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Abstract

Obtaining discrete data is inseparably connectel lesing information on surface properties. In tea
measurements, the ball tip functions as a mechlag&ametrical filter. In coordinate measurements
coordinates of the measurement points of a disclistebution on the measured surface are obtaiSedfac
geometric deviations are represented by a setcal leviatons, i.e. deviations of measurement points froe
nominal surface (the CAD model), determined inrection normal to this surface. The results of meament
depend both on the ball tip diameter and the gdd ef measurement points. This artickegents findings ¢
the influenceof the ball tip diameter and the grid size on cowatt measurement results along with
experimental results of measurement of a fogem milled surface, in order to determine its logaometri
deviations. One seact of the surface under research was measured difegent measurement paramet
The whole surface was also scanned with differanameters, observing the rule of selecting theligpneterd
and the sampling intervalin the ratio of 2:1.
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1. Introduction

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

For workpiece validation in manufacturing, numdltica controlled coordinate
measurement machines (CMMs) equipped with a balltench trigger or scanning probes
are mainly used. As a result of the measuremes#} af discrete data is obtained in the form
of coordinates of the measurement points. The fzouracy inspection of free-form surfaces
consists of digitalizing the workpiece under reskarfollowed by comparing the obtained
coordinates of the measurement points with the Q#Bign (model). Software of CMMs
automatically performs calculation of the valueslafal 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{del- directions of the B-spline surface
parameterization). The local geometric deviatiothwvile greatest absolute value needs to be
determined and then the doubled value of the dewialhas to be compared with the
specification [1].

Measurements of real surfaces produce only thgiraxgmate views. The approximation
degree depends on the accuracy of the applied megsuethod. Among numerous factors
which have an influence on accuracy, connected vifith tool instrument and the
measurement environment, there are factors whiah lwa rationally adjusted — such
measurement parameters as the sampling (discretigahterval and the diameter of the
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measuring tip. Both these factors have a stricpgcHfic impact on the measurement
results [2]. Different sampling strategies (numlsrd location of measurement points)
provide different measurement results for the sanréace. This is connected with the fact
that measurement of a finite number of discretetgoon the measured surface is actually
described by an infinite nhumber of points. Sincergetric deviations are different at each
point, the measurement results depend on the nuantzktocation 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 numiiefacation 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 towp the maximum deviation at the
smallest number of points. If the purpose of mearment is exact diagnostics of surfaces, and
thus of the course of processing, then the lengthgregularities which are to represent
measurement data, need to be taken into consioleratiile planning the measurement. If
this is the case, then measurements should be tlkeg a regular grid of points. In the
majority of cases measurements of free-form susface carried out along a regulak v
grid with the use of th&JV scanning option, which is inbuilt in the CMM softre. Obtaining
data of a discrete character is inseparably cordewith 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 measeintsof geometric deviations of free-form
surfaces depend on three factors — the active Hrearid size and the diameter of the ball
tip end.

Surface geometric deviations connected with irr@gtigs can be decomposed into three
components: form deviations, waviness and roughreess 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, ttoe particular types of deviations,
guidelines for selecting measurement parametetadimy the tip radius, sampling lengths
and assessment lengths, the sampling intervah(ih@er of measurement points), as well as
rules of digital roughness filtration have been eleped and incorporated in standards.
In standards pertaining to measuring straightneds@undness, 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 princigilihg that the number of measurement
points in a segment whose length is equal to tliah® boundary wavelength, amounts
to 7 [2]. However, there are no strict standardécwivould unambiguously determine what
boundary length of the elementary (harmonic) wawveugl be adopted for waviness/form
deviations, what the sampling interval should anmt@anor which tip radius should be used in
a specific measurement. No unambiguous criterigtexs to categorizing deviations as
waviness or form deviations.

In selecting sampling parameters for coordinatesmeament of form deviations of free-
form surfaces, results of many years of researdaipeng to measuring roughness of regular
surfaces which include analyses of the influencépofeometry 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 decreasirajues of the height parameters. Many
problems are also connected with selecting the Bagnimterval. If it is too small, excess data
are available, data are strongly correlated, apdsthface is represented by a vast number of
measurement points. If, on the other hand, the Bagnimterval is too big, information on the
surface properties is lost (the phenomenon of intigeccurs). It is suggested that selecting
the sampling interval should be made accordindnéotip 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 id¢ens, 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 informationiroegularities is lost when the ball tip
touches the measured surface. The scope of infizmman the surface under consideration in
the obtained data depends on measurement paranseighsas the ball tip diameter and
sampling interval, as they cause mechanical-gedenefittration of irregularities.
The sampling parameters listed above determinelghst boundary length of elementary
irregularities represented in measurement data.pan@meter which has a decisive influence
is the one which causes a longer wave to be passiedature sources suggest different
principles of selecting the appropriate tip radingelation 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 aalgn used, styluses with ball tips of
diameters ranging from 0.3 to 8 mm are availablaekvplanning a measurement, the ball tip
diameterd should be chosen in the first place for practieasons, considering the purpose of
the measurement and thus the scope of informatibithwthe 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 ttigaracter of a mechanical-geometrical filter

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

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

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

p

the mentioned principle makes it easier to makdsdets on the length of the sampling
interval while planning coordinate measurementtisgias. 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 irregularitieswdre than 2 mm in length.

