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The accurate metrological analysis of the proposed
measuring software enables to determine the ewbrs
gears measurement with CMM, as well as to formulate
recommendations on the chiose of the appropriattCM
with known uncertainty for the metrological taskgefar
measurement, where the gear is manufactured inigert
accuracy class. Criterion of the metrological cctmess
allows that the final error would not exceed 10% of
tolerance (or in some cases 20% of tolerance)rdardo
perform full metrological analysis of the measuring
software accuracy it is needed to carry out several
simulations that would enable to determine paréicul
errors and their influence on the final measurigpit.

The analysis includes:

> analysis of all errors occuring in the measuring
process,

> analysis of the influence of particular errors on
the measured deviations,

> determination of the
particular errors,

> determination of the uncertainty of the gear
accuracy evaluation.

relations describing

1. ACCURACY OF THE DETERMINATION
OF PARTICULAR DEVIATION ON
MEASURED GEAR

The accuracy of particular deviation of the
measured gear may be described by formula:

A() = AxO,yO + Apoz + A

kor »

where:

A() - error of particular deviation measurement (i.e.
involute profile, basic radius, tooth thickness,
pitches, tooth line),

Ayoy0 error of the coordinate system center

determination,

Apoz — error of the positioning of the probe tip during

the contact with the measured surface,
— error of the correction applied in the algorithm

The criterion of the metrologically correct
measurement was following: maximal acceptable error
should not exceed 10% of tolerance (0.1T) for the
accuracy class of measured gear.
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1.1.The error of the coordinate system center
determination

AxO,yO = f(Npkt pom? E’ Aksztaltu)v

where:N — number of the measuring points

pkt pom
steadily distributed on the measured
circle,
E (|\/| PE,; U3) — uncertainty of the CMM,
Arany  — form deviations (ovality and 3-angular

lobing as most common and most
affecting the accuracy of circle center
location determination).

The coordinate system of the measured gear is
created with its basic geometrical elements. During
technological process, the gear is formed aroura th
establishing orifice or shaft of the gear, i.e.usw the
actual rotation axis of the gear. Hence, the refse
element for the coordinate center establishmeaobirect
coordinate measurement should be the same element.
The z-axis is determined through three measurements of
circles on three different levels of the orifice shaft.
The 3D line built on the centers of those orifices
constitutes the-axis, perpendicular to the main plane of
the gear.



The minimizing of the error during the
measurement of the centers of those circles iSairfar
the accurate determination of the coordinate sysfem
error made during this process will affect all the

measured values. The numerous simulations had been

performed for the measurement of circle and
determination of its center's coordinates, in order
evalueate the accuracy of the determination.

The form deviations and CMM'’s uncertainty has
been simulated. The following conditions have been
assumpted:

» accuracy of CMM —MPEg (E) given by the
producer,

» tolerance of the circle corresponded with classes
5, 6, 7 and 8 of accuracy,

» form deviations: ovality and 3-granity as most
undesirable, with various weight of influence; the
simulations have proven that most undesirable
situation occurs when the wieght of both
deviations is equal — then the final form deviation
is maximal,

» random error distribution generated by CMM and
measuring head,

» the total sum of all assumed and simulated error
should not exceed the tolerance of given accuracy
class (the circle is made according the given class
requirements).

Simulations have been performed for the circles of
10+-250 mm radiuses, tolerance H/h angB5accuracy
class. The coordinates of the circle center havenbe
calculated for various numbers of measuring points
dustributed steadily on the circle, and for various
uncertainty values of CMM.

Table 1. The influence of CMM’s accuracy and the miber of
measuring points on the error of the circle centéetermination

E
Number of | 0.5 1.0 20| 25 3.0 4.0 5.0
points
32 0.2 0.4 07| 09 1.2 18 2.2
16 0.4 1.1 1.6 2.0 25 3.8 4.5
8 0.7 15 24 31 38 5.4 6.3
The accuracy of the circle center coordinates

determination depends on the number of collected
measuring points, uncertainty of the CMM and the
distribution of the form deviation (see table 1 digd1).
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Fig.1. Influence of the CMM’s accuracy and numblemeasuring points on

the error of circle center coordinates

Decreasing the number of measuring points and
application of the less accurate CMM leads to the
increase of the circle center determination. Herthe,
errors appearing during this process would set itiond
of application of particular CMM with known
uncertainty for the measurement of gears maderiaioe
accuracy class according to the recommendatiornkeof
standard DIN 3962.

