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Abstract A novel thermo-invariant Multi-Feature Bar
(MFB) for Machine Tools (MTs) geometric errors’ iden-
tification has been designed and manufactured. The
proposed design of the MFB allows extracting three in-

trinsic parameters: one linear positioning and two straight-

ness errors. The calibration of the MFB was performed
on accurate coordinate measuring machines (CMMs) by
applying the reversal technique, in order to separate the
geometric errors between the MFB and the CMMs. Fur-
thermore, an intercomparison was conducted between

four European National Metrology Institutes (LNE, PTB,

CMI, UM) to evaluate the reliability of the proposed
calibration methodology and the geometric stability of
the proposed material standard with respect to a de-
tailed technical procedure. The collected results show
sufficient dimensional stability over time.

Keywords Material standard, Calibration, Geometric
errors, Intercomparison, Traceability

1 Introduction

Coordinate Measuring Machines (CMMs) are widely
used in industry for the off-line verification and inspec-
tion of workpieces and the calibration of gauges [1,2,
3,4,5,6,7,8]. They allow one to control the workpieces
(off-line control) but never to improve the manufactur-
ing process leading to time waste and increasing costs.
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Moreover, stationary CMMs may be a part of control
systems that give feedback to manufacturing process
and are used to stabilize and improve the manufactur-
ing process. They are indeed used in off-line mode but
may have positive influence on manufacturing process.
However, the inspection of such workpieces in the Ma-
chine Tools (MTs) during the manufacturing process
(in-process measurement) has become a more and more
frequent need in industry. The in-process metrology is
almost inaccurate and not traceable due to the volumet-
ric error as specified in the ISO 230-1:2012 [9]. In quasi-
static conditions, the volumetric error is defined as a rel-
ative deviation between actual and ideal tool and work-
piece positionings on MTs. This deviation is essentially
generated by quasi-static errors (70%) [9,10,11], in par-
ticular those caused by the geometric errors: position
and orientation errors as well as motion errors. Other
sources contributing to the volumetric error are thermal
errors and loads [12]. Both the traceability and minimi-
sation of the volumetric error on MTs represent new
challenges for researchers involved in National Metrol-
ogy Institutes (NMIs), manufacturing laboratories and
plants. In this context, the EMRP IND62: JRP-TIM
(Traceable In-process dimensional Measurement) [13]
was launched in 2013, to investigate on-line metrology
MTs, including the design and manufacture of highly
accurate multi-purpose thermo-invariant material stan-
dards, for the mapping of volumetric and task-specific
measurement errors.

This paper presents the development of a novel thermo-

invariant Multi-Feature Bar (MFB) and the results of
the intercomparison organised between four NMIs, all
involving in the TIM Project. The aim the intercom-
parison is to evaluate the reliability of the proposed
calibration methodology of the MFB.
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The paper is organised as follows: section 2 depicts the
design of the MFB; section 3 presents the calibration
procedure of the MFB; section 4 deals with the Euro-
pean participants who perform the intercomparison the
collected. An uncertainty budget is also established for
each measurement; section 5 presents the determina-
tion of the key comparison reference values; finally, a
discussion of results is presented in section 6.

2 Proposed design for the MFB

A novel MFB was designed and manufactured as shown

in figure 1). Its dimensions are : 80 mm-width x 580 mm-
long x 20 mm-height. It is made of Invar material (FeNi36),
certified reference material and considered as thermo-
invariant (/A ratio equal to 7.7 x 108 m.W~1). This
thermal property of the material enables the identifi-
cation of geometric errors of CMMs and MTs specially
located in harsh environment and where the tempera-
ture is not controlled.

Fig. 2: 3D fundamental pattern of MFB.

ufactured using a wire electrical discharge machining
(WEDM). Roughness measurement are performed and
the Ra parameters (A, = 0.8 mm) are equal to 0.6m
0.02m and 1.5m 0.02m respectively in the wire di-
rection and in transversal direction. Then, the different

The design of the MFB consists of a 3D pattern re- horizontal rods were machined, carefully ground and

peated in the A-direction (Figure 1 and 2) [14]. Each glued on the main frame of the MFB. Therefore, a thor-
ough calibration of the MFB is necessary, as described

Fig. 1: Picture of the developed Multi-Feature Bar
(MFB): a novel thermo-invariant material standard.

pattern contains seven features: four flat surfaces (ver-

tical planes PLy;_;, PLr; 1, PLy; and PLg;) and in the following section 3 to extract the intrinsic geo-
i=1 i-1 J J .

three cylinders (one vertical inner cylinder HOL; and ~ Mmetric errors.

two horizontal outer cylinders CY'L;_; and CY L;).