Adopting the principles cited in the literature [82] regarding selecting parameters of
contact measurement at the same tich&, equal to 2:1, choosing a ball of e.g. 2 mm in
diameter, and the 1 mm sampling interval, the bawndength 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 ditenand the size of the measurement grid, it
is advisable to focus on the purpose of measuremedtto include detailed information
concerning the measurement parameters in measuraagorts. 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 ajmmrmetry of the surfaces on which
tests on the method of decomposing the compondntea@metric deviations, which was
described in [14], were carried out.

3. Experimental investigations

The experiments were performed on a free-form saerfaf a workpiece made of
aluminium alloy with the base measuring 0@00 mm, obtained in a three-stage milling
process using in the last stage a ball-end mif aim in diameter, rotational speed equal to
7500 rev/min, working feed 300 mm/min and zig-zagting path in thexXY plane. The
measurements were carried out under laboratory ittmms, 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 scaimede cross-section with the use of three
different sampling intervals for one tip end sizetijout applying radius compensation).
Subsequently, two measurement tip ends were usthe aame sampling interval. In the last
stage, scanning of the whole surface was perforfoedwo different combinations of the
measurement parameters, the tip end diameter, lendampling interval (the number of
measurement points), observing the rule of selgatifi equal to 2:1. All the measurements
were repeated five times; the tables and plotseptenean values of the obtained results.

3.1. Researching into the influence of the sampling interval

The surface was scanned in one cross-section hattuse of th&JV option; the section
determined by = 0.20 (Fig. 2) and the tip end diameterdof 2 mm were chosen. Different
numbers of measurement points for thdirection were adopted — 100, 50, and 20 points.
The sampling intervals amounted thereforeTte= 0.0y, 0.024, and 0.08 respectively.
Curves illustrating the observed profiles (Fig. \8¢re 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 ttierocurves,
confidence intervals are similar to those presemntith can be concluded from Tab. 1.
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Fig. 2. The location of the scanned section onQA® model U, V — directions of the surface parameterization,
PC DMIS software)

X[mm]
0 10 20 30 40 50
-0,009
-0,011 |
-0,013 1
-0,015
-0,017 A
-0,019
-0,021 1
-0,023 1
-0,025 1
-0,027 1
-0,029
-0,031
-0,033

gfmm]

Fig. 3. Surface profiles for different numbers afasurement points

Analyzing the shapes of the obtained profiles (Fy.makes it possible to observe a
distinct effect of filtering short wavelengths ihet measurement with the longest sampling
interval. In the case of 100 measurement points,smpling interval was similar to the tip
end dimension. According to the principles desatibeSection 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 Zhghoints), thel sampling intervals
(approx. 2 and 5 mm) were greater than the tip dintension and where the parameters
which determined filtering out deviations whosegdtrs 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 parametersaibcal deviation sefscanning in one section with different intervals; 2

mm
Number of meas. points 100 50 20
Sampling interval 0.01u 0.0 0.0fu
~1mm | ~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
ﬁ‘é‘gg‘f&%ﬁpfggn‘?[ﬂm] 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 ainguto 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)

b)
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Fig. 4. Surface profiles for different tip end siza) the entire profiles, b) an increased sedttheprofiles,
confidence intervals for measurement results am&eda

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

Tip diameterd [mm] 2 4
Number of meas. pts. 100 100
Sampling interval ~0.10r1]um ~0.10r1]um
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

Averaged standard error of
measurement results [mm]

0.00023 | 0.00030

For the tip end ofl = 2 mm in diameter, the mean and minimum valuethefobserved
local geometric deviations were smaller. This tignivdeep 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 iraswgements with the use of the tip end of
d=2 mm was greater by approx. 0.003 mm. Similaolythte situation observed in surface
texture measurements with the use of profilers,[afpplying a tip end of a greater diameter
(radius) results in a decrease in the height palemevhich describe surface roughness.

