutt differences for various measurement
parameters, on one curve € 0.95) confidence intervals are marked. For tteerocurves,
confidence intervals are similar to those presemdch can be concluded from Tab. 1.
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Fig. 2. The location of the scanned section onGA® model U, V — directions of the surface parameterization,
PC DMIS software)
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Fig. 3. Surface profiles for different numbers cdaaurement points

Analyzing the shapes of the obtained profiles (Ry.makes it possible to observe a
distinct effect of filtering short wavelengths inet measurement with the longest sampling
interval. In the case of 100 measurement points,sdmpling interval was similar to the tip
end dimension. According to the principles desaibeSection 2, it can be assumed that in
this case the observed data include informatiorelementary irregularities of the lengths
exceeding 2 mm. In the two remaining cases (50 2ihgboints), thelT sampling intervals
(approx. 2 and 5 mm) were greater than the tip dintension and where the parameters
which determined filtering out deviations whosegts were less than approx. 4 and 10 mm
respectively. The measurement results are summed Tpb. 1. As can be seen, the mean
value and the minimum value of the observed loeaiations take smaller values for greater
numbers of measurement points (smaller samplirggvats).

Table 1. Statistical parametersadbcal deviation setscanning in one section with different intervals; 2

mm
Number of meas. points 100 50 20
Sampling intervall 0.0l 0.0 0.0
~1lmm | ~2mm | ~5mm
Std. deviation [mm] 0.006 0.006 0.005
Mean [mm] -0.022 -0.021 -0.019
Minimum [mm] -0.032 -0.031 -0.029
Maximum [mm] -0.011 -0.011 -0.011
Max. height of the profile [mm] 0.043 0.042 0.040
Qggfri?nsetﬁf?easfnir{%rrﬁ]f 0.00023 | 0.00026/ 0.0002
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3.2. Researching into the influence of thetip end size

The measurements described in Section 3.1 wereatexpdor a tip end of 4 mm in
diameter and the number of measurement points amguto 100. Figure 4 presents the
surface profiles for tip ends af= 2 mm andd = 4 mm in diameter and 100 measurement
points. The measurement results are compiled in Z.ab

a)
X[mm]
0 10 20 30 40 50 60 70 80 90 100
-0,009
-0,011 4
-0,013 4
-0,015 4
T -0,017 +
E00m |
= -0,
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Fig. 4. Surface profiles for different tip end siza) the entire profiles, b) an increased sedttireoprofiles,
confidence intervals for measurement results amkeda

Table 2. Statistical parametersalbcal deviation setscanning in one section with different tip end size

Tip diameterd [mm] 2 4
Number of meas. pts. 100 100
Sampling intervall ~0i0rlr1um ~0i0rlr1um
Std. deviation [mm] 0.007 0.006
Mean [mm] -0.022 -0.021
Minimum [mm] -0.032 -0.031
Maximum [mm] -0.011 -0.010
Max. height of the profile [mm] 0.043 0.041
o o | 000023000030

For the tip end ofl = 2 mm in diameter, the mean and minimum valuethefobserved
local geometric deviations were smaller. This tgnmivdeep into the surface irregularities and
reached surface points which were located lowen tha points established with the use of
the tip end ofd = 4 mm. Moreover, the scatter of the values ofdhserved deviations was
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greater. The height of the profile determined irameements with the use of the tip end of
d=2 mm was greater by approx. 0.003 mm. Similaplythte situation observed in surface
texture measurements with the use of profilers,[applying a tip end of a greater diameter
(radius) results in a decrease in the height paeserhich describe surface roughness.

3.3. Measuring local geometric deviations of the free-form surface

In the first stage, the surface area (0.14029)0.1+0.9¥ was scanned (without applying
probe radius compensation), with the use of adyadl tip of 1 mm in diameter with thgV
scanning option (the option built in the PC-DMISita@re), 22500 uniformly distributed
measurement points were scanned from the surfdg® rdws and 150 columns, sampling
grid (0.00% x 0.00%/), and the process of fitting the data to the namgurface was then
carried out in which the least square method watexpand all the measurement points were
used [13]. The location and orientation deviatiomsre minimized in this way. The
obtainedocal geometric deviations are presented in a gcapHorm. Figure 5 shows a
spatial plot of thes local deviations with reference to tk@andy nominal coordinates.