316 coordinate points are expected to be probed in the z; (i—1)xL

MFB. The post-processing of the collected measure- vi e [1;12], <y’> = ( 0 ) (1)

ments allows one to extract 12 points of interest O;. #) Ry 0 Ryep

The nominal coordinates of the points of interest O; nominal

(I < i < 12) in the local frame R,,,, are defined in

equation 1, with L = 50 mm. The identified points of . Li (-1 xL Eoa (1)

. . K Vi € [[1; 12]]7 Yi = 0 + [ Eyz(9) (2)
interest O;(x;,y;,2;) offer 3D coordinates in the local %) 0 E.o (i)

frame of the R,,, .. The real coordinates of the points MEB n n

O; (equation 2) are slightly different from those indi- nominal position deviation
cated in the proposed model in equation 1 due to man- The extracted points of interest O; lead to deduce three

ufacturing errors. Indeed, all of the holes were man- intrinsic parameters:
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- linear positioning error E,,;
- horizontal straightness error E,,;
- vertical straightness error E.,.

Furthermore, the local frame R,,,, is built using the
measured data on different surfaces of the patterns [14].

3 Calibration Procedure

Calibration of the MFB was carried out on a trace-
able high-precision CMM by applying reversal in the
metrology room, when the temperature an humidity
are controlled. The reversal technique [15] was applied
in order to separate the motion errors of the used accu-
rate CMM from the geometric errors of the MFB. This
technique concerns only the straightnesses and never
the positioning errors, but the absolute length between
each hole can be corrected by a substitution technique
[6].

The motion errors of CMM contain both systematic
component (Ecparas) and random component (o).
The application of the reversal technique enables to de-
termine the systematic components. The random is still
combined with the geometric errors of the MFB, the
measurements are repeated many times to average out
the random effects.

To apply of the reversal technique, the MFB was care-
fully aligned along the high-precision CMM axis with
the smallest linear positioning error (figure 9) that was
identified by previous calibration.

The principle of the reversal technique is illustrated
in figure 3, where M, M, and M, are the component of
measurement along xyrrp, yvra, and 2y pp of Ryrp.
E,., and E,, are the straightnesses of the MFB along
ymrp and zprpp in Ryrpp. Moreover, the superscripts
N R and R refer to the position of the MFB: “No Rever-
sal” or “Reversal”. Whatever the considered straight-
ness of the MFB, ENVE 5 is equal to — EX. . 5 in the MFB
coordinate system. According to the figure 4, the rela-
tions between the measurement and the straightnesses
of the CMM and the MFB, before and after reversal,
can be expressed by the equation 3. The term ey x,, .,
depicts the zero mean random error of the CMM in the
direction Y along X-axis in machine coordinate system.

{ny(l) = MéVR(Z) + EYXCMM (Z) + €y Xomum (Z) (3)

—ny(l) = Mf(z) + By Xcnum (2) + €Y Xonrm (’L)

The geometric errors can be calculated with respect
to equation 4.

{Ey (Z) = % [MJVR(Z) - Mf(l)] T €Y Xemm (Z) (4)
Ezw(l) = % [MévR(l) - MzR(Zﬂ +€zXcnmm (Z)

The zero mean random errors €y x.,,,, ad €2 X1
cannot be subtracted directly because they are alge-
braic values, but averaging over repeated measurements
will average the random terms toward zero.

The linear positioning error E,,,, ., of the MFB was
calculated by using equation 5. Since the linear posi-
tioning error Ex x,,,, of the CMM cannot be deduced
by reversal technique (figure 5) and it was compensated.