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

In the first stage, the surface area (0.1402)0.1+0.9¥ was scanned (without applying
probe radius compensation), with the use of admadl tip of 1 mm in diameter with thdV
scanning option (the option built in the PC-DMISftemre), 22500 uniformly distributed
measurement points were scanned from the surfds® rdws and 150 columns, sampling
grid (0.00% x 0.00%), and the process of fitting the data to the n@ngurface was then
carried out in which the least square method watiepand all the measurement points were
used [13]. The location and orientation deviatiomere minimized in this way. The
obtainedocal geometric deviations are presented in a dgecaplorm. Figure 5 shows a
spatial plot of thes local deviations with reference to tk@andy nominal coordinates.
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Fig. 5. Spatial plot of geometric deviations verthesXY plane

In the subsequent stage, the measurements weiedcaut with the use of a ball end tip of
d = 4 mm in diameter, and 1600 uniformly distributegasurement points (40 rows and 40
columns, sampling grid 0.02¢ 0.02/) were scanned. The experiment results are comiled
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 0.0051X0.005/ | 0.02u%0.02/
Sampling intervall [mm] ~0.5 mm ~ 2mm
Tip diameted [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




M. Poniatowska: PARAMETERS FOR CMM CONTACT MEASUR¥ENS OF FREE-FORM SURFACES

In both cases, the principle of selectihd@ — 2:1 was applied. According to the principles
described in Section 2, measurement data obtamedeasurements performed with the tip
end ofd = 1 mm in diameter and the sampling intervallef ~ 0.5 mm, include information
on surface irregularities whose lengths exceed 1 mrhe second case, for the tip endlef
4 mm in diameter and the sampling interVat ~ 2 mm, data include information on cases of
wavelength longer than 4 mm. As had been expethedmaximum height of irregularities
value for the tip end ad = 4 mm andl = ~ 2 mm was smaller than that fb= 1 mm andr =
~ 0.5 mm (Table 3). The tip end of the bigger ditenelid not reach points located in the
irregularities indentations less than 4 mm in langiditionally, some cases of irregularities
on prominences were omitted because of a biggeplsagrinterval. 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 IB).order to facilitate comparison of the
deviation maps, the plots in Fig. 6 were made uiegsame scale for tlzdeviations axis.
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Fig. 6. Maps of geometric deviations versusXi¥eplane, ad = 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 differentiitesvere obtained. The observed maximum
height of irregularities differed by approx. 0.05mmwhich constitutes approx. 2/5 of their

values.

4. Conclusions

Each contact measurement is accompanied by theeimhiwss of information about the
geometry of the surface caused by mechanical-gemmtdtration by the ball tip and
sampling interval. The parameter which determinassimg longer waves exerts a decisive
influence. In the article the principles of selagtparameters, suggested in literature sources,
were summarized and the results of research oimfilnence of these principles on the results
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of coordinate measurements of geometric deviatiohs free-form milled surface were
presented. In the first step investigations onitifleence of different sampling parameters on
the measurement results in one cross-section ofutface 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 thafiles were a few micrometers. For the
whole surface measurement two different parametebinations 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 régplgc 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.

Acknowledgments

The work is supported by the Polish Ministry of &aie and Higher Education under
research project No. N N503 326235.

References

[1] PN-EN ISO 1101:2006. Geometrical Product Specificat (GPS) — Geometrical tolerancing — Tolerances
of form, orientation, location and run-out.

[2] Adamczak, S. (2008purface geometric measurememtarsaw: WNT. (in Polish)

[3] Badar, M.A., Raman, S., Pulat, P.S. (2008). Expenital verification of manufacturing error pattendats
utilization in form tolerance samplinfnt. J. Mach. Tools Manuyf43, 63-73.

[4] Ainsworth, I., Ristic, M., Brujic, D. (2000). CADdsed Measurement Path Planning for Free-Form Shapes
Using Contact Probefnt. J. Adv. Manuf. Technoll6, 23-31.

[5] Elkott, D.F., Elmaraghy, H. A., Elmaraghy, W.H. (#). Automatic sampling for CMM inspection
planning of free-form surfacemt. J. Res 40, 2653-2676.

[6] Dong, W.P. Mainsah, E. Stout, K.l. (1996). Deteration of appropriate sampling conditions for three
dimensional microtopography measureménit.J. Mach. Tools Manyf36, 1347-1362.

[7] Adamczak, S., Makieta, W. &ien, K. (2010). Investigating advantages and disachge# of the analysis
of a geometrical surface structure with the useFofirier and wavelet transformMetrology and
Measurement Systenis/(2), 233-244.

[8] Boryczko, A. (2010). Distribution of roughness amdviness components of turned surface profiles.
Metrology and Measurement Systetrig4), 611-620.

[9] Poon, C.Y., Bhushan, B. (1995). Comparison ofagfmeasurement by stylus profiler, AFM and non-
contact optical profilelWear, 190, 76-88.

[10] Bettge, D., Starcevic, J. (2001). Quantitative dpsion of wear surfaces of disk brakes using ifgiemce
microscopyWear, 248, 121-127.

[11] Pawlus, P. (2007). Digitisation of surface topogmameasurement resultdeasurement40, 72-686.
[12] Pawlus, P. (2007). Mechanical filtration of surfarefiles.Measurement35, 325-341.
[13] Szabatin, J. (2003pignal theory fundamentalg/arsaw: WKL. (in Polish)

[14] Poniatowska, M., Werner, A. (20101). Fitting spatieodels of geometric deviations of free-form soea
determined in coordinate measuremehtstrology and Measurement Systefi&4), 599-610.



