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THE EFFECT OF THE POINT SAMPLING TO THE RESULT
OF COORDINATE MEASURING OF FREE-FORM SURFACE

Abstract. The coordinate measuring technique appropriates to measure dimensional and geometric
properties of a machine part. The result of the measuring is effected by several parameters, like the
measuring method, the point sampling technique, and the mathematical processing of the measured
coordinates. The current article investigates the effect of the point sampling methods in case of a free-
form surface. Two methods are compared: the uniform matrix method, and the Halton-Zaremba quasi-
random method. The number of measured points is investigated also. The free-form test surface was
produced by ball-end milling, and the radius, the cylindricity and the surface profile error were
assessed.
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INTRODUCTION

The free-form surfaces are widely used in die and mould industry. The
accuracy of the surfaces is critical in this application, because the shape of the
mould is copied to the product. The geometric accuracy of the free-form surface is
the result of the cutting technology, but the measuring method ensures the
feedback to the production.

The coordinate measuring technique appropriates to measure dimensional and
geometric properties of a machine part. The measuring process is defined by
several parameters and circumstances, which have effect on the measured results.
The measuring method (contact or non-contact), the point sampling method, the
mathematical method of the data processing are the most characteristic questions in
case of coordinate measuring of free-form surfaces [1].

During the point sampling, the number of measured points a distribution of
them are defined. Regular, random, quasi-random and adaptive point sampling
method can be used.

Kawalecz and Magdziak [2] investigates the accuracy of the curve
reconstruction in function of the number of measured points. The numerical
simulation shown, than the accuracy do not change over 50 points. Zhao et al. [3]
investigates the similar approach in case of four case studies. They found, that over
50 points, the deviation of the theoretical and constructed surface decreases.

Zahmati et al. [4] suggest a new adaptive point sampling method, which
consider the CAD model of the free form surface. The positions of the points are
determined by a swarm algorithm. Rajamohan et al. [5] investigates uniform and
adaptive point distribution methods. In case of 25 points, the patch size ranking
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method ensured the smallest error of the rebuild surface.

The aim of the research is to investigate the effect of the tool path strategies
of ball-end milling on the micro and macro accuracy of a free form surface. During
the research not only the machining circumstances, but also the selection of the
appropriate measuring methods means challenges. The detailed definition of the
measuring method is important from the viewpoint of the accuracy of the result,
the comparison of the different parts, and the time of the measuring process.

In this paper, the coordinate measuring method is analysed. The aim of the
paper is to present the effect of the point sampling methods and the number of
measure points (NoP) on the dimensional and geometric error in case of free form
surface. The results will be the base of the measuring process of the further
research for investigate the effect of the tool path and the cutting parameters to the
dimensional and geometric accuracy.

Materials and methods

Four convex (CX) and four concave (CV) test parts were manufactured by
ball-end milling. The radius of the cylindrical test surface was 45 mm. The overall
size of the test part is 80x80 mm. The material of the part was 42CrMo4 (1.7225;
Rm = 1000 MPa) low alloy steel. The four teeth ball-end milling cutter was used
with 10 mm diameter, the tool was Fraisa X7450.450 solid carbide milling cutter.

The machining was performed by a Mazak 410 A-11 CNC machining centre,
and the CNC programs were generated by CATIA v5 CAD/CAM systems. The
tool path was parallel with the y-axis, and the zigzag strategy was used. The
spindle speed (n) was 5100 1/min, the depth of cut (ay) 0.3 mm. The feed per tooth
(), the feed speed (vs) and the width of cut (ae) were varied based on the Table 1.

Table 1 — The cutting parameters

n f; \%i ap e

1/min mm mm/min mm mm
CV-1 5100 0.08 1630 0.3 0.35
CX-1 5100 0.08 1630 0.3 0.35
CV-2 5100 0.08 1630 0.3 0.25
CX-2 5100 0.08 1630 0.3 0.25
CV-3 5100 0.12 2450 0.3 0.15
CX-3 5100 0.12 2450 0.3 0.15
CV-4 5100 0.16 3260 0.3 0.15
CX-4 5100 0.16 3260 0.3 0.15

The coordinates of the surface points were measured by the Mitutoyo Crysta-
Plus 544 coordinate measuring machine. The 441 points were measured in an
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equidistant, 21x21 matrix. During the analyses, the current point pattern was
generated by the selection of these points.

Two point sampling methods were investigated, the uniform matrix pattern
(maked by X) and the Halton-Zaremba method (marked by HZ). The uniform
matrix pattern covers the whole surface with the same point density. However, in
case of low number of points, some regions are not covered exactly. The problem
is, that the character of the surface should be consider during determining the point
pattern, but then the preliminary processing of the investigated surface is required.
The quasi-random methods, like the Halton-Zaremba pattern, cover the surface
with better sampling. The random point patterns eliminate the problems of
periodical errors also.