Bra(i) = g [MY™(0) + MEG)]+Bx e () Hxx000 ()
)

The calibration tests were repeated five times to re-
duce the random errors and also to investigate the mea-
surement repeatability with respect to the VIM [16].
Furthermore, specified reproducibility condition of mea-
surement in [16] is a set of conditions including different
locations, operators, measuring systems, and replicate
measurements of the same or similar objects. To evalu-
ate the reliability of the proposed calibration method-
ology and the geometry stability of the MFB, an inter-
comparison was organised between four NMIs. The cal-
ibration steps are summarised in figure 6. These steps
were repeated n = 5 times per participant. The proce-
dure is divided into two parts. On the one hand, the
steps undertaken by all the participants. The detailed
technical procedure is in agreement with [17] and in-
cludes handling precautions, devices description, use of
the modular inspection system to build the work holder
of the MFB, specifications for the tightening and clean-
ing operations (to be carried out before measurement),
parameters of touch probe and CMM, calibration steps,
CMM programmes to perform measurements, instruc-
tions to report the results of measurements and instruc-
tions to report the calibration feedback.

Each participant received the MFB, the associated
clamping parts as well as all the necessary devices. On
the other hand, the steps undertaken by LNE where
the analysis of collected data was carried out using a
specific algorithm developed for these tasks.

4 Intercomparison
4.1 Participants

The intercomparison was jointly organised by the fol-
lowing four participants:
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EMR,, mrs(i) (No Reversal)

i =Number of point interest on the MFB

EYX CMM(X)

X: Joint parameter of X-axis

Unidentified: Eyyx cum(1) Eyx cum(2)

EYX CMM(3)

Eyx cum(5)
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Reversal .
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Fig. 3: Reversal technique for straightness error Fy x of MFB aligned along X-axis of CMM.

Before reversal

MR i)

PN
— N
Y vrs ‘,‘(ﬁ\

R

<

After reversal

Fig. 4: Effect of the reversal technique on the straight-
ness error - Zoom on a point of interest O; of the MFB.

Cesky Metrologicky Institut (Czech Republic);
Physikalisch-Technische Bundesanstalt (Germany);
- Univerza v Mariboru (Slovenia);

- Laboratoire National de Métrologie et d’Essais (France).

Details about the used CMMs are listed in table 1 in-
cluding the reproducibility conditions [16] such as the
measuring systems and the environment conditions. Each
experiment is displayed in figure 7.

4.2 Collected Results

First and last calibration tests were performed at LNE
and took place seven months apart.

In figure 8a, linear positioning error of the MFB Ei;w
can reach a maximal value of —41.8 um (last point of
interest named O15). The results reflect the impact of
the entire error introduced by the MFB manufacturing
process. Calibration tests were repeated five times and
the results are presented in figure 8a. The calculated
standard deviation can reach 1.0 um for the point of
interest Oqg.

Straightness errors were defined on end-points Refer-
ence Straight Line (RSL) [9], applied on both O; and
O12 (Figure 1). Based on the definitions of end-points
RSLs where the straightness errors EyL;V " and Ej;v " are
referred, the values of estimated standard deviations for
01 and O14 are equal to zero. Besides, the straightness
errors reflect both the geometry errors of the manufac-
turing process and the assembly of the different hor-
izontal rods carefully glued on the main frame of the
MFB. The maximal values of horizontal and vertical
straightness errors (E;;VE, and EZL;VE) are —11.5 pm
and 20.3 pm. The maximal values of estimated standard
deviations are SpLNE = 0.7 wm and SpiNE = 1.7 pm re-

Y
spectively for the points of interest O1; and Os.

Figure 9 summarizes the identified geometric er-
rors by all participants. Each measured value is as-
sociated with its estimated standard deviation. Devi-
ations can be observed especially for linear position-
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— Case of Exx cum<O0
Y mre

EXXCMM(i) EXXMFB(i)

MR (i)

— Case of Exx cum>0
Y mrB

\_/ \ |/
E xx cum(i) — E .x mrs (1)

M2 (i)

Fig. 5: Effect of the reversal technique on the linear positioning error - Zoom on a point of interest O; of the MFB.

Table 1: Intercomparison: details of reproducibility condition.

