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AXIS LOCATION AND SCALE FACTORS ESTIMATION FOR THRE E-AXIS
MACHINES FROM PERIODIC PERFORMANCE CHECKS WITH LASE R
DISTANCE MEASUREMENTS — RISKS AND OPPORTUNITIES

Users of coordinate measuring machine and largegygarachines need to ensure the volumetric perfooaaf
their machines in order to inspect, or machine, maatcal parts with precision. In the case of CMNg
ASME B89.4.10360.2-2008 document imposes severrtdires for a volumetric check. These directionsoff
some redundancy for axis location (out-of-squarse®sand scale factor estimation. The paper lobkkea
opportunity of using the data for immediate mactinerection and the risks involved. In particuldwe fact of
using test data for calibration and verificatidme potential contamination from non-modelled mo#orors and
the representativity of the estimated parametees cansidered. Experimental results obtained usasgrl
interferometry on a LEGEX CMMs are used to preseatmain concepts.

1. INTRODUCTION

The coordinate measuring machines are often théerped instrument for the
dimensional and geometric control of parts. To emshe correct operation of the CMM, it
IS necessary to check its performance periodicalye machine is affected by 21 geometric
errors including 18 joint motion errors and thre¥ lerrors axis to axis which can become
significant over time. Experience suggests thatvreations related to scale errors and out-
of-squarenesses between axes are particularlgkat ri

Verification and calibration of coordinate measgrimachines has been the subject
of several studies, different types of artifactgevesed such as, gauge blocks, step gauges,
ball plate, hole plate and ball bar [1-6]. G. Zhaetgal. [7] modelled kinematic errors of
CMM by 18 errors and added the 3 out-of-squaresedstween axes which are the
coefficients of the linear term of straightnesesr Out-of-squarenesses are determined by
measurements along face diagonals of the threeeplXiY, XZ and YZ. Kruth et al. [8]
measure a non calibrated artefact in four bodyahats of the CMM and deduce the values
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of the squareness errors. For verification of tagggmance of large CMM, say up to four

metres of displacement, Phillips et al. [9] usedaaefact equipped with a laser. A retro-

reflector is secured to a sphere that is probethbyCMM, while the laser measures the
displacement of the retro-reflector. The ASME B880860.2-2008 report [10] suggests the
use of five lengths (which can be done with lasegasured in seven predefined positions to
provide an indication of the performance of the CMblit without assessing parametric

sources from the machine. This study provides ehotefor determination of scale errors

and out-of-squarenesses between axes using théodataolumetric check.

2. ERROR OF POSITION

2.1. POSITION OF THE STYLUS TIP AND THE WORKPIECH ICOORDINATE SYSTEM

The machine used for this study is a MITUTOYO mddeGEX 9106 with topology

WYFEXZT. Fig. 1 illustrates the coordinate system X Z) for the position of the centfa,

of the articulated system of the probe t and thsitpm of a point to measure on the
workpiece w. These coordinates are defined in eeige frame {F} and calculated from the
movement of the carriages of the machine. The doates of the stylus tip &( y;, z), in

the reference frame {F}, are defined by the movargs coordinates X and Z, by the
lengthLs (distance from the pivot of the articulated systenthe centre of the stylus tip)
and the orientations of the articulated systeml@a®yandB). The coordinates of a point to

measure on the workpiece w,{ Yw, Z.), in the reference frame {F}, are defined by the
moving axes coordinates Y.

Fig. 1. Position of the stylus tip and workpiecehie coordinate system

On a real CMM, the positions of the stylus tip awdrkpiece do not exactly
correspond to the nominal position; this positisraffected by the deviation related to the
joints of the machine. Fig. 1 shows the linear andular deviation associated to each joint
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X, Y and Z; For exampledx and &x are respectively the linear and the angular deviati
associated to the X joint.

2.2. ERROR POSITION OF THE STYLUS TIP AND THE WORKICE

The position of the stylus tip and the workpiecafiected by the deviation associated
to the joints. Angular deviation spread in the boyd structure by the effect of the Abbé
offsets. The linear deviation has a direct effent the position of stylus tip and the
workpiece. The position error is the deviation kestw the real and the nominal position.

