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Abstract: The aim of the present work is to calculate thedue to the large number of factors that can couteitho the
uncertainty associated with volumetric error comganr in  uncertainty, as well as the machine versatilityjchtallows
a Moving Bridge type Coordinate Measuring Machinemeasuring several metrological features of a wedgi2].

(CMM). Two methodologies are presented for thisppge.
The first consisted in equationing the componeritgshe
volumetric error using homogeneous
techniques; measurement of the geometric errorsAdniue
offsets; mathematical models regarding each gedsretor
and Abbé offset were written and the law of undetya
propagation was applied. The second methodologyepte
simplified models to estimate the measurement tizicey
associated with volumetric error component, idgmd the
variables that influence the determination of getoyne
deviations, development of a mathematical modeltfar
volumetric error components, development of a reutio
evaluate uncertainty. It was concluded that thepbfied
models are adequate and easy to be applied. Atusos,
the components of volumetric error of X, Y and Zesx
present uncertainty values close to 2,7, 4,0 afidp®,
respectively.
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1. INTRODUCTION

According to its behavior, the measurement error loa
classified as systematic or random. Systematictsffean be
corrected without great difficulties; nevertheleafier the
correction, a doubt will still remain about how Wwel
corrected the value obtained in a measurementyisidging
this doubt to those of systematic and random edfettte
conventionally so called measurement uncertaintgqh be
obtained.

At the present time, it is not enough to express th

numerical value of the measured errors, arising,thhe
need to indicate quantitatively the quality of tlesult of a
measurement. In other words, adding to the resuthe
measurement a statement about the reliability #ssocto
it, that is, the measurement uncertainty.

2. MEASUREMENT UNCERTAINTY IN CMMs

The evaluation of measuring instruments, such adCM

through measurement uncertainty, is a rather ditfitask

The performance of CMM has been limited by several
factors, which act together, combining complex ways

transformationshroughout the working volume of the machine, gatieg

the called volumetric error. The largest contribatito the
volumetric error is constituted by geometric errd8.
These errors have their origin in the geometridatens of
the different components of the Measuring Machine.

In order to study geometric errors, the CMM moving
elements are assumed as rigid bodies. The positiarrigid
body in space can be defined by six degrees ofidnme
Since each degree of freedom can be associatet doar,
six geometric errors are associated to each prefatexis
of the CMM, specifically, one position error, two
straightness errors and three rotation errorshpitaw and
roll), summing up a total number of 18 geometricoes.
Three more errors must be added due to the impligsdf
arranging three perfectly orthogonal axes, namely
orthogonal errors, which depend on the relationwben
components. Therefore, a full amount of 21 erras be
determined from three Cartesian axes CMMs.

It is known that inspections using CMMs are carred
from coordinate pointsXj, Yi andZi) on a given surface.
The coordinates of the points, which are measuyethdrans
of an optical-electronic system, are used by the MCM
software to identify the geometric features of wakpiece.
The real coordinates of the points in the CMM wookume
can be determined if the measured coordinates e t
respective errors are known, Eq. (1).

XReaI = XMachine_ Ex
YReaI = YMachine - Ey (1)
ZReaI = ZMachine_ Ez

where: Xyachine Ymachine aNdZyachine are the coordinates of the
measured pointsXgeas Yrea € Zrea are the ideal or true
coordinates and,, E, and E, are the error components
associated to each coordinate.

The uncertainty associated to the real coording{gs,
Yreas 8Nd Zge,) Can be assumed as being equal to zero and
the uncertainty associated to coordinaXgsy and Z of the



measured points can be considered equal to thetamtg Ey=Pogy)+ Ryx)+ Ry(z)+
obtained for the components of the volumetric eror, Ey +[Ort(xy)1-YaW()]);ﬂX23+X)—Pitcr(y)[212+ (4)

andEz Eq. (2). ~[Ort(y2) + Roll(x)+ PitcH( y) + Pitch(2))(~Z - Z,c)

L((Y Machln)e) lk(EE))() (2) Ez= POS(Z)+ RKZ)+ R)(Z)_
achine) = UEY, ~Roll(y)[{ X, + X )= [Roll(x) + Pitch(y )| ¥,