Participant CMM CMM Maximal Room Alignment

type size Permitted Error (MPE) temperature axis

Name Name cm3 E(um) + L(m) x F(um/m) °C Axis
LNE Renault Automotion 251310 250 x 130 x 100 454+ L x 4.0 20,26 + 0,03 Z
SIP CMM5 71 x 71 x 55 0.8+ L x1.3 19,73 £+ 0,09 X
Zeiss UMC 850 120 x 85 x 60 21+ L x3.3 20,39+ 0,03 Y
PTB Zeiss UPMC 850 CARAT 85 x 120 x 60 0.8+ L x 3.5 20,18 £ 0,04 X
LNE Renault Automotion 251310 250 x 130 x 100 45+ L x 4.0 20,04 + 0,03 Z

ing error E,, and vertical straightness error E,,. The
maximal value of these deviations is equal to 5.5 um,
1.2 um and 2.9 um, respectively for E,,(O10), Ez.(Os)
and E,;(Or).

Deviations of straightness errors can be reduced if fur-
ther criterion are selected for RSL. Therefore, the mean
minimum zone RSL parameters are usually used to
evaluate the minimum straightness error. The minimum
standard deviations are determined using least squares
RSL. Since software for minimum zone calculation has
a limited availability, straightness error is evaluated as
the minimum error resulting from the least squares RSL
or using the end-point RSL [9,18]. The end-points seem
to be more suitable for the MFB calibration and could
be physically defined by measurement.

4.3 Uncertainty of Measurement

The uncertainty of measurement was estimated accord-
ing to [19].
The following conditions apply:

- the CMM is within the manufacturer’s specification
(E+LxF),

- after the compensation of temperature gap between
20°C and the metrology room temperature (table
1), the temperature is equal to 20 °C+£ A4, °C (where
Ajap is described in table 1 and correspond to the
standard deviation of room temperature during the
measurements).

Regarding the table 1, the temperature fluctuations
of the metrology rooms which could be represented by
arcsine distributions, are very small (maximal value
< 0.09°). The temperatures of the MFB and the CMMs
during measurements have to be considered with more
fluctuations due to handling conditions, friction, and
thermal radiation or convection. Thus, the following as-
sumptions apply:

- the temperature of the CMM is equal to 20°C + °C
(uniform distribution),

- due to handling conditions and MFB temperature
stabilising, the mean temperature deviation between
the CMM and the MFB is equal to 0°C'£1°C' (uni-
form distribution),

- mean deviation between the temperature of the MFB
or the CMM and the room metrology after compen-
sation (20°C) is equal to zero,

- in the worst-case the CMMs are made of steel (a =
12 ym.m~1.C71),

- the values of the coefficient of thermal expansion («)

are equal to the nominal value acprar = 12 pm.m=1.C~1

(steel) and appp = 12pum.m~1.C~1 (Invar) and
the associated standard deviations are 1 ym.m='.C~!
(Gaussian distribution).

The main components (contribution > 1%) of the
combined standard uncertainty u. are:

- repeatability tests with n =5 (Urep);
- CMM (standard uncertainty wearas);
- temperature drift between CMM and MFB (ur, ).
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Yes
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v
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Steps undertaken by all the participants (including LNE)
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A
Is the MFB No Disassembly of the
reversed? MFB
A
No———
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Calculation of the
local Ryes and O,
coordinates

ﬁost-processing and\
| parameters calculation
N

Fig. 6: Flowchart of the calibration steps.

Steps undertaken
by LNE only

An uncertainty budget is given in table 2 with respect
to [19]. The combined variance u2(f3) can be considered
as the sum of terms depicted in equation 6. Each pa-
rameter of the estimated variance associated with the
output estimate § (i.e. B can be E;;(0;), Eyz(0;) or

E..(0;)) generated by the estimated variance (Cju;)?.

= ZCiQMiQ = u72"ep + ’U’%'MM + u%l (6)

Based on the numerical values given in table 1, ta-
ble 2 and measurement results, the combined standard
uncertainty (u.) for geometric errors E,.(O;), Ey.(O;)
and E,.(O;) were estimated and depicted in table 3.
The level and maximum values of combined standard
uncertainties depend especially of the CMM’s uncer-

tainty component ucasas-

The expanded uncertainties U for each point of interest
O, are obtained by multiplying the combined standard
uncertainties u. by the coverage factor k = 2 [19].