The position error of the stylus tip is [11]

X X X z z z (1)

Similarly, the position error of the workpiece is

e,=d,+&, UOL

(2)
The volumetric error that characterizes the pasigoror of stylus tip relative to the

workpiece is:

W 3)

Assuming the scale errors and out-of-squarenessesominant. After decomposition

of vectorsO,t, Ot and O,t in the frame {F} we have:

K, X E, x t, 0 E, %
ew =| O [+l |0 t, [+ 0 |-|K K 4)
0 0 Z+t, K,[Z 0
X = X +1,
Ye =1
2 =7+t (5)

K«, KyandK , are the scale gain errors of the X, Y and Z asspectivelys,y, & x and&x
are the out-of-squarenesses of the Y-axis reldivéaxis, the Z-axis relative to X-axis and
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the Z-axis relative to Y-axis respectively.
The nominal coordinates of the stylus tip relativérame {F} are:

In matrix form, equation (4) is

e, =J [P (6)

3. GENERAL EXPRESSION OF ERROR OF MEASUREMENT OFSDANCE

A linear laser interferometer is used to acquire tperformance data. The
measurement linein the coordinate system of the CMM is definedtlhy two anglesg;
andpg;, and the coordinates of the first poMt;, shown in Fig. 2. The coordinates of the
nominal pointdV;; in the line of measurement are:

OM,, =OM;; +M M

(7)
where:
cos(B)cos@,)
M, M, =M, M [0 with 4 =| cos(g)sin(,)
sin(B)

The measurement error is the difference betweemah@nal target displacement and
the real distance measured by the laser. From alfimad point of view, the measurement
errorE;;; between the experimentally measured pbiptand the poinM;; is the projection,
in direction i, of the difference between the volumetric errdcglated at pointv;; and
pointMy;.

E,; =(e,, —e,, )0

Miji Mg, i

! (8)

Using the equation (6), equation (8) becomes

E, = |,(‘]j,iT A )T B (‘]LiT A, )T JJP 9)
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Fig. 2. Measurement error in the measurement volofitiee CMM

whereJ | is the jacobian matrix at a poil; for a measurement in the directién

By measuring all target distance in the seven pimel® positions by the AMSE

report, a system (10) of equations is built, wheaeh line corresponds to one measurement
error:

E=HP (10)

whereE is a column matrix, comprising all the errors ofasgrements made amtis the
identification matrix.

4. EXPERIMENTS

4.1. MACHINE AND LASER SETUP

The experimental measurements set up on a MITUTQEGEX 9106 installed in
the dimensional metrology laboratory of Ecole Patyinique in Montreal is shown in Fig. 3

Fig. 4. shows the seven positions predefined by ASME report for periodic
verification. A Renishaw ML10 Gold Laser was usedrteasure the actual displacement.
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Fig. 4. Seven measurement positions predefinetidAEME report

4.2. RESULTS FOR THE SEVEN PREDEFINED POSITIONS

Fig. 5 shows the results of measurements. Eachectepresents the mean of 3
repetitions. The curves are the model predictiangushe following estimated scale gain
error and out-of-squarenesses:
out-of-squarenesses,y = 2.7urad, & x = 4.2urad ands, x = 2.5urad
scale gain errors, = 1.7um/m, K, = -4.8um/m andK; = -0.74pm/m.

A percentageD representing the maximum residuil,,, relative to the maximum
error Enay, IS calculated, this percentage characterize bilgyaof the identified parameters
to correct the machine.
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Fig. 5. Results of measurements in seven posipoedefined by ASME report

D= (1-MJX100% (11)

B

For the measurement in the seven predefined positipresented in Fig. 5.
Erax = 7.4 pum anR 5 =0.75 um, sd = 89%. That mean 89% of the maximum error will
be corrected using the six identified parameter ts@dmaximum error after correction is
estimated at 0.75 um.