1.2.The probe tip positioning terror

Apoz - uncertainty of the measuring point location,

equal to the uncertainty of CMM:
Ay, =MPEL(E; U,).

The error of the positioning of the probe tip dgrin
the CMM measurement is considered to be equal to
MPEg (E; Us), because during the measurement, the
movement in all directions (all axes) takes place.

1.3. Correction terror

4. - correction error (superposition of the errorsdma

during correction | and correction Il applied ireth
algorithm).

kor

The worked out algorithm with two correction
minimizes the error of the measuring points locatim
the measured gear surface. The errors of thoseithigs
do not exceed 0.2 um. It is metrologically corréat

consider them as zeroA(, [JO) in the following
analysis of the software.

2. THE ERROR OF PARTICULAR
DEVIATIONS' DETERMINATION

The accuracy of particular deviations’
determination depends on the uncertainty of CMM,
number of the measuring points during the coordinat
system center establishment, and the form devigtadn
the orifice of shaft. The errors of particular edu
determination are presented in the table 2. Fomibst
commonly used in Polish industry CMMs with
uncertainty MPE (E; Us)=12.5 pm, the final error of
gear measurement is Jun.

Table 2. Accuracy of determination of particular ges deviation
[m] described with the formula (1.1)

MPEe(E:Us) | 65| 10| 20| 25 | 30| 40| 50
Number of points
32 07] 14 27| 34 | 42| 58| 72
16 09] 21| 36| 45| 55 74 94
8 12] 25| 44| 56| 68 94 1B

3. RECOMMENDATIONS ON THE CHOICE OF
CMM FOR THE GEAR MEASUREMENT

The determinated errors of particular deviations
measurement allow to formulate recommendationHer t
metrologically  correct ~measurement of gears
manufactured in particular accuracy class. In #idet 3,
the recommendations of CMM choice are presented for



the criterion 0.1T, dependent on the accuracy dasdise
measured gear. So, the CMM with uncertaiai®y5 pm
enables the measurement of the gears made in 9th
accuracy class (modules 1-2), 8th accuracy class
(modules 2-6), 7th accuracy class (modules 6-10)Gdim
accuracy class (modules over 10), with the proposed
software.

Table 3. Accuracy of CMM m]that may be applied for the gear
measurement according the criterion 0.1T

01T module (over - to)

Accuracy clas§ 1+ 2 2+3.55 3.55-6 6+ 10 10+ 16
5 0.5 0.5 1.0 2.0
6 1.0 1.0 1.0 2.0 25
7 1.0 2.0 2.0 3.0 3.0
8 2.0 25 25 35 35
9 25 3.0 3.0 4.0 4.5
10 3.0 4.0 4.0 7.0 10.0

- - CMM with uncertainty MPE=0.3pum

[ ] - CMM with high accuracy of measurement
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2. CMM’s accuracy for gear measurement (datef.1T)

When the criterion 0.2T is acceptable (table 4) the
largest measuring error is allowed, and the pdgyiluif
the CMM'’s application may be widened with one more
accuracy class (dropped line in the fig. 3). It is
recommended to apply the criterion 0.1T for thergea
with module bigger than 2. When the module is teas
2, criterion 0.2T may be applied because of theowar
tolerance of the gear.

Table 4. Accuracy of CMMYm] for the gear measurement according
the 0.2T criterion

02T module (from - to)

Accuracyclass| 1+2 | 2+3.55| 3556 | 6+10 10+ 16

5 1.0 1.0 2.0 2.0 3.0

6 1.0 2.0 25 3.0 35

7 2.0 25 35 4.0 6.0

8 3.0 35 4.5 6.0 10.0

9 35 4.5 7.0 10.0 2

10 6.0 7.5 10.0 2 2

7- more than 1m
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Fig. 3. Accuracy of CMM recommended for the geaasugement
according the criterion 0.2T

3. CONCLUSIONS

In the performed metrological analysis of the
proposed measuring software for the gear measutemen
with CMM, the values of particular errors have been
determined, as well as their influence on the measu
values. The final error of the gear measurement
performed with CMM depends on CMM'’s uncertainty
and the accuracy of the coordinate system estaidish
When the coordinate system is established accottimg
definition, its error is minimized. The errors of
algorithms and their corrections have been detexdjin
and they have been proved to be of no influencéhen
final error of the gear measurement. The results of
simulations confirm the metrological correctness of
proposed algorithms and the measuring software for
gears.