In case of Halton-Zaremba method the relative coordinates of the point can be
defined as following [6]:

i
X = o= 1)

vy =Zjlgby'- 2007 )
where
i: the number of the points (0 to (NoP-1))
bij: the j™ bit of the binary representation of i
bj;": the transformed value of bj
b;}- = by;, if j is even,
bj; =1 — by, if j is odd,
For example, if 36 points were determined (NoP = 36) the i is between 0 and
35. The binary representation of i=35 and the bj;” are:

j 5 | 4 | 3 [ 2 1 0
by | 1 0 0 1 0 0
bij’ 0 0 1 1 1 0

Fig. 1 shows the 36 points in case of concave and convex test parts. The first
picture shows the uniform matrix pattern, and the second shows the Halton-
Zaremba pattern. In case of matrix pattern, there are several points on the
horizontal sections, but no points on the small radius. In case of the Halton-
Zaremba pattern, there are points on every regions.

The number of measured points were NoP = 16, 25, 36, 49, 64, 100, 121. The
seven matrix patterns and Halton-Zaremba patterns are shown on the fig. 2 and fig.
3. During the research two types of surface were investigated (CV/CX), which
were machined by 4 different sets of parameters, 7 sets of points were measured
based on 2 patterns, so the number of data was 2x4x7x2 = 112.
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Figure 1 — Example for point sampling in case of 36 points
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Figure 2 — Matrix point sampling patterns
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Figure 3 — Halton-Zaremba point sampling patterns

Based on the measured point data the radius of the cylindrical surface (R), the
cylindricity error (Cyl) and the surface profile error of the whole surface (SP) were
determined. The reference values are the result of the evaluation of 441 points. The
dimensional and geometric error were determined by Evolve Smart Profile v7. The
data analysis was performed by Excel and MiniTab v14.

Results

The measured data of the radius, cylindricity error and surface profile error in
function of number of measured points can be seen on the fig. 4. The value of the
radius is very different in case of convex and concave parts (~0.09-0.14 mm) and
in case of small number of points, the value is inaccurate, the changing is large.
The HZ pattern ensures better stability of the evaluated radius, while the matrix
pattern results very different radius comparing with the reference values.

In case of geometric errors, the effect of the nature of the surface is smaller,
but the importance of the number of measured point is evident. Small number of
measured points result smaller geometric error, but the HZ patterns reach the near
reference value earlier. Based on the diagrams the point number 49 is the lower
limit in case of the investigated geometry.

The effect of the measuring pattern can be seen on the error map also. Fig. 5
shows the four error maps of surface profile error in case of 36 measured points.
The left pictures show the result of the matrix pattern and the right ones show the
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maps of the Halton-Zaremba method. In case of matrix pattern, there is no point on
the small radiuses, so it cannot be taken into account.
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Figure 4 — The measured dimensional and geometric data
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Figure 5 — The surface profile error in case of NoP=36 (CX-1; CV-1)
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In order to deeper analysis of the factors, main effect plots were generated.
The main effect plot shows the average value of the investigated parameter, in
function of the selected input parameter.

Fig. 6 shows the results of the analysis of the value of the radius. The rR
means the ratio of the measured and the reference value. The ideal value is one,
when the measured value is equal with the reference value.

The character of the surface has the largest effect on the radius, the cutting
parameter sets, the number of points and the point sampling method has just a little
effect. Nevertheless, in case of convex and concave surfaces the values of the
radius are very different, the average values can balance each other, so the
separated database was analysed too (fig. 7). In these cases, the effect of the
number of points is well recognised. The value of the radius approaches the
reference value. The effect of the point sampling method is clearer: the Halton-
Zaremba method ensures more accurate results.
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Figure 6 — The main effect plots of the radius
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Main Effects Plot (data means) for R
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Figure 7 — The main effect plots of the radius in case of separated data
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The main effect plots of the cylindricity and the surface profile error show
(fig. 8), that the character of the surfaces has effect on the geometric error. The
convex surfaces have smaller error, but in case of relative values, the effect is small.
The number of measured points improves the results. The cylindricity and the
surface profile error are close to the reference values. However the cutting
parameters modify the geometric errors, they have no effect on the relative values.
The Halton-Zaremba point sampling method ensures more accurate results in this
case too.

Conclusion

The geometric errors are receiving increasing attention in the machine and
tool design and manufacturing. During the tolerancing process, not only the
functional and manufacturing aspects have to be considered, but the measuring
process also. The parameters of the measuring process have effect on the results, so
the standard measuring process ensures the repeatability and comparability.