5 Determination of Reference Values

5.1 Evaluation of Key Comparison Reference Values
(KCRVs)

To guarantee the internal consistency of the comparison
measurements:

- each participant provides the measured dataset and
the associated standard uncertainty;

- each participant’s measurement is carried out inde-
pendently;

- the Gaussian distribution was assigned to each mea-
surement.

Under these circumstances, the Procedure A proposed
in [21] based on the use of least-square adjustment was
applied to evaluate the KCRVs. The weighted mean val-
ues of participants’ measurements, E,, Eym and F,,
(equation 7) for each point of interest O;, were deter-
mined using the inverses of squares of the associated
standard uncertainties as weight parameters. The asso-
ciated standard deviations are defined in equation 8.

Vie[l; 12], j € {LNE, ,UM,PTB,LNE}
S B, (01)xu; (B, (01))
Eﬂm(ol): . G — ]
Zuc]- (Ez22(0:))
_ ZEW(O )Xu*Q(EJ (0i))
E,.(0;) = 7
v (0:) zucj2<Eyw(o¢>> @
ZEiI(O )Xu_z(b” (04))
sz(Oz) - —2 i
> e (BL(00)
J
Vie[l; 12], j € {LNE, ,UM, PTB,LNE}

Since the Chi-square goodness-of-fit test does not re-
ject the null hypothesis at the 5% significance level [21],
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LNE

PTB

Fig. 7: Illustration of the MFB and work holder assembly during calibration on CMM.
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Fig. 8: LNE’s calibration results before and after intercomparison of each point of interest O; of the MFB.

Table 2: Detailed uncertainty budget.

; Component Evaluation Half Distribution Standard Sensivity Uncertainty
name type width type uncertainty coefficient (C;) component (C;u;)
1 Urep A - Student SE,, Wm V3 V3 x SE,, Um
- k=2"" E/2pm 1 E/2pm
2 B koK
voMM - k=2 F/2 pm.m =1 L L x F/2um
3 uT, B 1°C Uniform \[13)00 LXo,,,, 0.58 x L um

Safety factor calculated based on the student distribution for k=n-1 degrees of freedom [19,20],

sk ok ok

the calculated weight means in equation 7 and associ-
ated standard deviation in equation 8 are accepted as
KCRVs with associated standard uncertainties. Hence-
forth the KCRVs and associated standard uncertain-
ties are ET¢/ (0;), ETef(O ), BT (0;) and u(EST (0;)),
u(Eggf (0;)) and u(ETef (0;)), respectively (Table 4).

* Coverage factor is chosen on the basis of the confidence level of 95% [19],
The effective length under consideration L is expressed in metre.

Based on the results presented in table 4, the KCRVs
of linear positioning error of the MFB reach a maximal
value of —39.3 pm. The horizontal and vertical straight-
ness KCRVs reach —11.1 um and 18.8 pum, respectively.
Since all collected values are considered for the calcula-
tion of KCRVs and associated standard uncertainties,
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Table 3: Estimation of the combined standard uncertainty results of E;,(O;), Ey.(O;) and E,,(O;) for all partic-

ipants and all point of interest.

te, (Eyz (0:)) (pm)

Uc; (E22(0i)) (pm)

PTB LNE | LNE PTB LNE

Qi te, (B2 (0:)) (pm)

i LNE PTB LNE | LNE

1 23 04 11 04 2.3 23 04
2 23 04 15 06 3.0 2.3 0.7
3 24 05 19 06 2.5 2.5 04
4 24 05 1.8 06 2.6 23 05
5 24 06 1.8 0.6 2.5 2.5 0.5
6 2.5 06 22 06 2.5 24 05
7 2.5 0.6 21 0.7 2.6 23 05
8 2.5 06 19 0.8 2.7 23 06
9 2.5 0.7 19 09 2.7 2.5 0.5
10 2.5 07 19 10 3.0 23 05
11 26 07 21 1.0 2.9 2.5 04
12