The analysis of the gear measurement errors
enabled to propose recommendations on the apptepria
choice of CMM with known uncertainty ensuring the
appropriate  measurement of gear made in certain
accuracy class. The choice of the CMM according the
recommendations enables the metrologically correct
measurement and identification of particular geaitat
parameters of gear and their deviations.
measurement of the manufacturing deviations ofjtas
without metrological analysis of the measuring rodth
and applied algorithms, and the determination opélfi
error may lead to inappropriate choice of the meagu
device (CMM), and to the incomplete andmetrolodycal
non-correct information on the accuracy of measured
gear.

The



6. REFERENCES

[1]

(2]

[3]

[4]

[5]

[6]

[7]

Ratajczyk E.. Wspohdnaiciowa technika
pomiarowa. Maszyny i roboty pomiarowe. ISBN
83-7207-586-7 Oficyna Wydawnicza Politechniki
Warszawskiej, Warszawa 2005.

Lotze W.: Zahnradmessung mit
Koordinatenmessgeraten, Grundlagen und
Algorithmen fur die 3D-Auswertung nach dem
Flachenmodell. ISBN 3-00-015962-2 Eigenverlag,
Dresden 2005

Chajda J., Grzelka M.: The Algorithm of the Gga
Measurement with a CMM; XVI IMEKO World
Congress, Wien-Vienna September 25-28, 2000,
Proceedings Volume VIII, Topic 14 -
Measurement of Geometrical Quantities, Topic 25
— Quality Management, s.51-56.

Grzelka M.: The accuracy of the gears’
measurement with the co-ordinate measuring
machine, [w:] Proceedings of 5th International
Scientific  Conference Coordinate Measuring
Technique, Technique Academy in Bielsko Biala,
Ustraa, 25-27 April 2002 r, ss. 75-83.

Lotze W., Osanna H, Durakbasa N. M., Afjehi-
Sadat A.: 3d gear measurement by CMM. IV
Miedzynarodowa Konferencje Coordinate
Measuring Technik, Bielsko-Biata 2000, s. 147-
156

Neumann, Hans Joachim: Gear inspection on a
coordinate measuring machine. agard Conference
Proceedings, 1980, Proc of the Int Conf on Autom
Insp and Prod Control, 5th and IPA, Arbeitstag,
12th, Inst fuer Produktionstech und Autom, Jun 24-
26 1980, Stuttgart, Austria, s. 499-514.

Pfeifer T., Wollersheins H.: Messung der
Zylinderformabweichung durch Ab-tastung der

Mantellinie  entlang  einer  Schraubenlinie.
Westdentscher Verlag, 81.

[8] Smith J. D.: Some trends in gear metrology.
Metrology Conference, NELEX 80 International.

[9] DIN 3960 Begriffe und Bestimmungsgréen fiir

Stirnréader  (Zylinderraden) und Stirnradpaare

(Zylinderradpaare) mit Evolventenverzahnung

DIN 3961 Toleranzen fur Stirnradverzahnungen;

Grundlagen

DIN 3962-1 Toleranzen fir Stirnradverzahnungen

Toleranzen fur  Abweichungen einzelner

Bestimmungsgrofien

DIN 3962-2 Toleranzen fir Stirnradverzahnungen

Toleranzen fur Flankenlinien-abweichungen

ISO 14253-1 Decision rules for proving
conformance or non-conformance with
specification

ISO 14253-2 Guide to the estimation of undetia

in measurement, in calibration of measuring

equipment and in product verification.

[15] 1ISO 14253-3 CMM: Techniques for determining th
uncertainty of measurement Uncertainty
assessment using calibrated workpieces

[16] vDI / VDE 2617-1 Accuracy of CMM -
Parameters and their reverification — Generalities

[17] 1SO 10360-1 Acceptance and reverificationgdet
CMM - Vocabulary

[18] 1SO 10360-2 CMM used for measuring linear
dimensions

[19] ISO 10360-4 CMMs used in scanning measuring
mode

[20] ISO 10360-5 CMMs using multiple stylus probing
systems

[21] 1SO 10360-6 Estimation of errors in computing
Gaussian associated features

(10]

(11]

(12]

(13]

(14]