( Machlne) L(EZ)
Therefore, the uncertainty of three-dimensional T¢ determinate uncertainty associated to the ge@met

measurement can be determined from the uncer®intigrrors, in the equations (3) - (5) the law of pigation of

associated to the spatial points that define theglsib ncertainty were applied, and equations (6) - (Rhined.
dimensional feature. Such uncertainty is referceds three-

dimensional or volumetric and is related to a ragiospace 2 2
whose shape and size are defined by the combinatitme u2Ex=( OEX ] 2 J{ 0Ex ] 2

©)

various existing uncertainty sources. oPogx) ) ) | aRy(x) Hry0

This work presents a methodology to estimate the 2 2 2
measurement uncertainty associated to the commorant . OEX u2 .{& u 9EX w2 +
the volumetric error of a moving bridge CMM, aimjrig ORZx)) 0 |aort(xy)) "oy, ) ™
the future, at the determination of the measurement 2 2
uncertainty associated to the measurements perfbmité + &] 2 O9Ex uZ +
these machines. All experimental runs for the agitjon of oYawy) Yauy) 0Ys, Yas
error data were conducted on a Moving Bridge CMNy.(F 2 2
1). + & u L u? +

a0rt(xz) ) "D 0(-2-2,))

+ 0EX Zuz_ 0EXx 2u2 +
dPitch(x) ) "0 9(-z-2,5)) (2%
N 0EXx 2u2 0EXx 2u2 .
avyawnz)) P 1a(-z-z,)) F
0Ex ? 2 0EX ? 2
Yl Uor(xz) 5 _ - _ - U—z—245+
00rt (xz) 0-2-2,

+ —aEX 2u2 LZLF
dRoli(y) ) "N 0(Z,-Z-2,5)) Ze22el  (6)
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Figure 1. Moving Bridge type CMM. OBy Ve L[9BY] e .

aRz(y) Ur * a0rt(xy) ) " | 0X,, ) =

2 2
2.1. First mode! +(6Ey} z ( OEy j Ufagy) EELJ Uy ox) ~
aYawy) 0(Xy3+X) i
The error synthesization model used to estlmat = OEy 2 , (7)
uncertainty measurement associated volumetric cams 6P|tcr(y) Pltck(y) m Uz,-z-2,) ~
12 45

errors was developed by [4]. This model was obthibg
means of homogeneous transformations, each compohen OEy ) OEy 2 )
the volumetric error can be described as the sudiffgient  ~ ort(yz) —a(_z_z y) CFEs)
parts that are related to the geometric errorh@fmbachine , ° 2
and to the corresponding Abbé offsets, Eq. (3)-(5). [ OEy ] 2 EE OEy J 2
- Ro) ¥ 57 & & | Yzze) ~
0(—Z—Z45)

2 2
_ OEy W2 OEy U2
dPitch(z) ) " (0(-2~2,))

Ex= Pog(x)+ Ry(x) + RZ x) +[Ort(xy)+ Yaw(x}[Y,, +
+[Ort(xz) + Pitch(x) +Yaw(z) + Roll(y)[(-Z - Z,s)+ (3)
+Roll(y)Z,,

T\



2 2 v
Ez= £ u|2305(z) + ﬂ u2R>(z) + A :T (11)
9Pos(2) IRX2)

2 2
+ (ﬂ] Uizw) - (£J éou(y) where: 1 is the wavelengthy is the velocity of light and f is
0RY(2) ORoll(y) ®) the frequency.

SEz 2 ez ) The velocity of light is constant in vacuum butraugh
[E—] u(zx %) —(—) u';’m”(x) O the air, it varies as a function of air temperatyreessure
0( Xy +X) “ dRoll(x) and humidity. Since laser frequency is constang th
9E2 ) ez V 9E2 ) wavelength will change with the variation of thdogity of
_( J 2 (—J I%itch(x) [ﬁ_J u’ light. The distancd shown in the measurement display of
oYy, ) = (0Pitch(x) oYy, ) ™ the laser unity corresponds to the number of wanghes,N,

multiplied by a compensation factd, and the wavelength
in the air, 1, , as follows:
Each geometric error was measured individually and
mathematical model was developed for each oneewii thn D=NIC (12)
order to subsequently apply the law of propagatain A
uncertainties. A detailed description of the modah be

observed in [5]. The compensation fact@ can be calculated by means

of the equation belowN is the wavelength of movement and
can be calculated using Eqg. (13), whétds the humidity