To consider the representativity of the estimateatameters, among the seven
measurement positions, only six positions are useidentify the six parameters and the
results are used to predict the measurement ipdbions not used for the identification of
parameters. Fig. 6 presents the measured and f@@dicrors for the position not used for
identification, for the seven studied cases.

Two examples are presented:

Example 1: positions 1, 2, 4, 5, 6 and 7 are usedhk identification; 3 is excluded. Fig. 6
presents the measured and predicted errors inigost For this position, a maximum
residualR,z = 1.2 pum and a maximum errgg,, = 7.4 um, folD = 83 %.

Example 2: positions 1, 2, 3, 4, 5 and 6 are usedhk identification; 7 is excluded. Fig. 6
presents the measured and predicted errors inigposit The maximum residual, in this
position, ISR = 0.92 um and the maximum erroHg., = -0.28 pum, foD = -228 %. That
means that the error in position 7 becomes largan before correction. The maximum
error, in position 7, after correction, is estinthéd 0.92 um.
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Fig. 6. Results of measurements in seven predefinsifions and prediction using estimated pararaetith six
positions
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Fig. 7. Measurement positions a) 7 measurementiposipredefined by ASME report ;24 measurement
positions in a) 3D view ; b) 2D view (special prepd representation)
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Because the directions used to check the CMM aewded for calibration, the CMM
is optimised for the performance check. This shawdt be considered good practice even
though it saves time to the user. In order to yeht ability of the six parameters identified
using the data from a volumetric check with sevesdpfined positions, 24 positions (Fig.
7a and Fig. 7b) are used to predict the measuresnierihe volume of the machine. The
Renishaw ML10 Gold Laser was mounted on a rotatiogule and placed in the middle
of the machine table. This allowed to direct theefabeam successively towards the four
corners of the table and, by using a flat mirror,rédirect it in 24 measured positions
without dismounting the laser, which shortened meament performing time significantly
by greatly simplifying the setup changes.

4.3. VALIDATION USING ANOTHER 24 POSITIONS

Fig. 8 shows a comparison between the errors medsand the errors predicted by
calculation in the 24 measured positions others ttiee 7 positions predefined by the
ASME report and used for the model estimation.
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Fig. 8. Result of measurement in 24 positions atliesin 7 used for identification of six parameters;
a) from 8 to 13 b) from 14 to 19 ¢) from 20 to 25mm 26 to 31 measurement positions

It shows that the maximum measured error is 5.5amd the maximum residual
is 2.6 um, sd = 52%. The percentage of error non-explained kyniodel may be due to
the measurement uncertainty and the potential ountdion from non-modelled motion
errors [12].

It can be observed that the predicted errors depelydon the directions
of measurement; for example: the prediction ernorhe position 16 and 18 are the same.
This is expected because only scale and out-ofregaases are modelled.

If scale gain errors are dominants the measureerents in two positions parallel to
the tested axes (for example position 20 and 2a&yldhbe identical. However, as can be
seen in Fig. 8c) these measurement errors arerahtieThis suggests that other errors
sources are present and are significant. This shbeslimits of the model predictive
capability.
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5. CONCLUSIONS

The method proposed in this paper identifies sgaie errors and out-of-squarenesses
between axes of a CMM. Displacement measurememdstaken with a linear laser
interferometer in the seven positions specified8SME B89.4.10360.2-2008 report.

The representativity of the estimated parametess fdata for a volumetric check
using six positions, at time, among all seven igl@ated by predicting the measurement
error in directions not used for the identificatjprocess.

The laser head is swivel mounted centrally on tMMCtable which allows creating
24 directions from the 4 bottom corners of the mdag volume.

The advantage of this approach is that it is fask simple to implement; it provides
parameters necessary to make corrective actiothetmachine after doing a verification of
the machine performance according to the ASME B&9360.2-2008 report. This
approach has also weaknesses, because there amtigiotontaminations from non-
modelled motion errors. This approach is not lichite CMM, but it can also be applied to
large gantrymachine tools.
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