P n—
AAM
‘:0:‘\\‘\“"“
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75

/5o NS

Fig. 5. Spatial plot of geometric deviations vergesXY plane

In the subsequent stage, the measurements weiedoaut with the use of a ball end tip of
d = 4 mm in diameter, and 1600 uniformly distributedasurement points (40 rows and 40
columns, sampling grid 0.02 0.02/) were scanned. The experiment results are compiled
Tab. 3 as well as in Fig. 6.

Table 3. Statistical parametersadbcal deviation setwith the whole surface scanned

Number of meas. points 22500 1600
Sampling grid 0.005u%0.005/ | 0.024X0.02/
Sampling intervall [mm] ~0.5mm ~ 2mm
Tip diameterd [mm] 1 4

Std. deviation [mm] 0.025 0.016
Mean [mm] -0.007 0.002
Minimum & [mm] -0.089 -0.044
Maximum £ [mm] +0.042 +0.035
Max. height of irregularities [mm] 0.131 0.079
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In both cases, the principle of selectoh@ — 2:1 was applied. According to the principles
described in Section 2, measurement data obtam&deasurements performed with the tip
end ofd = 1 mm in diameter and the sampling interval'af ~ 0.5 mm, include information
on surface irregularities whose lengths exceed 1 mitine second case, for the tip endlof
4 mm in diameter and the sampling interVat ~ 2 mm, data include information on cases of
wavelength longer than 4 mm. As had been expettedmaximum height of irregularities
value for the tip end ad = 4 mm andl = ~ 2 mm was smaller than that b= 1 mm andr =
~ 0.5 mm (Table 3). The tip end of the bigger dieenelid not reach points located in the
irregularities indentations less than 4 mm in langidditionally, some cases of irregularities
on prominences were omitted because of a biggeplgagnterval. Consequently, the mean
plane is located higher and the minimum value ggéi than in the case of a smaller diameter
and a smaller sampling interval (Fig. 6, Table I1B).order to facilitate comparison of the
deviation maps, the plots in Fig. 6 were made utiegsame scale for tlzleviations axis.

a) b)
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-0,01 -0,

0,00 0,00

0,01 0,01
[ 0,02 W 0,02
Il 0,03 I 0,03
I 0,04 I 0,04

Fig. 6. Maps of geometric deviations versusXielane, aJd = 1 mm and 22500 points,
b) d =4 mm and 1600 points

Comparing the maps, a bigger area of negative tiengacan be observed in the case of
measurements with the tip end @f= 1 mm (Fig. 6a). As a result of applying differen
measurement strategies, significantly differentitsswvere obtained. The observed maximum
height of irregularities differed by approx. 0.03nmwhich constitutes approx. 2/5 of their
values.

4. Conclusions

Each contact measurement is accompanied by theemhkmss of information about the
geometry of the surface caused by mechanical-gemmigtration by the ball tip and
sampling interval. The parameter which determin@ssing longer waves exerts a decisive
influence. In the article the principles of selagtparameters, suggested in literature sources,
were summarized and the results of research omflnence of these principles on the results
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of coordinate measurements of geometric deviatiohng free-form milled surface were
presented. In the first step investigations onitflaence of different sampling parameters on
the measurement results in one cross-section o$uHace were conducted. Three different
sampling intervals for one tip size and two tipesizat one sampling interval were used.
Differences of the observed maximum height of trefiles were a few micrometers. For the
whole surface measurement two different paramet@bmations were applied, observing the
rule of the ratio of the ball end diameter to tlaenpling interval equal to 2:1. In the first
measurement, the tip end amounted to1 mm, and the sampling intervalTo= ~ 0.5 mm;

in the second, the values were 4 mm and 2 mm régelyc The obtained measurement
results differed to a great extent. In the casthefbigger diameter and the greater sampling
interval, cases of elementary irregularities of tbagths less than 4 mm were filtered
mechanically, and the observed maximum height refgirlarities was smaller by 2/5 than
when the parameters had smaller values.
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