2.1.1. M easurement uncertainty of individual errors )
andP is the pressure.

Equation (9) allows estimating the uncertainty aiged

to the measured orthogonal errors using the mechkni C= 10” __-999000 (13)
square standard and a LVDT type transducer. N +10
D = Lyypr *+Csq + Ruvor + L g, T, 9) N = 0383639 1p [ L 10 OF0817-00133T) | _
1+0.003661T (14)
where:D is the measured displacemeht;,; is the reading - 303301073 H(emmm)

taken by LVDT;C, is the correction due to error of the

mechanical squareR ,p; is the resolution of the LVDT; The mathematical model that represents the straeght

is the coefficient of thermal expansion of the®fTors, as well as, pitch and yaw angular errofsall the
axes, is given by Eq. (15).

aSq

mechanical square (granite) andlT. is the difference

between the mechanical square temperature and the E=e+R_ +C_+Thermaleféct (15)
reference temperature.

Eq_uatlon (10) allows determ|n|r_19 _the uncertamtywhere:E is the errorg is the indicated value by lasd®; is
associated to the measurement of positioning errors

the resolution of the lase(G, is the is the coefficient of
thermal expansion of the laser beartT; is the variation of
the room temperature regarding the reference.

The mathematical model of the roll angular error
where:Eps is the positioning erro is the value indicated measurement is given by Eq. (16), where: e is thar;ee is
by machine;R.,, is the resolution of the machin& is the indicated value by the electronic levé, is the
the resolution of the laserfT, is the difference between the r€solution of the bubble leveRye is the resolution of the
electronic level andAT is the variation of the room
temperature regarding the reference.

Epee =M + Ry + R+, LAT, +a AT, (10)

Pos

room temperature and the reference temperattifg;is the
difference between the scale temperature and feeeree

temperature;o. and o, are the coefficients of thermal E =e+Ry, + R, + Thermaleféct (16)
expansion of the scale (glass) and the laser beam,
respectively. The mathematical model of the fixed offsets

Still, the laser interferometer system has thegiple of  measurement is:
measurement based on the wavelength of the lighttd®m
temperature variations cause changes in the waytblesf L=l +Ry, +| Digy, UT (17)
the light and thus, errors in the measurementsrserted.
The calculation of the laser correction coefficiemist be ] ] o
done for that the uncertainty can be estimated.(EY. sets Where: | is the measured lengtt, is the coefficient of
a relation between wavelength, frequency and vlogi  thermal expansion of mechanical rul;,, is the resolution

light. mechanical rule andiT is the room temperature variation.



2.2. Second model 2.2.2. New formulation

The calculations are complex and require the catiin This new formulation is presented in Egs. (18, bél a
of CMM to determine the values of 21 individual gesiric ~ 20).
errors and measurement of Abbé offsets. Thereftire,
complexity of this methodology makes it difficuld toe U(X paching) = U(X) = ARgyy + AIC oy (X ) + 4EA+
adopted by the majority of the community dedicatedhe + XodT + XasT
use CMM.

The present paper proposes alternative mathematical _ _
models that are easy to understand and simple to be UWisacnine) = UCY) = ARcy + A1 Cop (¥ ) + AEA (19)
implemented, in order to popularize the uncertainty +YodT +YadT
calculation of uncertainty measurement in CMM.

(18)

u(Zmaching (U(Z) = ARy + AICoum(Z; ) + AEA+ (20)
2.2.1. Calibration of second CMM + ZoAT + ZasT

The CMM, type moving bridge, manufactured by
Mitutoyo (Fig. 2) was calibrated using a step gaag#act.
The artifact was measured 5 times in 7 differersitins in
the work volume. The first three positions weregtiat to

the X, Y, and Z axes, respectively, while the rste in ., rections due to the distancing of the tempeeatir

volum_etric diagonals. . relation to 20°C AT,o) and corrections due to temperature
This CMM has a resolution of 0.001 mm and a WorK/ariation during measurementdT).

volume of 300 mm (Axis X) x 400 mm (Axis Y) x 300nm To calculate uncertainty of any geometry must still

(Axis Z). . consider the variability associated with the reswolbtained
The measurements \:vere carried out at a contrad@dr ¢, different measuring cycles. As an example, stlewn
temperature of 20+1) °C. A thermo-hygrometer with a he equations for determination of uncertainty of

digital increment of 0.1 °C and measurement rarfge20  measurement of circularity and cylindricity, Eqsl)2and
to 60) °C was used to monitor the temperature. Thgp),

temperature during calibration was (20.3 + 0.2)° C.