26 08 25 1.1 2.9 2.3 0.4

1.1 04 2.3 2.3 04 11 04 2.3
1.4 05 2.3 2.3 06 1.1 0.7 2.3
1.4 05 24 2.8 1.2 18 1.5 2.5
1.3 0.5 2.3 3.3 1.8 25 21 2.9
1.4 0.5 2.3 3.7 2.1 28 26 3.3
1.1 0.6 23 35 21 31 29 3.5
1.1 0.5 2.3 3.1 20 3.3 29 34
1.1 0.5 2.3 2.9 1.7 29 27 3.0
1.2 04 2.3 2.7 1.2 23 21 2.7
1.1 0.5 2.3 2.4 1.1 1.8 1.4 2.5
1.1 04 2.3 2.3 06 1.2 0.6 2.3
1.1 04 2.3 2.3 04 11 04 2.3

these values are slightly different from those obtained
for the case of LNE. The deviation between these val-
ues and the LNE’s values is due to the consideration
of all the collected values and their associated standard
uncertainties. Therefore, the reference values and asso-
ciated standard uncertainties reflect the impact of the
reproducibility of the calibration process. The distri-
bution of the standard uncertainty u(E7¢/(0;)) is cen-
tred, symmetrically arranged and the maximum value
is reached at Og and is equal to 1.3 um (Figure 10).

Table 4: Key comparison reference values of the MFB.

Epz’(0:) | Eye’(0s) | EIZ’(04)

0. values u values u values u
Cum pum um - pm wm - um
1 0,0 0,3 0,0 0,3 0,0 0,3
2 -2.8 0,3 -1,4 04 -7,0 0,4
3 -7,4 0,3 -1,4 0,3 -5,6 0,8
4 -11,1 04 -1,9 0,3 0,1 1,1
5 -13,0 04 -5,0 0,3 5,0 1,2
6 -16,6 04 -3,6 0,3 4,6 1,3
7 -196 04 -4,1 0,3 5,0 1,2
8 -225 05 -5,5 0,3 13,0 1,1
9 -25,3 0,5 -7,5 0,3 14,7 0,9
10 -32,1 0,5 -9,2 0,3 18,8 0,7
11 -344 0,6 -11,1 0,3 10,3 04
12 -39,3 0,6 0,0 0,3 0,0 0,3

5.2 Degrees of Equivalence

The degree of equivalence can be of two different types.
The first type is the degree of equivalence of partici-
pant j (j € {LNE,CMI,UM,PTB,LNE}) from the
reference value. It is characterised by the deviation d/ =
(&7, diw ,d7 )T and the expanded uncertainties U(d?) =

(U ), U(diz), U(d? )" given in equation 9 and 10.

Vi€ [1; 12], j € {LNE, , ,PTB,LNE}
& =FEI,(0) — Ered (0))

& = E).(0;) — Ejg/(0:) (9)
& =B (0;) - B (0))

Vie[l; 12], j € {LNE, ,UM,PTB,LNE}
U ) = k (u?(BL,(0;)) — (B3 (01)))

Nl

U(d,) =k (u?(E3,(0:) — v (B3 (05)))

N

U(dl ) =k (u?(B1,(0;) — u(EL (05)))
(10)

The degrees of equivalence are illustrated in figure 11.
The selected coverage factor k for the expanded un-
certainty is equal to 2, leading to a confidence level of
95% [19]. The attribution of a large CMM uncertainty
causes the increase of expanded uncertainties.

The second type of degree of equivalence was cal-
culated between participants j and k (k # j) char-
acterised by the deviations and the expanded uncer-
tainties: d’"F = (dzf,dzf,dz;’“)T and U(d?F)=(U(d?F),
U(di’f), U(d?k))T respectively (equation 11 and 12).

Vie[l; 12], j € {LNE, CMI, UM, PTB, LNE}
&k = EJ.(0;) — Ey,(0:)(11)
&F = BL,(0:) - BL,(0:)
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Fig. 9: Measurement results for each participant’s mea-
surements.

Vie[l; 12], j € {LNE, ,UM,PTB,LNE}
U(d*) = k (u2(B3,(0;)) + u2(E%,(0,)))?

Nl

U(d2F) = k (u? (B, (0:)) + u?(Ey, (05)))

yx

N

U(d:F) =k (u*(EL,(0:)) + u?(EL,(0:)))
(12)

The degrees of equivalence are depicted in figure 12.