The effect of the number of measured points and the point sampling method
were investigated in case of free form surface milling. Two methods were
compared, the uniform matrix method and the Halton-Zaremba quasi-random
method.

In case of the dimensional error (value of the radius), the number of points
and the point sampling method have only a little effect on the measured values.

In case of cylindricity and surface profile error, the character of the surface
(convex or concave) and the cutting parameters have no effect on the relative
values of the errors. The increasing number of points correct the values and the
Halton-Zaremba method ensures better results.

Based on the measured data, under 49 points, the results can change a lot.
Therefore, the 49 points can be a lower limit of the number of measured points
with Halton-Zaremba pattern in case of the test geometry.

The regression analysis [7] can improve the accuracy of the assessment of the
geometric error, so the further aim is to apply this method in case of surface profile
error of free form surfaces.
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Banint Bapra, bamam Miko, Bynanemr, Yropmuna

BILJIMB TOYKOBOI BUBIPKH HA PE3YJIBTAT KOOPITUHATHHUX
BHUMIPIOBAHDB ITOBEPXHI JETAJII JOBIUIbBHOI ®OPMH

AHoTanis. KoopounamHo-eumipioganbHa mexHika npusHavyeHa Ons GUMIDIOBAHHS DPOSMIDHUX Ma
ceomempuyHux napamempie Oemaneti mawwunu. Ha pesynemam eumipiosanns 6nauearomv KilbKa
napamempie, makux K Memoo UMIPIOBAHHS, MenoO BUGIDKU MOYOK ma mamemamuine 0OpoOLeHHs
BUMIPIOBAHUX KOOpOuHam. Y yiti cmammi 00CaioHcyeEmbCs N6 Memooig moyKoeozo 6iobopy npoo y
8UNAOKY NOGepXHI LIbHOI (opmu. T[lopisHOOmMbCs 08a Memoou: Memod OOHOPIOHUX MaAmpuyb ma
Keazieunaokosuii memoo Xonmoua-3apembu. Jocnioxncyemocs mMaKoxc KilbKicmb MOYOK, WO
sumiprosaiomscsi. Bunpobyeana nosepxms 008ineHOi opmu Oyna eucomoeiena 3a O00NOMOZ0I0
mopyesoco pesepyants, i Oyau oyiHeHi padiyc, YuNiHOPUUHICMb Ma NOXUOKA Npo@int NOGepXHI.
Teomempuunum noxubkam npudiraemscs 6ce 6Oinbuie yeazu Npu NPOEKMYSAHHI Ma 6UPOOHUYMEI
Mawun ma incmpymenmie. Y npoyeci usHauenHsi OONYCKi6 HeobXIOHO 6paxo8yeamu K (YHKYIOHATbHI
i 6UpoOHUYi acnekmu, mak i npoyec eumipy. Ilapamempu npoyecy 6UMIPIOGAHHS GNIUBAIOMb HA
pes3yibmamu, mMoMy Wo CMaHOapMHUil npoyec BUMIPIOBAHHS 3abesnedye Gi0MEOPIOSaHicmy ma
cymichicmb. Y pasi po3smipHoi noMunKku (3HaweHHs paodiycy) KilbKicmb mMOYOK ma mMemoo 6UbIpKu
MOYOK MAN0 GNIUBAIOMb HA GUMIDAHI 3HAUeHHs. Y pasi nOMUIKU YumliHOpuYHocmi ma npoginto
noeepxui, xapakmep noeepxui (onykia abo ysicHyma) ma napamempu pisaHHs He 6NIUBAIOMb HA
BIOHOCHI 3HAUEHHs NOMUNOK. 30iNbWeHHs KIIbKOCMI MOYOK KOpU2ye 3HaueHHs, a memoo Xonmowa-
3apembu 3abesneuye naiikpawi pesyivmamu. Ha ocnosi eumipanux Oanux, menwie 49 6anie
Pe3YIbMamu MOXCYmb CUIbHO smiHumucs. Takum yunom, 49 moyok MoHcymo Gymu HUHCHbOIO MexHcelo
KIbKOCMI BUMIPSHUX MOYOK 3 diacpamoro Xonmorna-3apembu y pasi mecmogoi ceomempii. Pecpeciiinuil
ananiz Modice NIOGUWUMU MOYHICIb OYIHKU 2eOMemPUYHOT NOXUOKU, TMOMY MeMoIo € 3aCmoCy6aHHs.
Yb020 Memoody y pasi NOXuOKU NPoiNO NOBEPXOHL 00BLIbHOT PopMu.

KuaiouoBi cioBa: ¢gpesepysanns 006inoHoi popmu, 2eomempuuni OONYCKu, MouKogull 6io6ip npoo,
gioxunenms popmu.
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