The uncertainty of each volumetric component is as
function of: corrections associated to the CMM heton
(4R); errors of the CMM probing systemEA); uncertainty
associated with the CMM indication systemIGcyw);

Dcr = 43( Dgjr ) + AP maxt+ AP min (21)
Deyi =49 Dey ) + AP max+ AP min (22)

These equations take into account the variabilityhe
circularity deviations(As(Dcir)) or cylindricity deviations
(As(Dcyy), considering then measurement cycles and the
corrections associated with the furthest pointdlation to
the centrePmay and the point least distant from the centre
(Pmin).

On the other hand, the uncertainty of those twantgds
obtained by Eg. (23).

APmax= APmin= AR+ AEA+ AIC,,, +

24
+ LAadT,, + LAasT (24)

L is given by Eq. (25). Where ;XY; and Z are the
coordinates of the poiftmaxandPmin, respectively.

— 2 2 2
L—,/Xi +Y,° +Z, (25)

Substituting (25) in (21) and (22) and applying the
of propagation of uncertainty, Egs. (26) and (27 a
obtained.

Figure 2. Coordinate Measurement Machine (CMM) used
the second methodology.
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The standard uncertainty relatedsi®c;r) and s(Dcy.)
can be calculated as shown in Eq. (28).

(28)

( CIR) S( DCYL) \/—

Where s is the standard deviation of the deviation
readings and is the total number of measurement cycles.
The correction due to the CMM resolution is given b

Eq. (29).

U(AR):L

2i3/3

(29)

The correction due to errors of the CMM probingteys

is given by Eq. (30).

u( 4EA) = EA

76 (30)

The correction due to the uncertainty associated thie
CMM indication system is given by Eq. (31).

Al Al Al
U(AI )= (X)] +( ()’)] +[ (Z)] (31)
\/[ Ky Ky Kez)

[ (T (2]

where AT is the difference between the room temperature
and 20 °C;4R; is the correction in relation to the
thermometer resolution antl; is the uncertainty associated
with the thermometer indication system.

The uncertainty due to temperature variation during
measurement is given by Eq. (33).

() ) (]

3. RESULTSAND DISCUSSION

3.1. Resultsfor first methodology

The uncertainties associated to the componenthef t
volumetric errofEx were calculated (Fig. 3). It was observed
that uncertainty values varied from 2,79 to 2,86 pna
presented similar behavior at the different evadailanes.
The greatest influences upon the total uncertaoftythe
volumetric error Ex component were the orthogonality
errors between axesY and X-Z andY-axis roll error. This
fact is assured by the combination of error valaed their
uncertainties with values and uncertainties of dixg#fsets,
which are, in this cas3s, Z4s € Y1,, respectively.

2,90

N
]
UEX (um)

02,80-2,90
m2,70-2,80

Figure 3 - Uncertainty measurementof to Z=150 mm
(First methodology)

X(mm)

The uncertainty associated to the volumetric error
componentEy presents nearly constant values, which vary
between 4.00 and 4.0%m (Fig. 4). ComponentEy
presented the largest uncertainty values at rederen
temperature. This fact may be attributed to seviaetbrs:
the sinthesization equation of that component prtasg a

Both variables related to room temperature vamatio high number of influence variables; the orthogdyatirror
were measured using the same measurement systemmagnitude between ax&sandZ and fixed arniZ,,, as well

Therefore, they were treated as correlated. Theection

due to the distancing of the temperature in refatm20 °C

(4T,) is determined using Eq. (32).

as the uncertainty associated to them.
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Figure 4 - Uncertainty measurementgf to Z=150 mm
(first methodology)

The uncertainty associated to the volumetric error

componentEz presents small and nearly constant value
which vary between 1.98 and 2.t (Fig. 5).

Figure 6 - Uncertainty measurementof to Z=150 mm
(second methodology)

* The uncertainty associated to the volumetric error

component Ey (Fig. 7) varies between 1.97 and 26

and, too, presents a linear behavior and increatinthe
values of X and Y increases.

- 2.3
E
199 3
N
o 2.1 a
=1
1,98 =
1.9 .
01,99-2,00
m1,98-1,99 3 02,1-23
[ ]
S m19-21
)
Figure 5. Uncertainty measuremen®&af to Y=150 mm >~ X (oam)

(first methodology)

Such values are smaller than the calculated urnicgrta

Figure 7 - Uncertainty measurementgf to Z=150 mm
(second methodology)

for Ex and Ey because of the reduced number of influence The uncertainty associated to the volumetric error

variables in the synthesization equationE#x Moreover,
there are orthogonallity errors in the referredatuun. The
fractions that presented the greatest influencer dotal
uncertainty of componenEz were angular errorfRoll(X)
and Roll(Y). Mean and standard deviation values
uncertainty are similar at different planes.