1.5
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o5 52 | the points of minimum deflection | 5B

1(0)) (um)
Iel

e
g2
T

2u(E”

. . . . .
Point of interest number i

Fig. 10: Associated standard deviation u(E7¢/(0;)) of
the MFB.

6 Discussion

Tests were performed at four NMIs, with respect to the
defined calibration procedure. Reversal and substitu-
tion techniques were applied in order to compensate the
repeatable motion errors of used CMMs. Figure 8 illus-
trates the results obtained at LNE. A maximum value of
deviation equal to 2.8 yum can be observed in E;;V K (O¢)
between both calibration tests (Figure 8b). This devia-
tion can be considered smaller than the uncertainty of
measurement, estimated for the LNE’s CMM (ucaar)-
Nevertheless, this deviation could be explained by a
deflection of the MFB between both first and last mea-
surement at the LNE (i.e. during the intercomparison).

Figure 10 shows the evaluation of the standard un-
certainty u(ET¢ (0;)) associated with the reference
value E7¢f(0;) of the MFB. The adopted definition of
RSL based on the end-points (Figure 10) could be con-
sidered as non-optimal to minimize the uncertainty of
measurement, as the least squares RSL (Figure 13a)
and mean minimum zone RSL (Figure 13b). In such
case, the uncertainty of measurement becomes less than
1 um. Nevertheless, whatever the measurement, either
the calibration of the MFB or using it for machine cal-
ibration, this definition is rested on the actual geome-
try of the MFB and only one RSL is required for both
straightness errors along horizontal and vertical axes of
R,, .- The standard uncertainties associated with the
KCRVs could be minimized using another definition of
RSL. Table 5 and figure 13 depict the impact of the
RSL definition on the identified straightness errors and
the associated standard uncertainty. The deviations be-
tween the standard uncertainties u(E7¢/ (O;)) observed
in table 5 and figure 13 depend on the definition of the
RSL. Both least square and mean minimum zone RSLs
allow minimizing the standard uncertainty. The mini-
mum standard uncertainty based on least-squares and
mean minimum zone RSLs (Figure 13) are caused by
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(a) Deviation d? and associated uncertainty U(d? ) be-
tween each partlclpant and the reference value of linear po-
sitioning error Ezm (0;).
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(b) Deviation dzw
tween each participant and the reference value of horizontal
straightness error Egs’ (0;).

and associated uncertainty U(d? ) be-

21

4 ‘+LNE before m\ercomp - CMI = UM =+ PTB - LNE after imercomp‘
B A e otffetrfeorirofforforiof]]
0, 0,0 0,0 0,0 0,0 O, O, O,
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(¢) Deviation d? and associated uncertainty U(d? ) between
each partlclpant and the reference value of vertical straight-
ness error ELSS (0s).

Fig. 11: Measurement results for each participant.

several sources of random errors such as environment,
handling and tightening operations.

The figure 11 shows the degree of equivalence of
measurements performed at each NMI to the group of
key comparison participating NMIs. Deviations from
the KCRV (figures 11) enable one to judge if there is
a systematic shift in the results from a given NMI in
relation to all the NMIs taken together, while the un-
certainty in such deviation indicates the reproducibility

=)

d7* (pm)

£

——LNE bi - CMI
—#—LNE bi - UM
«—LNE bi - PTB

L % -LNE bi - LNE ai
- -CMI- UM

d AN o N B O ®

wik

.
*-CMI- PTB

T L ~4--CMI - LNE ai
8 ---UM - PTB

6--UM - LNE ai

10 | O—O o0 o Y O— O O -0 o)== PTB - LNE ai
1o M3 My M5 Mg M7 Mg Mg 10 M1 M2

Point of interest number i
(a) Deviation d7* and associated uncertainty U(d’¥) be-
tween participants j and k.

—<—LNE bi - CMI
—%—LNE bi - UM

%~ LNE bi - PTB
- -LNE bi - LNE ail
~CMI- UM
um PTB

50 o o o o o o
1 Mo Mgt My Mg Mg 7 g g

Point of interest number i
(b) Deviation d’* and associated uncertainty U(d7F) be-
tween participants j and k.
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& (um)
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3

ooo‘oo

Point of interest mnnbm 7

01 Oz O 010 011 012

(c) Deviation d7* and associated uncertainty U(d’*) be-
tween participants j and k.