3.2. Resaultsfor second methodology

The following, uncertainties associated to the
components of the volumetric error ware estimated
considering the new formulation. The results arewsh
below.

Figure 6 shows the values for volumetric error Exas
observed that uncertainty values varied from 1®2.25

and presented a linear behavior and increasingetovalues
of that X and Y increases.

componentz (Fig. 8) presents values, which vary between
1.98 and 2.2um.

g
e
o
[Ea}
2.1-23
2 E19-21
T am)
bt X (mmj

Figure 8. Uncertainty measurementesf to Y=150 mm
(second methodology)



3.3. Examples of application of the second methodology Cylindricity deviation uncertainty

The mean values of the diameters measured in tt

experiments are shown in Table 1. a 8 - Buc OUp
=2 —
Table 1. Diameters of the features measured itetts. > 6
Diameter (mm) £
Measurand Mean Standard deviatior 5 4
1 8.008 0.004 2
2 19.936 0.016 - 2
3 47.953 0.013
4 67.957 0.005 0 . - . ;
1 2 3 4
Table 2 shows circularity and cylindricity values fall
the features measured in the tests. Feature
Table 2. Circularity and cylindricity measurements. Figure 10. Combined and expanded standard unceetin
for the cylindricity deviation
Measurand Circularity Cylindricity deviation
deviation (um) (Lm) Figure 10 shows that the combined uncertainty fier t
Mean | Standardl Mean Standardl  cvlindricity deviation measurements varied betwgehand
deviation deviation 3.0 um. The values for the expanded uncertaintyedar
1 10 2 11 2 between 4.6 and 6.6 um, for a coverage factor gfd%.
2 57 4 61 5 In all cases, the largest contribution for the [fina
3 o5 5 102 5 unc_erta_inty was given by the CMM prqbing error @ﬁhe
) 92 5 105 3 variability of the values of circularity and -cylindity

deviations for each measurand.

The simplified models here proposed, implemented
using an Excel spreadsheet, proved to be viablecasy to
apply to evaluate the uncertainty measurementsciaéed
to both geometric deviations here investigated.

The values for the combined standard uncertaiogy (
and for the expanded standard uncertaiftp) (associated
with the measurements of the circularity and cyiicitly for
the four measurands are shown in Fig. 9 and 10s&he
values were obtained using the new formulation psepg in
this paper.

It should be pointed out that two significant digiwere
added during the calculations to minimize roundinrs.

4. CONCLUSIONS

In the end of this work, the following conclusiomay
Circularity deviation uncertainty be presented.

The procedures described in [1] have been efficient
determine the uncertainty associated the compordritse
volumetric error at any point of the work volume thie
6 - evaluated machine at giveonditions. By determining the

ﬁ effects of variables in three-dimensional uncetyain
— information was obtained.

For the first methodology, the uncertainties assedi to
— the components of the volumetric err@x( Eye E2) were
homogeneously perceived at several planes. It satlase

| | Pp— to 1,4, 1,3 and 1,@m, for X, Y and Z axis, respectively.
0 ' ' ' f For the second methodology, the uncertainties &stsoc
1 2 3 4 to the components of the volumetric errBx( Eye EZ) were
homogeneously perceived at several planes. It satlagse

to 2.25, 2.26 and 2.231m, respectively.

The uncertainty values obtained for the first
methodology are higher because the number of input
variables is greater, too.

The second methodology proposed in this paper have
proved to be viable and of easy application to atal
volumetric error component uncertainty measurement.

The observed differences in uncertainty valuesiobth
by both methodologies can be justified because there

[=s]

Huc 0OUp

Uncertainty (um)

]
1

Feature

Figure 9. Combined and expanded standard unceesiiotr
the circularity deviation measurements.

According to Figure 9, the combined uncertainty tfoe
circularity deviation measurements varied betwesghahd
3.1 um. The values for the expanded uncertaintyedar
between 4.5 and 6.3 um, for a coverage factor gf%.



used two different machines. Still, each machines wa
calibrated using a different calibration procedure.
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