Fig. 12: Degree of equivalence between participants j
and k.

within that NMIs. In the figure 11, no systematic er-
rors are neglected and all pair differences between mea-
surement results are within the uncertainty limits of
their definition. Figure 11a and figure 11c summarize
the deviations between one NMI in relation to all the
NMIs taken together. The maximum values are equal
to —3.6 wm and 2.1 pm in figure 11a for &’ , and in
figure 1lc for dzz respectively. Deviations are accen-
tuated in the 12a and figure 12¢ which depict degrees
of equivalence between two measurements results pro-
vided by two different NMIs. This degree of equivalence
of one measured value with respect to the other is cal-
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culated as the difference between their respective de-
viations from the key comparison reference value. The
maximum values are equal to —4.7 ym and 2.9 um re-
spectively in figure 12a for di’;, and in figure 12c¢ for
ar*.

These deviations could be caused by the deflection
of the MFB and affect the reproducibility of calibra-
tion. The 3 mechanical linkages of the MFB are located
on the points of minimum deflection as calculated an-
alytically and are not exactly identical to Airy points
[14,22]. This precaution minimizes the defection of the
MFB under its own weight about to 0.16 pm, without
tightening operation. The effects of tightening opera-
tions during the calibration of the MFB has evaluated
a posteriori with 50 tightening cycles. The results high-
light an effect on the bending of the MFB equal to
—4.7 £ 2.7um and on the length of the MFB equal to
—3.7 £ 2.7um. The bending could be reduced by the
reversal technique during calibration contrary to the
effect on the own length of the MFB. So the intercom-
parison reveal additional sources of error like deflection
of the MFB, which could be minimized by improving
of the clamping system.

15
1t i
o] Joc o, | | [o]
S O1 O, 7O, TO4 O, |05 TO, 10y |y |Op
S qffo o Ao o from o) [ogeey
Ty VAN Mechanical linkages /mum/ on A
Sl J L/u pogts of pinimn d feion. % J |
Cs - 4
al il
15 ! L L L L L I I I I
1 3 4 5 6 7 8 9 10 11 12

Point of interest number i

(a) Associated standard deviation u(ELS’ (0;)) of the MFB
based on least-squares RSL.

1.5
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0.5 3

01 O, |0, O O
0l it =
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05k the [m/u/ of mm////rmr de /mmu E

15 . . . . . . . . . .
1 2 3 4 5 6 7 8 9 10 1 12
Point of interest number i

(b) Associated standard deviation u(ELS (0;)) of the MFB
based on mean minimum zone RSL.

2u(Ez (0))) (um)

Fig. 13: Associated standard deviations based on dif-
ferent definitions of RSL.

7 Conclusion

The design of the MFB involves several patterns, in-
cluding cylindrical and planar geometric entities, use-
ful to extract 12 points of interests and then provid-
ing 3 geometric errors (linear positioning error and 2
straightnesses) after calibration procedure. Calibration
of the MFB was carried out when applying the reversal
technique in order to separate the motion errors of the
CMM and the true intrinsic parameters of the MFB.
An intercomparison organised between European NMIs
using the Multi-Feature Bar (MFB) confirm the repro-
ducibility of calibration procedure and the long-lasting
quality of the geometry. Each participant measured the
thermo-invariant material standard using the same pro-
cedure. The intercomparison has provided consistency
data and key comparison reference values. These results
could be used for the compensation of intrinsic geome-
try of MFB during the identification of geometric errors
on the CMMs or MTs. The adopted definitions of the
straightness errors were based on the end-points RSL
since it greatly simplified the identification of geometric
errors on the machines (i.e. CMMs or MTs). However,
the analysis of the intercomparison results brings us to
the conclusion that the standard uncertainties associ-
ated with the KCRVs could be better managed using
the least squares or mean minimum zone RSLs and by
improving the clamping system and clamping opera-
tion. In any case, the end-user will be able to choose
between the three definitions of RSLs.
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